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ABSTRACT 

Mining has a long history of production and operation management. Economies of scales 

have changed drastically and technology has transformed the mining industry significantly. 

One of the most important technological improvements is increased equipment, human, 

and plant tracking capabilities. This provided a continuous data stream to the decision 

makers, considering dynamic operational conditions. However, managerial approaches did 

not change in parallel. Even though many process improvement tools using 

equipment/human/plant tracking capabilities were developed (Fleet Management Systems, 

Plant Monitoring Systems, Workforce Management Systems etc.), to date there is no 

holistic approach or system to manage the entire value chain in mining.  

 

Mining operations are designed and managed around the already known system designated 

bottlenecks. However, contrary to common belief in mining, bottlenecks are not static. 

They can shift from one process or location to another. It is important for management to 

be aware of the new bottlenecks, since their decisions will be effected. Therefore, 

identification of true bottlenecks in real-time will help tactical level decisions (use of 

buffers, resource transfer), and identification of historical bottlenecks will help strategic-

level decisions (investments, increasing capacity etc.). 

 

This thesis aims to address the managerial focus on the true bottlenecks. This is done by 

first identifying and ranking true bottlenecks in the system. The study proposes a 
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methodology for creating Bottleneck Identification Model (BIM) that can identify true 

bottlenecks in a value chain in real-time or historically, depending on the available data. 

This approach consists of three phases to detect and rank the bottlenecks. In the first phase, 

the system is defined and variables are identified. In the second phase, the capacity, rates, 

and buffers are computed. In the third phase, considering particularities of the mine 

exceptions are added by taking mine characteristics into account, and bottlenecks are 

identified and ranked. 
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1. INTRODUCTION  

The mining industry has a long history of producing materials in underground and on 

surface. Technology has advanced substantially and economies of scale have reached their 

limits. Even though technological innovations have facilitated to move more tons, its 

impact on management and decision making has been limited. One indication is that there 

are many equipment providers for material handling and processing, however, only a few 

companies provide services in assisting mine management and decision making. Many 

operational problems are not revealed or the terms are misunderstood. For example, mine 

management’s perception of the term “bottleneck” can be considered as an example of 

such misunderstandings. Because the term is misunderstood, there is a lack of necessary 

managerial focus and actions. 

Bozarth and Hanfield describe (2008) bottleneck as the output limitations on the overall 

production systems. In mining the systems are commonly designed around the already 

known bottleneck. The known or system bottlenecks are the processes with the least 

capacity in value chain. To illustrate, if all processes worked at maximum capacity, the 

system bottleneck would have been the bottleneck. On the other hand, unfortunately, very 

few processes are used at the maximum capacity in mining. Therefore, the system 

bottleneck can likely move to another process without attracting managerial attention.  

Even though many papers, books, and dissertations are written in other industries, very few 

studies focus on bottleneck in mining. Bodon et al. (2011), Ernst et.al. (2008), Hong-Jun 

et.al. (2009), Phillis (2011b), Bloss (2009), Cambitsis (2012), Khan (2011), Miwa and 
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Takakuwa (2011), Biswal (2012) and Khan (2013) are some authors of papers about 

bottlenecks in mining. The majority of these papers use discrete event simulation and 

Theory of Constraints (TOC) to identify or develop a solution to the bottleneck 

respectively. In mining operations there has been rising interest in application of TOC. 

Goldratt’s TOC (1984) is extremely useful, because it sheds insight on the difficult problem 

of “focus.” Over the years TOC became a managerial approach. Hutchin (2012), Nelson 

(2012), Ricketts (2007), Anderson (2003), Scheinkopf (1999), Smith (1999), McMullen 

(1998), Newbold (1998), Schragenheim (1998), Cox and Spencer (1997), Dettmer (1997), 

Noreen (1995), Goldratt (1994) have authored books that discuss the theory as a 

management and thinking tool. Goldratt’s theory consists of four steps: 1. identify the 

bottleneck, 2. exploit the constraints, 3. subordinate everything to the constraint, and 4. 

elevate the constraint. Identifying the true bottleneck is the first and most crucial step. If 

the bottleneck is misidentified, then all other steps will be obsolete. Unfortunately, this is 

very common in mining operations. Nevertheless, the key part of the problem in the mining 

industry is still untouched: “what is the true bottleneck?”  

This research includes development of a systematic sequence to identify and rank the 

bottlenecks. The approach is adaptable to mining sites with or without automated 

technologies (fleet management, plant monitoring, equipment monitoring, etc.) and 

consists of three phases shown in Figure 1-1. Each of these phases consist of multiple steps 

to model, convert and calculate, and rank the bottlenecks. 
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Figure 1-1 Bottleneck Identification Model Phases 

In the first phase, the mine’s flowchart is prepared, work flow process hierarchies are 

drawn, and input variables are defined. 

In the second phase, capacities, rates, and ratios are calculated, units between different 

processes are normalized, and buffer projections are calculated.  

In the third phase, priorities and exceptions are incorporated, the processes are ranked, and 

the bottleneck is found. 

1.1 Problem Statement  

Mining systems are designed around pre-defined capacity bottlenecks. For example, 

adding primary crushing or SAG capacity is lengthy and expensive; hence, many mines 

are designed around these key processes.  However, very commonly the true bottlenecks 

might not be a result of capacity. There are many mines where capacity of a designed 

system bottleneck might not be the limitation. Other processes can become bottlenecks, 

depending on their capacity use, efficiency, and productivity. Not knowing the actual 

bottleneck in a production system results in lack of managerial focus on the true bottleneck. 

Considering the unpredictable and uncontrollable mining commodity prices and cost of 

production, lack of true bottleneck management can be very costly. Strategic management 

of bottlenecks and using excess process capacity to mitigate bottlenecks should be a 

managerial objective of mining operations in order to increase efficiency. 
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No systematic investigation has considered the identification and mitigation of bottlenecks 

in mining operations. This study addresses major gaps in the literature about identification 

of bottlenecks in mining. The most important contribution of this dissertation is the holistic 

mine management approach where system data will be used to identify the true bottlenecks. 

Knowing the system limitations, decision makers will focus on necessary areas. Knowing 

the potential capacity and current use of each process in the value chain management, in 

real-time and historical analysis, and where to leverage excess capacity from non-

immediate bottlenecks is a key contribution to knowledge as well as practical production 

management. Bottleneck mitigation is out of the scope of this research.  

 

1.2 Research Approach 

The author spent the summer of 2010 in a partner coal mine for research and 

implementation of a larger blending program. During this time, the author took part in 

automation of managerial reports, and development of real-time solutions for a control 

room. Holistic bottleneck management and identification was seen as an opportunity since 

most of the processes were being monitored as part of a scorecard process.  After 

background review of the bottleneck management techniques, the author returned to the 

mine and spent the first two quarters of 2011 on site. During this period, existing mine 

management methods were reviewed, and decision makers were interviewed by the author.  

Feedback on the holistic bottleneck management approach was gathered and consolidated 

from people (Mr. Tony Basko, Mr. Don Curtis, and Ms. Karen Werner) in the partner mine 
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and the research was completed under the academic supervision of Dr. Sean Dessurault 

and Dr. Mary Poulton at the University of Arizona. 

 

1.3 Research Objectives 

The main purpose of this dissertation is to introduce bottleneck management concepts to 

mining operations. This objective is achieved by developing a model to define the mining 

system, identifying, and ranking the bottlenecks. The computation to rank the bottleneck 

is independent of data capturing mechanisms or mining methods. Automated, semi-

automated, and manual data sources can easily be adapted to the model. 

The research objectives are: 

• Review the bottleneck identification and mitigation methods in all industries 

• Review the bottleneck studies conducted in mining 

• Determine the gaps in bottleneck identification and management 

• Develop a methodology that allows for finding the bottleneck 

• Prove the method’s applicability to a large coal mine 

• Provide a list of requirements for resource re-distribution 

1.4 Originality and Contributions 

Even though Goldratt’s (1994) TOC is used in recent studies i.e. Bodon (2011), Ernst et.al. 

(2008), Hong-Jun et al. (2009), Madowe (2013), Phillis (2011b), Bloss (2009), Heerden 

(2015), Biswal (2012), Khan (2011, 2013) there are issues with definition, identification, 

and mitigation approaches in mining. This research is aimed to fill the above mentioned 

gaps in the literature, namely, bottleneck management and identification in mining. This 
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dissertation is unique, as it is the first holistic approach to bottleneck management in 

mining that uses real-time and historical operational data. Bottleneck mitigation methods 

were removed from this study to limit the scope of research. Hence, these methods are not 

covered and can be another study by itself. A list of contributions from this dissertation is 

given below: 

• Defining bottlenecks, types, reasons, and detection methods 

• Differentiating capacity bottleneck and actual bottleneck 

• Reviewing TOC and comparison with other approaches 

• Reviewing literature of bottleneck management in mining 

• Introducing methodology for BIM 

• Applying BIM in a large coal mine 

• Being the first dissertation on development of bottleneck identification system for 

surface and underground mines using operational data 

Calculating and communicating the unused capacity in real-time or historically is a core 

contribution of this thesis.  It will have practical impact to the profitability of mines since 

if managers are made more accountable for capital, and are aware and can clearly track un-

used capacity in real-time, they will find ways of clearing bottlenecks to greatly improve 

the EBITDA/capital .   

 

1.5 Structure of Dissertation 

This research consists of five chapters, including this introduction.  
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Chapter 1 introduces the study, discusses research contribution, problem statement, 

approach, and structure. 

Chapter 2 includes background to the research, discusses the bottleneck types, reasons, 

detection methods, mitigation methods, and reviews previous work in mining.  

Chapter 3 provides methodology of the Bottleneck Identification Model (BIM), system 

definition, equations, and identification method to find and rank the bottlenecks. 

Chapter 4 gives information about the partner coal mines and application of methodology 

given in Chapter 3 to this coal mine. 

Chapter 5 summarizes the research, lists findings and success of the model, reviews the 

model and the identified issues, and provides recommendation for future work. 

Figure 1 -2 illustrates the sequence and organization of this study. 

 

Figure 1 -2 Sequence and Organization of Thesis  
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2 LITERATURE REVIEW  

 
This chapter covers past literature on the research topic.  

2.1 Bottlenecks 

 

Bottlenecks are one of the main causes of unproductive processes. Quick and correct 

identification of bottlenecks can result in significant gains by correctly utilizing the 

resources, increasing throughput, and minimizing the cost of production (Li, 2009).  

However, using traditional methods of detecting bottlenecks can be challenging (Lima, 

2008, Yan 2010).  In this chapter, literature about bottlenecks will be discussed in-depth. 

 

2.1.1 What is a Bottleneck 

There are many bottleneck definitions originated from different industries and perspectives 

about the meaning of bottlenecks. However, there is no consensus or uniformity about these 

definitions (Shen 2010). The idea of the bottleneck came with a well-known book: The 

Goal written by Eliyahu Goldratt (1984). The book is primarily written for the 

manufacturing industry to promote the Theory of Constraints. Goldratt (2004) describes 

the bottleneck as “any resource whose capacity is greater than the demand placed upon it”. 

He also describes non-bottlenecks as resources whose capacity is higher than the demand 

placed on it. He underlines that bottlenecks are common in almost every system; however, 

the management of the bottleneck is indicated as being the key for success.   

Li et.al. (2009) and Chase and Aquilano (1989) also define the bottleneck in a similar way 

to Goldratt. Kuo et.al. (1996) while Chiang et. al.(2001) make reference to a bottleneck if   

a system’s performance is more susceptible to a particular machine’s production rate 
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compared to another; that machine is considered as being a bottleneck. Zhai et.al. (2011) 

and Krajeweski and Ritzman (1990) define a bottleneck as the constraint on the 

performance of the system. Roser et.al. (2002) use slowing down or stopping the system 

instead of constraint. According to Lawrence and Buss (1995) there are three main 

definitions of bottlenecks.  

• Demand exceeds capacity in the short-term:  

This is when, in the long range, demand does not exceed capacity; but in short range 

demand can exceed capacity and could result in business loss. 

• Inventory is maximum:  

 When a resource has the largest work-in-process (WIP) inventory it is considered 

as being a bottleneck. They are usually long lasting compared to short-term 

bottlenecks. 

• Production capacity is minimum compared to demand: 

These bottlenecks are, on average, the greatest impediment to higher throughput. 

Capacity use is the most beneficial measure to identify such long-range bottlenecks. 

In every system and industry perception of bottlenecks can vary. Although there is no 

consensus on the bottleneck definition, common belief is that bottlenecks must be 

identified to increase the throughput. Throughput is an important factor that can impact 

production performance; hence throughput analysis is critical for design, control, and 

management (Li et. al. 2009). Once a bottleneck is identified, management can focus on 

increasing the efficiency of the bottleneck, which will then increase the efficiency of the 

overall system. (Gurses, 1999) 
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2.1.2 Bottleneck Types 

Since there is no consensus on bottleneck definition, there is also no clear consensus on 

bottleneck type definitions. Karthikeyan (2007) and Lima (2008) list three types of 

bottlenecks: 

• Simple : only one designated bottleneck machine for the entire life of the system. 

• Multiple: several bottlenecks can exist at any given time. 

• Shifting: there is no designated bottleneck; it can shift from one workstation to 

another. 

This classification can cover almost all possible instances. Kulkarni (2006) and Roser et.al. 

(2002) classify bottlenecks by their timeframe. According to this classification, bottlenecks 

can be momentary or average bottlenecks. A momentary bottleneck is a bottleneck at a 

selected time period; whereas an average bottleneck is a bottleneck over a period of time. 

Wang et.al. (2005)  has a different approach where he categorizes bottlenecks as:  

1. Performance Based: Bottlenecks according to system performance evaluation. 

(Measuring Queue Time, Measuring Utilization).  

2. Sensitivity Based: Bottlenecks according to machine sensitivity on the throughput. 

(Production Bottleneck, Economic Bottleneck).  

Bottlenecks can also be divided by their repetition. There are some bottlenecks that can 

occur almost every time, nearly in the same sequence; such bottlenecks are called 

“recurring bottlenecks” Chen (2004). 
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2.1.3 Bottleneck Reasons 

Identifying the reasons for bottlenecks can help to provide a better response. Depending on 

the reason, some bottlenecks can be rectified simply by improving performance. 

Bottlenecks can be caused by various internal and external factors. They can also vary by 

industry and by the individual system. Petersen (2014) in his study, where he investigates 

bottleneck reasons for systems and system of systems, finds the following as the main 

reasons shared between both:  

• Architecture and technical dependencies. 

• Quality assurance and duration. 

• Human factor, team instability. 

• Lack of holistic optimization efforts. 

• Planning issues. 

• Inefficiencies. 

Li (2011) lists system demand input variations, system throughput variations, uncertainty, 

and perception errors as travel bottleneck reasons. Demand fluctuations caused by the 

market and facility issues (failure, material shortage etc.) are considered to be the main 

reasons for bottlenecks by Shen (2010). In a production system, equipment, human, process 

design, planning and scheduling, buffer, market conditions, and interruptions can also be 

causes of bottlenecks (Kahraman 2013). 
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2.1.4 Bottleneck Detection Methods 

Production networks’ state changes and system components make it difficult to detect the 

bottlenecks accurately in large systems. Conventionally, detection methods are categorized 

into two approaches: analytical methods and computer simulations (Li 2009, 2009b). 

Typically, analytical methods are used to identify long-term bottlenecks and for more 

complex systems simulation might be used. However, all methods were listed, since almost 

all methods can be verified with computer simulations. The summarization of bottleneck 

detection methods and previous research (pre-2005) is given in Figure 2-1 (Wang, 2005).  

 

 

Figure 2-1 Summary of bottleneck detection methods pre-2005 (Wang, 2005) 

In order to illustrate and expand the literature, this list will be expanded and each of the 

mentioned detection methods will be described to illustrate and expand the literature. 

Kulkarni (2006) identifies bottleneck machines based on: 
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• Cycle times: The time required to produce one unit or to complete an assigned task. 

The machine with the highest cycle time is considered as being a bottleneck. 

However, this approach can hold in manufacturing serial production lines where in 

other systems it might not hold. The design of the system can be such that the 

importance of the cycle time duration can be eliminated. 

• Percentage utilization: The machine with the highest workload or utilization is 

considered to be the bottleneck (Kelton, 2000; Zhai et.al. 2011, Zuo et.al. 2007). 

This method can be applied to many different bottleneck reasons including people, 

equipment, etc. Table 2-1 illustrates resource statuses as utilized or non-utilized 

(D’Souza 2004, Roser et.al.2001). 

Table 2-1 Utilization Resource Statuses (D’Souza, 2004, Roser et.al. 2001) 

Resource Utilized Non-Utilized 

Workstation Working, in repair, 

changing tools, serviced 

Waiting for part, 

blocked 

Automated Guided 

Vehicle (AGV) 

Moving to a pickup 

location, moving to a 

drop off location, 

recharging, being 

repaired 

Waiting, to a waiting 

area 

Human Working, recovering Waiting 

Supply Obtaining new item Blocked 
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Output Removing part from 

system 

Waiting 

Computer Calculating Idle 

Phone Operator Servicing customer Waiting 

 

This approach does not necessarily work in the event where two or more machines 

have equal or very high utilization percentages (Roser et.al. 2001, Zhai et.al. 2011). 

Although this method is very simple and easy to implement, the results might not 

be always accurate (Wang, 2005). Experiments show that this approach may not 

represent the importance of each machine correctly. It is possible that a machine 

with high utilization can be optimally scheduled with a heuristic rule, where another 

machine with a lower load can have more impact on the overall system. (Zhang 

2012) 

• Waiting time in queue: In this approach the bottleneck is identified by measuring 

queue length or wait time in the buffer (Lawrence and Buss 1994, Law and Kelton 

2000). The machine with the highest wait time is considered to be the bottleneck. 

However, if the buffer size is limited and the unprocessed tasks exceed the capacity 

of the buffer this approach becomes obsolete.  As a result, processed parts will not 

be able to enter the buffer (Zhai, 2011, Almansouri 2014).  This approach also may 

not hold in a situation where a machine blocks the previous machine in line and 

influences the queue length or wait time for that machine (Kulkarni, 2006). In 

addition, this approach only considers production machines in a production system; 
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there are many other components such as people or conveyors that could be the 

bottlenecks. 

• Maximum average active duration: In this approach machine states are 

categorized into two possible states: active or inactive (Roser et.al.2001). The 

machine with the highest average active duration is considered to be the bottleneck 

(Roser et.al.2001, 2002, 2003a). According to this approach, active state includes 

working, service, or any other system improvement times (Wang, 2005). Compared 

with other methods in job shop and serial production lines, this method can identify 

the bottleneck more accurately and can be easily applied (Wang 2005, Zhai 2011). 

According to D’Souza (2004), the approach is relatively simple and easy to 

understand; however, it can require tedious work such as going over simulation log 

files and incorporating additional codes. 

 

• DT-BN (downtime – bottleneck) indicator:  This analytical system-theoretic 

method is based on the sensitivity of the system production rate to the machines’ 

reliability (Chiang et.al.1998). It is applied to Markovian (unreliable: up time and 

down time are distributed exponentially) machines and finite buffers. For 

calculation it requires up time, down time, starvation and blockage frequencies, 

buffer and machine rates (Chiang et.al. 2000). This approach is applied in serial 

production lines with the assumption that all machines had an identical cycle time. 

This limits the applicability of this approach to the real world since most cycle times 

can vary in duration.  Chiang et.al. (1999) has addressed this issue in another study 

where different cycle times were used to identify the bottlenecks in Markovian 
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production lines. This study also concluded that performance of the Markovian 

machines can be increased by improving machine reliability and increasing the 

speed of processing. According to D’Souza (2004), in order to be able to use this 

approach, one needs to get used to very complex equations and a lot of coding.   

 
• Throughput-based technique: This approach is a method that uses simulation.  The 

target throughput of the system is identified and then gradually each resource is 

added to the system one by one until all of the resources are in the system. 

Simulation is run every time a new resource is added until the addition of the last 

resource, and then throughput is analyzed. The resource which caused the largest 

drop is considered as being the bottleneck (D’Souza 2004). A vast amount f 

computation time might be required for this method as every new resource addition 

will need a simulation set up and run. This makes it very hard to implement it in a 

dynamic environment. Also, there is no demonstration of algorithm usage in 

dynamic resources. Almansouri (2014) states that when the arrival rate of input is 

high or rates for different resources became equal, the model can fail to detect the 

bottleneck correctly.  

Some other bottleneck detection methods are listed below (Almansouri, 2014): 

• Simulation-based method: Simulation is designed as a model from a physical or 

theoretical system on a computer. In order to achieve operational goals, local 

optimization of subsystems is not enough. Use of simulations to allocate 
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bottlenecks (especially at enterprise level) has become widespread since it can help 

identify problems in the system (Vegnerova, 2009). 

Unlike other conventional functions, this approach does not provide an exact 

answer or solution to a problem. Simulation helps to calculate extreme values, not 

just the expected values. Compared to analytical approaches, simulation is essential 

in handling very complex systems with various performance measures and 

interacting components. In addition, simulation can handle data, when variable 

relations are highly nonlinear and the model includes random variants. This method 

is used for finding the bottlenecks by many studies in various industries (Law 1998, 

Roser 2003b, Kasemset 2007, Kasemset 2008, Vegnerova 2009, Zhang 2009, Khan 

2011, Ellis 2011, Zhang 2012, Ucar 2012).  

Some of the drawbacks of simulation compared to analytical modeling can be that 

building a simulation model might take longer compared to an analytical model and 

also that simulation may not provide the optimum solution. Simulation uses 

mathematical models of the systems which are based on assumptions and 

approximations. Specific knowledge, reduced flexibility for layout changes and 

misinterpretation of result are some other drawbacks listed by Li et.al. (2009). 

Simulation is vulnerable to data input quality, since the output results have a 

confidence interval associated with themselves. This condition may not hold for 

closed form equations in such a distinctive way. Wang (2005) in his paper uses 

simulation to compare approaches (average waiting time, average workload, 

average active duration, shifting bottleneck) and in his first attempt three different 
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bottlenecks are found in a system with five machines. This is a very good 

demonstration of one of the biggest risks of using simulation. Since most of the 

identification methods use data and heuristic rules one might need to be very 

meticulous. It is very hard to identify bottleneck machines by computing well-

defined indices (Zhang 2012). 

• Shifting bottleneck detection method: According to Chen et al. (2010) the 

challenges of the dynamics of the production systems result in relocation of the 

bottlenecks. Roser (2002) further developed an active duration approach and 

proposed shifting bottleneck identification. This method requires one to divide all 

possible machine states into two: active and inactive (Roser 2001). The 

categorization of active (utilized) and inactive states of the machines is given in 

Table 2-1. Resources are also categorized into sole, shifting, and non-bottleneck. 

The machine that has the longest active duration is considered to be the bottleneck. 

The approach was tested and verified by the author. The method successfully 

detected the bottleneck by finding the percentage of time when the machine is sole 

or a shifting bottleneck (Roser et.al. 2001). Figure 2-2 illustrates bottleneck 

probabilities of a set of machines in a complex system. 
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Figure 2-2 Probabilities of bottleneck (95% Confidence Interval) (Roser el.al 2002b) 

Yan et.al. (2010), in his paper about knowledgeable manufacturing systems (KMS), 

uses the concept of a rear buffer, front buffer, and production and transfer from rear 

to front buffer in his paper. This approach categorizes the machine states into four 

stages: (a) front and rear buffers both enabled, (b) front buffer enabled while rear 

buffer non-enabled, (c) front buffer non-enabled while rear buffer enabled, and (d) 

front and rear buffers both non-enabled. 

• Arrow-based method: This method uses starving and blocking probabilities and the 

number of assumptions that a bottleneck is detected (Almansouri 2014). This is 

another method to identify serial line production bottlenecks. The method works by 

calculating the probabilities and drawing an arrow. The arrow is sketched to the 

following machine and the machine without an arrow is considered to be the 

bottleneck; if there are two machines without arrows the one with the largest 

severity is considered as being the bottleneck (Chiang 2000). This approach was 
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implemented by Chiang (2000, 2001) to Markovian serial line machines and by 

Biller (2010) to Bernoulli serial line machines. Figure 2-3 shows an example use 

of the arrow method for identification of the bottleneck in a system with identical 

machines. M4 was found to be the bottleneck (Chiang et.al. 2000). 

 

Figure 2-3 Arrow based bottleneck identification (Chiang et.al. 2000) 

• Turning point method:  The method uses online data to identify short term and 

long term bottlenecks. Long term is used for process planning and short term is 

used for process control. Instead of statistical verification, online data was used. In 

this method production line blockage and starvation, probabilities, and buffer 

content are used without using simulation or closed form equations (Li et.al. 2009). 

Machine statuses are categorized into four: blocked, starved, down, and operating. 

Figure 2-4 shows an example trend for blockage and starvation time for a serial 

line. 
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Figure 2-4 Turning point method: blockage and starvation time in a serial line (Li et.al. 2009) 

• Criticality indicators based method: This approach is based on comparison of the 

indicator values to detect critical locations (Kralova, Bielak 2004). The indicator 

finds bottlenecks that need better utilization or capacity expansion. The approach 

uses simulation statistics for utilization, starvation, blocking, waiting time and 

aggregates all these values into one value. Leporis and Kralova (2010) use a serial 

line and simulation to compare this method against the active period method, the 

turning point method, and the arrow based method and has found better results with 

this approach. Even though this method is promoted by the authors, the 

applicability of the method still remains in question for more complex systems. The 

example in the paper does not have enough details for replication or further 

investigation (Almansouri, 2014).  The formula used to calculate the criticality is 

given below: 
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where: 

KRi – the criticality indicator for the i-th workplace [%] 

Bi – the average utilization rate for the i-th machine (Busy) [%] 

Ii – the average starvation rate for the i-th machine (Idle) [%] 

Bli – the average blocking rate for the i-th machine (Blocked) [%] 

Li – the average waiting rate for labor for the i-th machine (Labor) [%] 

 

• Inactive duration method: This approach was developed by Tamilselvan (2010) 

mainly to identify the short-term, average, and shifting bottlenecks for systems with 

or without buffers. It also finds the root causes of the bottleneck by back tracking 

the bottleneck characteristics. Simulation results data is used to determine the 

bottleneck characteristics. These characteristics include: bottleneck shifting 

frequency, bottleneck time ratio, bottleneck ratio, and bottleneck severity ratio. 

Bottleneck times of all machines are found and a Gantt chart is created from the 

data. Figure 2-5 illustrates the mechanics of the inactive duration approach.  
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Figure 2-5 Flowchart for Inactive duration method (Tamilselvan, 2010) 

• Inter-departure time: In this approach inter-departure times from machines are 

measured to identify and rank the bottlenecks (Sengupta, 2008). The method has a 

set of rules for data integrity and can be used to analyze steady state, non-steady 

state, and job-shop. The states defined are: cycle, blocked down, blocked up, and 
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fail (Sengupta, 2008). The least affected component by other components in the 

system is identified as the bottleneck. In fact the bottleneck will not be influenced 

by others, but it will affect other components (Lemessi et.al. 2012). 

• Data driven method: This is another data driven method used by Li et.al. (2009b). 

Instead of analytical closed form equations or simulations online, real-time data is 

used. In order to find the bottleneck blockage, starvation times are used. Unlike 

other conventional methods, this method can find both the short term and long term 

bottleneck. This method can be adapted easily to different production lines (Li et.al. 

2009b). The schematic steps of the approach are given in Figure 2-6. 

 

 

Figure 2-6 Data driven bottleneck framework (Li et.al. 2009b) 
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• Network based method: This is a bottom-up approach where production 

disruptions are modeled and losses are shown in the network. It is used in supply 

chain risk management and by Mizgier (2013) and crowd evacuation Ma et.al. 

(2014). Out-degree, centrality, betweenness, weighted betweenness, radiality, and 

loss contribution are some of the concepts used for identification by Mizgier et.al. 

(2013). Loss contribution can include network and interruption risks. Figure 2-7 

shows an example supply chain network (left) and the out degree centrality (right) 

measure used by Mizgier et.al.(2013). 

  

 

2.1.5 Theory of Constraints 

 TOC is a well-known approach for production scheduling and control in a system. It is 

also considered as a management philosophy. (Gurses, 1999), TOC was first presented in 

Goldratt’s book “The Goal” in 1984. The book is a scenario based story written for the 

Figure 2-7 Sample supply chain network and outdegree centrality (Mizgier et.al. 2013) 
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purpose of reaching people in the manufacturing and production industry and promoting 

TOC. The story is about Plant Manager Alex Rogo, (almost shutdown plant’s manager), 

who turns the plant into the best plant in the company by following the TOC principles 

(Goldratt, 1984). Goldratt’s second book, The Race (1986), reveals more specifics of 

implementation and the importance of reduction in work-in-process of the TOC (Goldratt, 

1999) (Rahman, 1998). 

The TOC primarily focuses on bottlenecks (constraints) in a system to improve throughput 

by effectively managing constrained resources (Ray 2010). The TOC evolved from 

timetable scheduling software (Optimized Production Timetables-OPT) in the early 80’s 

as a management toolset for logistics and production, performance management and 

problem solving (Spencer 2995, Watson, 2007). Today TOC techniques have been used by 

many Fortune 500 companies. The approach has been discussed in over 400 books, articles, 

dissertations, conference proceedings, and many journal papers (Watson, 2007). In depth 

analysis and historical evolution of the approach was discussed by Rahman (1998) and 

Watson (2007). 

Based on the TOC approach, every system has one or more bottlenecks and these 

constraints prevent the system from reaching its goals (Ferencikova, 2012) (Almansouri, 

2014) (Roser 2003a).  In other words, the TOC’s suggestion to management is to identify 

the bottleneck in a system, then to strive to improve this constraint’s performance for 

process improvement (Ellis, 2011). Goldratt underlines the importance of focusing on the 

area where the biggest impact/gain can be made; he made an analogy with Pareto’s 20-80 

rule by stating: “when we can’t do it all, it is of the utmost importance to properly select 
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what to do” (Cox, 2010). Therefore, improvements should focus on constraints; efforts on 

elsewhere can be waste of resources. 

In the novel, (Goldratt, 1984) the goal is described as “to increase net profit, while 

simultaneously increasing both ROI and cash flow”. According to this philosophy the goal 

is to make money. The activities that do not contribute towards making money are a waste 

of time and resources (Gurses, 1999). In order to achieve the goal the measures are given 

below: 

• Throughput:  The rate that the system generates money through sales (but not 

production). 

• Inventory:  The investment made by the system to sell the intended things.  

• Operational expense:  The investment made for converting inventory into 

throughput.  

The mechanism works by increasing throughput, while reducing inventory and operating 

expenses. The critical index is the throughput. The hike example in the book illustrates 

these measures in a non-production environment. The TOC uses three measures or steps 

which are all in terms of money. The steps involved in this approach are listed below 

(Goldratt, 1999): 

1. Identify the system's constraints.  

2. Decide how to exploit the system's constraints.  

3. Subordinate everything else to the above decision.  

4. Elevate the system's constraints.  



 

46 
 

 

5. If in the previous steps a constraint has been broken, go back to step one, but do not 

allow inertia to cause a system constraint.  

Each company or system can categorize money by using these measures. In addition to 

these steps, Trietsch (2005) adds an additional step 0 for defining the objective function of 

the system.  

2.1.6 Drum-Buffer-Rope 

The logistical system of the TOC is called Drum-Buffer-Rope (DBR) (Rahman, 1998). 

DBR is the implementation of the approach. Drum is the pace of the bottleneck, which is 

mainly the production schedule. Buffers are time or material stocks. In order to have a 

bottleneck working one hundred percent of the time, it is crucial that the buffer in front of 

the bottleneck is kept busy all times. The rope is the demand for new material needed for 

the system. The ideal implementation includes measuring the entire system and the goal 

should be to increase throughput and reduce inventory and operational expenses (Goldratt, 

1999). According to Goldratt, “more is better” only works for the bottleneck; however, for 

the rest of the system (non-bottleneck) this might not be accurate.  “More is better” can be 

correct until a threshold for a non-bottleneck is reached; above this threshold more can be 

worse. The threshold can only be defined by interdependencies, and not in isolation. Hence 

local optimizations do not mean global optimization (Cox, 2010). 

2.1.7 Criticism of the TOC  

Plenert (1999) compares production models in his paper. He states that the TOC is not 

effective in non-constrained production systems and is out-performed by MRP (Material 
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Requirements Planning). He also adds that the TOC is focused on machine efficiency. 

Similar criticism is also made in various papers where they assert that the TOC is not 

suitable for large scale problems with multiple bottlenecks or complex production systems. 

This is because it does not provide the optimal solution for large problems (Ray et.al. 2010, 

Ferencikova (2012). Even though TOC principles are used in her paper, Frencikova (2010) 

claims that “the method does not suffice but it can help to find solutions for some 

problems”.  Another criticism towards the TOC is that the influence of the workforce and 

plans are neglected (Nave, 2002). In the TOC approach, short-term production constraints 

are the point of focus. With a fixed capacity plant there will always be a bottleneck. The 

TOC does not include costs. Because overhead and worker costs are not fixed, this 

approach might give the wrong information in the profitability analysis (Gurses, 1999). 

2.1.8 Comparison of the TOC with Other Approaches 

There are various other management philosophies other than the TOC. Just-in-Time (JIT), 

Total Quality Management (TQM), Manufacturing Resource Planning (MRP), Lean, 

Enterprise Resource Planning (ERP), Six Sigma, Zero Defects, and Supply Chain 

Management (SCM) are some of them (Nieminen, 2014). According to Goldratt (1990b) 

JIT and TQM also work for one goal which is similar to the TOC: “to make more money”. 

However, he also adds that they are not focused on throughput, unlike TOC.   

Lean is a method to increase the overall flow from the system. Just-in-time (JIT) is a 

philosophy within Lean (Persson, 2005). Plenert (1999) asserts that JIT is a very successful 

method for highly repetitive fixed demand production environments; however, it is not 

effective in non-fixed demand or non-repetitive systems. He also adds that TOC is focused 
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on machines, the MRP on the workforce, and the JIT is focused on material usage. Nave 

(2002) compares three major improvement methods in his article and concludes that, not 

in the primary effect level but in the second or third effect level they become similar. He 

also states that selecting one of them will be dependent on company culture. Six Sigma is 

more suitable for companies with analytical studies, data, charts, and analysis. Lean is more 

suitable for companies where visual change and right now time is important. The TOC is 

more suitable for companies where full participation is not needed; companies that value 

the separation between worker and management is valued. Table 2-2 shows comparison 

between the TOC, Lean and Six Sigma improvement programs. Gupta (2009) also 

compares the TOC with the MRP and the JIT in his paper. In this paper the TOC’s unique 

contribution after the MRP is recognized and it was suggested that the TOC principles can 

be integrated with the existing MRP system. He concludes by comparing the TOC with the 

JIT; the JIT is more suitable for repetitive manufacturing environments.  

 

 

Table 2-2 Comparison of Improvement Programs (Nave, 2002) 

Program Six Sigma Lean Thinking Theory of Constraints 

Theory Reduce Variation Remove Waste Manage Constraints 

Application 

Guidelines 

1. Define 

2. Measure 

3. Analyze 

4. Improve 

5. Control 

1. Identify Value 

2. Identify Value 

Stream 

3. Flow 

4. Pull 

5. Perfection 

1. Identify Constraints 

2. Exploit Constraints 

3. Subordinate 

Processes 

4. Elevate Constraint 

5. Repeat Cycle 
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Focus Problem Focused Flow Focused System Constraints 

Assumptions A problem exists. 

Figures and numbers 

are valued. 

System output 

improves if variation 

in all processes is 

reduced. 

Waste removal will 

improve business 

performance. Many 

small improvements 

are better than 

system analysis. 

Emphasis on speed 

and volume. Uses 

existing systems. 

Process 

interdependence. 

Primary Effect Uniform process 

output 

Reduced flow time Fast throughput 

Secondary Effects Less waste.  

Fast throughput. 

Less inventory. 

Fluctuation-

performance 

measures for 

managers.  

Improved quality. 

Less variation. 

Uniform output. 

Less inventory. 

New accounting 

system. 

Flow-performance 

measure for 

managers.  

Improved quality. 

Less inventory/waste. 

Throughput cost 

accounting.  

Throughput-

performance 

measurement 

system. 

Improved quality. 

Criticism System interaction 

not considered. 

Process improved 

independently.  

Statistical or system 

analysis not valued. 

Minimal worker 

input. 

Data analysis not 

valued. 

 

2.2  Applications in the Mining Industry 

Bloss (2009) states that bottlenecks in a mine operation usually move from one process to 

another, regularly and unpredictably.  The mining industry does not consist of serial 

production lines. There are buffers between processes which can last from days to months 

and there are many constraints and fluctuations in the entire system. According to Ray et.al. 

(2010) the TOC can be used for more deterministic cases; where for probabilistic cases 

more research is still needed. Considering the complexity of production processes and the 
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probabilistic nature of mining production, this statement is valid for mining. Batch 

production processes are sensitive to demand fluctuations. Resources can be utilized 

irregularly, therefore bottleneck shifting occurs. The TOC can result in more efficient 

production planning; however, it is harder to implement the TOC in complicated 

production systems (Ferencikova, 2012).   

Reviewing the past mining research only a few papers were found in bottleneck 

management. Bodon et.al. (2011) used simulation and optimization techniques for supply 

chain from mine to port in an Indonesian Coal Mine. Ernst et.al. (2008) used the simulation 

model for a rail network problem in Australia. Hong-Jun et.al. (2009) developed a dynamic 

optimization model for a supply chain problem in a coal mine in China. Madowe (2013) 

describes a mining bottleneck as: “stage at which the ore from a certain cutback is 

approaching the point of exhaustion and the next cutback must have exposed enough ore 

to sustain the planned production rate”. In his paper he calculates the bottleneck from the 

perspective of mine planning in a diamond mine. Phillis (2011b) treated stoping in an 

underground mine as a project and used Critical Chain Project Management (CCPM), the 

TOC’s project management approach, to improve stoping performance in a platinum mine. 

In his paper about mine planning buffering, Phillis (2010a) uses the CCPM approach to 

manage mine planning and execution in various platinum mines. Bloss (2009) used TOC 

steps to debottleneck the underground mine operation which resulted in an eighteen percent 

throughput increase in a twenty four month period. This approach can be considered 

empirical and uses a waterfall chart where capacity is compared with actual to identify the 

bottleneck. The method owes its success to having buffers downstream and upstream of 
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the bottleneck and reduction in variability. Cambitsis (2012) discussed increasing the 

throughput of a mining company by building value chain models and visualizing the 

interdependencies. He introduces the concept of internal capacity (capacity of an activity 

in isolation from other dependencies), demonstrating unrealized throughput potential. 

Khan (2011) in his dissertation used simulation-optimization model outputs to measure 

process bottlenecks.  Miwa and Takakuwa (2011) used simulation for finding the 

bottleneck of material handling system of an underground coal mine. Heerden (2015) uses 

time series along with the TOC to determine capacity constrains in an underground coal 

mine with continuous miners and shuttle cars. Biswal (2012) used simulation in an iron ore 

beneficiation plant to detect the bottleneck. Khan (2013) used discrete simulation and the 

TOC as part of Operational Excellence (OE) and Continuous Improvement (CI) processes 

to identify the bottlenecks in Vale Canada.  

2.2.1 Summary 

Although the TOC and various bottleneck identification methods have been used in many 

other industries over the past decades, there aren’t many works that have been done in 

mining. Most of these efforts have been in the last decade and mainly simulation has been 

used for the purpose. No systematical approaches, analytical solutions through closed form 

equations or data driven approaches have been used so far.  
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3 METHODOLOGY OF HOLISTIC MINE MANAGEMENT  

3.1 Introduction 

According to Shen (2010), management of bottlenecks is becoming the core of successful 

production control and production scheduling.  The complexity and dynamics of 

production result in reduced stability and efficiency, and shifts the constraint from one 

process to another in systems (Frencikova, 2012). This phenomenon is true for most 

manufacturing sites including mining. According to Dessureault (2003), industries other 

than mining remained profitable despite globalization and rivalry simply because of 

innovation in managerial and technical approaches. In the 21st century, the mining 

industry’s profitability, productivity and success will depend on fundamental changes. 

Therefore, the importance of technological change management will be the core of 

development.  

The previous chapter reviewed and summarized bottleneck identification methods in 

industries including mining. This literature review can be considered as a summary for the 

technological adaptation of the mining industry. Since the “theory of constraints” approach 

was revealed in the mid-80s there have been hundreds of journal papers, conference papers, 

master’s theses and dissertations from various industries about bottleneck management 

(Watson, 2007). However, only a few conference papers for bottleneck management in 

underground mines and only one dissertation have been published in mining thus far. In 

the last few decades, despite increased use of technology, the procedures and management 

mentality in mining did not change. The use of information technology and change 



 

53 
 

 

management has a great deal of potential to revolutionize mining (Dessureault & Dissert, 

2001). This is one of the main motivations of this dissertation: to innovate.  

This chapter aims to illuminate the theory and the model components of bottleneck 

identification system. Bottleneck identification will be assisting mine management to focus 

on critical issues at a strategic level and bottleneck ranking will assist in tactical level 

decisions. The approach consists of three phases:  

• Defining the system 

• Computing the system 

• Identifying and ranking the bottlenecks 

Figure 3-1 shows the phases and steps involved in the Bottleneck Identification Model 

(BIM) in a mine operation. Control room screen mockup of BIM is also given in Appendix 

IV. 
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Figure 3-1 Bottleneck Identification Model (BIM) 
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3.2 Defining the System 

The establishment of BIM includes defining the system components. In this phase, mining 

operation is studied and the relationships between activities, processes and systems are 

defined. All required definitions to calculate and to rank the bottleneck are made again in 

this section.  

3.2.1 Preparing Flow Chart of the Operation 

One of the easiest and most common methods to describe a process is by creating a “flow 

chart” (Nieminen, 2014). A flow chart is described as an illustration of processes by 

showing the connections between activities within processes. Process mapping, process 

blue printing, and process analysis are also widely used as synonymous with flow charts 

(Slack et al., 2007).  Having simple visualizations of the system facilitates understanding 

of the systems, and the relationships between different levels and processes.  

3.2.2 Defining Work Flow Processes 

After preparing the process map for the operation, relationships between activities and 

processes are mapped hierarchically. The leaf-branch approach is used to simplify and 

visualize the system-location-process-activity connections hierarchically. This is to 

simplify the relationships between process components and processes.  

Identifying the connections between subsequent processes is a critical part of defining work 

flow processes. Two subsequent processes that are coupled will be described in this 

chapter. Couples that have buffer or storage between them are known as loosely coupled 

(LC) pairs. Two subsequent processes that do not have any buffer or storage between are 
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known as tightly coupled (TC) pairs. Figure 3-2 includes tightly coupled and loosely 

coupled inter/intra process relationships. 

 

Figure 3-2 Example of work chain hierarchy with coupling types 

 
Finally, two processes that do not have any connection are known as decoupled pairs. 

Processes that cannot work without each other are known as continuous flow. Most mining 

operations are a combination of tightly coupled and loosely coupled processes. Crushing 

and conveying are good examples of continuous flow and crushing and drilling are 

examples of decoupled pairs. Figure 3-3 shows a typical process matrix in production. 

 

Figure 3-3 Coupling types between processes (Bellgran, 2010) 



 

57 
 

 

3.2.2.1 Work Chain Hierarchy (WCH) 

Work chain hierarchy is the hierarchy of the work showing the precedence of work and the 

parent-child relationship between those work tasks. The lowest level of the work in the 

production chain is designated as a “leaf”; one or multiple leaves that work within the same 

activity will form a “branch”; and the upper most level is considered the “root” in a 

production system.  A leaf node depends on the level of available measurement.  Figure 

3-4 illustrates an example of the leaf node definition. Although work may be defined 

contextually at a lower level, its lowest measured level will be the limiting factor.  For 

example, if a drill tracking system only provides a measure of the drilling rate, the leaf 

node will be ‘drilling’.  If a drill monitoring system provides the collaring, drilling, and 

repositioning steps in the drilling process, then these three steps are considered the leaf 

nodes.  This node-branch-leaf WCH will be defined for each process within the value 

chain.   

 

Figure 3-4 Illustrated example of leaf node definition 
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In a typical mining operation, the root node will be the production system, the first branches 

can be processes, and the secondary branches activities, and leaves can be work tasks. 

However, this sequence can change depending on the mine type and sequence of the 

processes. Figure 3-5 shows a simple example of a work a chain hierarchy. 

 

 

Figure 3-5 Work Chain Hierarchy example 

3.2.2.2 Location Flow Network (LFN) 

A subset of the work flow hierarchy is the location flow.  For example, in the case of a 

large coal mine, there may be several locations having isolated WCHs that consolidate into 

a single branch.  This is considered a coupling, where one or more outputs from a node set 



 

59 
 

 

may converge into a single or multiple node sets.  Some nodes that are not naturally within 

the value chain, such as reclamation, may only be required should a capacity limitation be 

imposed. Figure 3-6 shows an example of a location flow network. The buffer and time 

determine the coupling type. If the delay in one node causes immediate starving in the next 

node, this is defined as “tightly coupled” nodes. If the delay in one node does not cause 

immediate starving in the next node, such a relationship is defined as “loosely coupled” 

nodes. Loading and hauling processes are examples of tightly coupled nodes and drilling 

and blasting are examples of loose coupled nodes.  

 

Figure 3-6 Example of Location Flow Network 

3.2.3 Defining Input Variables 

After the skeleton of the processes are prepared in the previous two steps, then resources 

and buffers for each process are defined in this step. Key concepts such as production 

capacities, buffer capacities, time model (TM), look back period, and inter process ratios 
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will be described under this topic. Definition starts from machines as all rates are obtained 

from mining equipment.   

3.2.3.1 Production Asset List 

One of the critical inputs to the model is the production asset list.  Production assets are 

usually machines, operators with certified training, locations (underground known as 

‘headings’), and raw materials needed to mine.  This is needed to identify the capacities, 

actual process rates, and the bottleneck(s) in the system. In a mining operation, quantity 

and capacities of available production assets will be listed in this step. This list will include 

drilling machines, explosive loading machines, excavation machines, loading machines, 

hauling machines, scraping/pushing machines, crushing machines, storage silos/areas, train 

loading machines, grinding machines.  Existing deployed technologies only monitor 

machines the large mining machines.  People, most light duty vehicles, and locations are 

not monitored in real-time for availability, capacity, coordination, etc…  However, new 

technologies are emerging, particularly from the field of ‘the Internet of Things (IoT), that 

would allow for real-time tracking of personnel, their certification, and availability and 

readiness of locations.  Hence, this thesis will focus exclusively on a production machine 

inventory when calculating capacity. These listed machine inventories will be placed in the 

work chain hierarchy of the system.  

3.2.3.2 Look Back: Rate Period  

Rates and capacities can be calculated based on the past few hours, days, or even months.  

The look back range would depend on the reliability of the rate expression and the objective 

of the decision maker using the bottleneck tracker.   
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As an example of sample-set reliability, consider that the rate of excavation from a 

pushback a few months ago could be significantly different from the rates in the present 

because mining operations can significantly alter the land-form and routes.  If a look back 

period is too small, then the sample size to calculate the rates would not be a suitable sample 

size because common major interruptions in the value chain would be overly represented 

in the calculated rate.   

• Let t0 = the most recent time, or alternatively, the present (note: if mid-cycle, one 

may need to include that it is a partial cycle).   

• Let tn = a time in the past which bounds the period in which cycles or production 

events are considered.   

• Let Ti be the look back time period, or t0 - tn 

• Let X be a set of time usage Ti bound by tn and t0 (a detailed explanation of rate is 

given in section 3.3.1.2). 

Hence, the rate denominator look back period for a particular time usage will be XTi.  

• The rate numerator will be all the production events bound by tn and t0. 

• Let t0-tn = Look back, time period can be constant or variable: 

o variable for example, if the rates are to be calculated from the present to the 

start of the current shift (would change continuously) 

o constant, if the rates are to be calculated from the present to 24 hrs prior.  

Typical look back periods and their time interval types can be found in Table 3-1. 
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Table 3-1 Look back periods, types and uses 

Duration Time Period Type Business Purpose 

Last 24 hours Constant Supervision, Management  

 Last 7 days Constant Supervision, Management 

Last 30 Days Constant Supervision, Management, 
Maintenance, Trending,  

Last 90 Days Constant Management, Trending 

Shift to Date Variable Real-Time, Production Coordination 

Month to Date Variable Engineering, Planning 

Quarter to Date Variable Engineering, Planning 

Year to Date Variable Engineering, Budgeting, Forecasting 

Custom Selected Dates Constant or Variable All 

 

3.2.4 Inventory  

Inventory is described as the stock of items to meet internal or external demands (Porter, 

2010). However, the description of inventory is a bit different in mining. Many processes 

such as drilling, explosive loading, blasting, etc. are performed in batches; therefore, there 

is a need to produce a certain amount to keep a supply for subsequent processes. A process 

chain may have inventory that can store products from the processes as final products. In 

mining operations the proportion of raw materials to work-in-progress or finished product 

can be significantly different than in other industries. An example of raw materials in 

mining is an ore reserve, and ore reserves can last up to decades.  

In mining, inventory can be divided into two types:  
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• Buffer : for supply and demand uncertainties  

• Cycle : supply required while other batches are being produced.   

A list of inventories and inventory types for a surface coal mine is given in Table 3-2.  

Table 3-2 Inventory Types 

List of  Inventories Type 

Top Soil Removed Inventory (TSRI) Cycle 

Drilled OB Inventory (DOBI) Cycle 

Blasted OB Inventory (BOBI) Cycle 

Drilled Casting Inventory (DCSI) Cycle 

Cast Blasted Muck Inventory (CBMI) Cycle 

Dozed Pad Inventory (DPI) Cycle 

Uncovered Coal Inventory (UCI) Cycle 

Drilled Coal Inventory (DCI) Cycle 

Blasted Coal Inventory (BCI) Cycle 

Coal Stockpile Inventory (CSI) Buffer 

Coal Silo Inventory (CSILI) Buffer 

 

Inventories will have three types of movements in general. Inventory will be consumed to 

the point of exhaustion if the consumption rate of the upstream process is higher than the 

replenishment rate. This situation is known as “deficit inventory”. If the consumption rate 

of the upstream process is less than the replenishment rate, the inventory level will be 

increasing. This situation is known as “surplus inventory”. If the inventory consumption 

rate of the upstream process is equal to the replenishment rate, the inventory level will stay 

the same. This situation is known as “standstill inventory”. Inventory types can be used to 
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project buffer criticality. If, for example, the buffer is immediately before a potential 

bottleneck process, the impact of deficit inventory would be critical.  Economic Order 

Quantity (EOQ), Material Requirement Planning (MRP), Re-Order Point (ROP) and Just-

in-Time (JIT) concepts can be used to identify the ideal buffer level considering the 

variance of both the upstream and downstream rates.  The ‘ordering’ would be continuous 

where a set time to order inventory is not set; rather, an ideal rate is calculated and set.  

The look back range would depend on the reliability of the rate expression (time usage) 

and the objective (see Table 3-1) of the production coordinator using the bottleneck tracker.  

The deficits or surplus of the projection depends on the look forward and look backward 

timeline.  Let’s assume XW is produced output units from a work level Ww, Xw+1 is 

produced output units from work level Ww and Qstart is inventory start level at location L 

at time Tstart. The inventory level for Qw+1 at time Tend will be calculated as: 

Q��� = Q�����  + �∑ X����������� − ∑ X������������� �  
Example 1 Inventory Level 

In a virtual mine location L, a Drilling Process node diagram was provided above: (Figure 

3-2) 

In work level activity 1.1.1. between October 1, 2013, and October 31, 2013, 142,600 OB 

cubic yards were shot. 

In work level activity 1.1.2. between October 1, 2013, and October 31, 2013, 126,400 OB 

cubic yards were loaded. Assuming that shot rock inventory Qstart=40,900 OB cubic yards 

in location L, what will be the Qend on October 31, 2013? 

Q���� = Q������  + �∑ X����������� − ∑ X������������� �  
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=40,900 + (142,600-126,400) 

=57,100 will be the shot rock inventory level on October 31, 2013. 

 

This research will not cover ideal inventory levels for mining operations as it is out of the 

scope of this research. Nevertheless, in this research inventory levels and capacities will be 

inherited from the operations to detect the bottleneck.  

3.3 Computing the System 

In this phase, the data from the Phase 1: Defining the System will be used to calculate key 

metrics for bottleneck identification and process performance. In this phase, rates of 

processes will be calculated in a standardized way, process capacities will be calculated to 

identify and indicate the lost opportunities, and units will be normalized between the 

processes. 

3.3.1 Rates 

Rates are expressed as units of production (numerator) divided by a time period 
(denominator).   

 

O Rate = 
��� ! "# $%"&�' �"�

 �() $)%�"&  

 

= +  P-./
 0�

 01
 

 

The rate concept is to help identify current, existing, and potential bottlenecks with the 

intent to manage the processes to maximize throughput or reduce the amount of over-

capacity to save costs.   
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The variables for calculating the rates change depending on the purpose of the rate.  The 

central concept behind bottlenecks is comparing capacity and current rate.  For example, a 

haulage route (branch node) may have a current capacity of rate of 10,000 tons per hour; 

however, that route is dumping into a crusher that has only 6,000 tons per hour capacity.  

The current rate for haulage is 6,000 tons per hour since the downstream process is the 

bottleneck.  Hence the difference between capability and the actual rate is 4,000 tph.  

Therefore, rates are to be calculated for capacity, current rate, and as well as the variance 

of each.  As previously mentioned, calculating and communicating the unused capacity in 

real-time or historically is a core contribution of this thesis.  It will have practical impact 

to the profitability of mines since if managers are made more accountable for capital, and 

are aware and can clearly track un-used capacity in real-time, they will find ways of 

clearing bottlenecks to greatly improve the EBITA/capital .   

An additional concept within rates will also consider three core components: a numerator 

designating an outcome or product, and a denominator expressing the time (minutes or 

hours) within a time period to produce that product, bound by a start and end-time.    The 

duration of that time period would automatically impact both the current and capacity rates 

as known.     

3.3.1.1 Numerator: Unit of Production 

In a mine system, each process will have an output that will be an input to the subsequent 

process. For example, the drilling process will produce drilled holes on a bench as a 

production output for the next process which will be measured in footage (or meters). 

Material loading will have a volume or tonnage as a production output for the next process 
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which will be measured in tons (tonnes) or cubic yards (cubic meters) depending on the 

operation. 

Along a value chain, several products may be created from a single process, for example, 

tunnel development would have both advance as well as volume.  In most cases in mining, 

there is a primary outcome of that process, or a higher-objective.  For example, overburden 

drilling may result in drill holes, ready to be loaded with explosives; however, this may be 

expressed as yards since the ultimate objective of overburden removal in coal mines is to 

expose the coal by removing a volume of material.  The unit of production would need to 

be displayed in a manner in which a manager can both identify adequate rates as well as a 

normalized expression.   

Table 3-3 shows common mining processes and their measured units. 

 

Table 3-3 Units used in mining processes 

Process Unit 

Drilling Depth (e.g. feet), hole count 

Explosive Loading 

Hole count, energy or quantity of standard explosive (e.g. 

lbs). 

Blasting (OB) Volume (e.g. bank or loose cubic yards) 

Blasting (Mineral/Coal) Weight (e.g. Tons) 

Loading (OB) Volume (e.g. loose Cubic yards) 

Loading (Mineral/Coal) Weight (e.g. Tons) 

Hauling (OB) Volume (e.g. loose Cubic yards) 

Hauling (Mineral/Coal) Tons 

Dozer (OB) Volume (e.g. bank or loose Cubic yards) 
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Dragline Volume (e.g. bank or loose Cubic yards) 

Conveying Tons 

Crushing Tons 

Storing Tons 

 

3.3.1.2 Denominator: Time   

Time usage is essential to measure the rate and identify the capacity. The concept of time 

usage of equipment is perceived differently between industries. Typically, machine time 

usage in manufacturing plants is categorized as up time and down time. Depending on the 

work type in some other plants, idle time or starving time is also added to these categories.  

The mining industry has elaborate production mechanisms where location, weather, safety, 

and many other factors can interrupt processes resulting in detailed time usage categories 

for equipment, and at times processes, locations, and personnel. Even though these 

categorizations can vary significantly between underground and open pit mines, they can 

also differ from company to company, as well as unionization, and depending on their 

management priorities and approaches. To simplify and standardize the process of time 

usage in mining, equipment time is into six categories. These categories and their levels 

are shown in Figure 3-7.  

LEVEL TIME CATEGORIES 

1 CALENDAR TIME 

2 SCHEDULED TIME 
UNSCHEDULED 

TIME 
3 AVAILABLE TIME 

DOWN 

TIME 
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4 OPERATING TIME 

IDLE 

 TIME 

5 PRODUCTION TIME 

DELAY 

TIME 
6 

VALUE PRODUCING 

TIME 

UNPRODUCTIVE 

PRODUCTION 

TIME 
Figure 3-7 Time Model 

The time model categories listed in this figure are described below. 

• Calendar Time (CAT): This is the total time for the period selected. A calendar hour 

is 60 minutes, a calendar day is 24 hours, and a calendar year is 365 days. Calendar 

time can be considered the maximum possible duration for the selected period.  

• Scheduled Time (SCT): This is the total time that a machine is scheduled to work. 

Commonly all machines in mining are scheduled to run during calendar time; 

however, some exceptions, such as holidays or outside of work hours can be 

considered unscheduled time (USCT). This duration can be calculated as:  

SCT= CAT-USCT 

• Available Time (AVT): This duration can be described as the duration where the 

machine safely and mechanically is available to run. Scheduled preventive 

maintenance and unscheduled breakdowns (mechanical or electrical downs) are 

outside of this duration. They can be considered down time (DWT).  Available time 

can be calculated as: 

AVT=SCT-DWT 

• Operating/Utilized Time (OPT): This is the duration where a machine is operated 

to create an output. It includes productive and unproductive time of the equipment 
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during production. In some companies or operations this is also referred to as 

utilized time. The duration when the machine is available but not operating can be 

considered idle time (IDT). An example of idle time is if there is no operator to run 

the machine. Operating time can be calculated as: 

OPT=AVT-IDT 

• Production/Ready Time (PRT): This is the duration where the machine is working 

to produce an output. It includes all (productive and unproductive) production time 

of the equipment spent to create an output. It does not include delay time (DET) 

such as blasting delay, lunch, safety delay, etc., during the operating time of the 

equipment. Production time can be calculated as: 

PRT=OPT-DET 

• Value Producing Time (VPT): This is the duration where the machine’s time is 

spent only on creating an output. It does not include unproductive production time 

(UPT) such as queuing for haul trucks, hang time (where a shovel is waiting for 

trucks) for shovels or maneuvering time for drills. The production amount divided 

by the VPT is also known as the instantaneous production rate for a particular 

process.  Value producing time can be calculated as: 

VPT=PRT-UPT 

Example 2 Time Usage  

Let’s assume that we need to determine time usage for a shovel in a copper mine. Below 

is some given information for look back period in the last 24 hours of a cable shovel. 

• The mine is running 2 shifts and each shift is 10 hours 
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• The shovel has only 2 hours of maintenance down time in the first shift for rope 

changes 

• The machine idled for 3 hours in the second shift  

• There have been 30 minutes each shift for lunch break 

• The machine had spent 1 hour as hang time and 2 hours for maneuvering in total 

during production combining both shifts 

To find the time usage for this machine: 

• Calendar time (CAT)  for this period is  

t0= Present and tn=Present-24; Hence Ti= t0-tn  

= (Present) - (Present-24) = 24 Hours 

• Scheduled time (SCT) for one day is 10+10=20 hours 

• Available time (AVT) for selected day is 20-2=18 hours 

• Operating time (OPT) for selected day is 18-3=15 hours 

• Production time (PRT) for selected day is 15-0.5-0.5=14 hours  

• Value producing time (VPT) for selected day is 14-1-2=12 hours 

Figure 3-8 below shows the time usage for the rope shovel for the selected one day period. 
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Figure 3-8 Time Usage Model example 

The true reflection of a bottleneck and its potential impact on the full value chain is derived 

from the type of time used for calculation and display.  Each type of time may have a 

varying managerial intervention strategy.  Suggesting an intervention strategy is beyond 

the scope of this research, but should be included in future research. Table 3-4 defines the 

rates based on the time usage and business purpose.   

0 4 8 12 16 20 24

Calendar time

Scheduled time

Available time

Operating time

Production time

Value Producing time

Hours
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Table 3-4 Various rates and their business purpose as a function of time usage 

Rate Name Time Description Rate Description Business Purpose 

Value 

Producing 

Rate 

(VPR) 

Time spent directly 
on creating output 
(VPT) 

This rate is production unit divided by 
production time excluding unproductive 
production time. It is supposed to be the 
highest rate in the chain. Example units 
are penetration rate (drill), tons per ready 
hour, less hang time (shovel) 

 
 

Real-Time, 
Operator 

Feedback, 
Dispatching 

Production 

Rate (PR) 

Time spent on 
creating output and 
preparing to create 
output (PRT) 

This rate is production unit divided by 
operating time excluding delay time. 
Example units are tons per ready hour 
(shovel/truck/crusher), feet per ready hour 
(drill) 

 
Operator 

Performance, 
Crew Performance 

Operating 

Rate (OR) 

Time spent on 
production and 
delays (OPT) 

This rate is production unit divided by 
available time excluding idle time. 
Example units are tons per operating hour 
(shovel/truck/crusher), feet per operating 
hour (drill) 

 
 

Supervision, 
Management, 
Engineering 

Available 

Rate (AR) 

Time available to 
operate safely and 
mechanically 
(AVT) 

This rate is production unit divided by 
scheduled time excluding down time. 
Example units are tons per available hour 
(shovel/truck/crusher), feet per available 
hour (drill) 

 
 

Engineering, 
Forecasting 

Scheduled 

Rate (SR) 

Time scheduled to 
operate (SCT) 

This rate is production unit divided by 
calendar time excluding unscheduled 
time. Example units are tons per 
scheduled hour (shovel/truck/crusher), 
feet per scheduled hour (drill) 

 
Engineering, 
Budgeting, 
Forecasting 

Calendar 

Rate (CR) 

Total calendar time 
(CAT) 

This rate is production unit divided by 
calendar time for the time period. It is 
supposed to be the lowest rate in the chain. 
Example units are tons per calendar hour 
(shovel/truck/crusher), feet per calendar 
hour (drill). 

 
Engineering, 
Budgeting, 
Forecasting 

Example 3 Rate Calculations 
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Assuming that shovel in Example 1 had produced 24,000 tons in shift 1 and 36,000 tons in 

shift 2 respectively, the rates for the selected time period (one day) will be calculated as: 

2345 = +  P-./
 0�

 01
= total unit of productiontime usage for 2 shifts  

Total Produced Units  = 24,000+36,000 

= 60,000 tons 

Value Producing Rate = 
$%"&�'�� �H��

IJ�  

= 
K1,111

�M  

  VPR = 5,000 tons per value producing hour   (I) 

Production Rate = 
$%"&�'�� �H��

JN�  

= 
K1,111

�O  

  PR = 4,286 tons per production hour    (II) 

Operating Rate = 
$%"&�'�� �H��

PJ�   

= 
K1,111

�Q  

  OR = 4,000 tons per operating hour    (III) 

Available Rate  = 
$%"&�'�� �H��

RI�  

= 
K1,111

�S  

  AR = 3,333 tons per available hour    (IV) 

Scheduled Rate = 
$%"&�'�� �H��

TU�   

SR = 
K1,111

M1  
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   = 3,000 tons per scheduled hour    (V) 

Calendar Rate  = 
$%"&�'�� �H��

UR�  

CR = 
K1,111

MO  

   =2,500 tons per calendar hour     (VI) 

 

This example illustrates that going from result I to VI, the time period increases due to time 

usage; however, the production rate is proportionally decreasing. Hence in more general 

terms for time periods: 

CAT ≥ SCT ≥ AVT ≥ PRT ≥ VPT 

and rates: 

CR ≤ SR ≤ AR ≤ PR ≤ VPR 

3.3.2 Capacity 

Capacity is a factor that can influence cost, schedule, and efficiency of operations. Even 

though the capacity has a huge impact on operations, there is currently no official means 

of calculating capacity. Slack et. al. (2007) describe capacity as: under normal conditions 

maximum level of value added activity, operation or process over a time period. Bellgran 

(2010) expresses capacity as capability level during a certain period of time in terms of 

volume and numbers. The concept of capacity is commonly understood as static, such as 

fixed volume or mass. This is true for buffers or inventories in mining. Li et. al. (2009) 

describes the capacity of an inventory as the maximum unit it can store. This is the capacity 

for static units; however, there is also the capacity for production machines. Assuming that 
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the machine is up and running, the capacity of the equipment is the number of produced 

units per unit of time (Li et. al. 2009).  

In mining operations almost every production unit has a theoretical design capacity, 

colloquially called ‘first principle’ rate, which is almost never met due a number of factors. 

The capacity constraining factors can be categorized as time related factors and condition 

related factors. Time related factors decrease the design capacity simply by reducing the 

production time period. Among all time usage categories, only value producing time does 

not have any limitations in terms of time since it is purely considering the productive time. 

All other categories have a loss in time period, such as down time, delay time, idle time, or 

unproductive time, etc. Condition based factors are independent of time; they are factors 

related to rock type, fragmentation, weather, operator skills, work environment, process 

performance, etc.  Table 3-5 lists some of the common condition based factors that can 

constrain the capacity in mining.  

Table 3-5 Mining processes and influencing factors 

Mining Process Affecting Factors 

Drilling Capacity 
Rock Type, Operator Skill, Bit Quality, Bit Diameter, Machine 

Performance 

Loading Capacity 

Loading Unit Bucket Size, Fragmentation, Operator Skill, Loading 

Unit Performance, Material Density, Rock Type, Truck 

Assignment, Weather 

Haul Capacity 

Truck Bed Size, Haul Distance, Haul Slope, Truck Performance, 

Truck Operator Skill, Material Density, Road Conditions, Load 

Feed, Weather 

Crush Capacity Rock Type, Fragmentation, Haul Feed, Crusher Type 

Convey Capacity Belt Speed, Belt width, Angle of Repose, Feed Rate, Slope 

Mobile mining machines can also have a high variability in production. Considering the 

design capacity of a machine in a model is unrealistic. Most machines operate at rates that 
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are significantly lower compared to their design capacity due to the abusive nature of 

mining operations on large machinery. Due to time usage and the condition related factors 

described above, determining the true capacity of a machine is not deterministic. Therefore, 

a method that is becoming widely popular, the Overall Equipment Effectiveness (OEE) 

concept, will be used to find the capacity of the equipment. OEE calculations differ among 

industries. However, the most common calculation is (Availability x Utilization x 

Productivity). The capacity for a calendar time of a machine will be calculated as: 

OEE   =Availability × Utilization × Productivity 

= 
RW�XY�ZY� �X[�

T\]��^Y�� �X[� × 
P_����X�` �X[�
RW�XY�ZY� �X[� × J�H�^\�XH� �X[�

P_����X�` �X[�  

OEE   =  J�H�^\�XH� �X[�
T\]��^Y�� �X[�  

Capacity  = Rate ÷ OEE × Time Usage 

 
               = ∑  J

bc� 0� 01 ÷ OEE ×  ∑  ./ 0� 01  

Capacity  = defghi4/fj ÷ kll 

 

Example 4 Capacity Calculations 

To find the calendar capacity for a rope shovel in Example 3: 

Calendar Capacity = Calendar Rate ÷ OEE × Time Period 

Calendar Rate  = 
$%"&�'�� �H��
U�Y����� �X[� 

   = 
MQ11

U�Y����� mH^�� 

Calendar Capacity = 
n%"&�'�� �H��
U�Y����� �X[�  ÷ J�H�^\�XH� �X[�

T\]��^Y�� �X[� × o3p5jg3e ./q5 
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   =  2500 ÷ 
�O
M1 

= 3,571 tons (capacity of a rope shovel in Example 3 per calendar 

hour) 

3.3.2.1 Lost Opportunity  

Once capacities and rates are calculated for various work levels, the difference (lost 

opportunity or unused capacity) can be calculated. It is suggested to display this difference 

as a motivational factor to highlight underused capacity / processes in an effort to increase 

the focus on unused capacity and this focus represents a key contribution for this thesis.  

To draw managerial attention to unused capacity, it is suggested to not only demonstrate 

the actual rate and capacity, but also to show the lost opportunity, in real-time and historical 

values. The formula to find the lost opportunity is: 

Lost Opportunity = Capacity – Actual Production (for each process) 

Example 5 Lost Opportunity 

To find the unused capacity in the previous example: 

Calendar Lost Opportunity for Rope Shovel = Capacity – Calendar Production 
= 3,571 – 2,500 
= 1,071 tons of unused capacity 
 

3.3.3 Normalization Ratios 

Mining requires various processes be measured by different units prior to the final 

products.  Such processes typically include preparation for other processes and waste 

removal. These processes might have different production outputs such as drilled footage, 

fragmented rock, removed cubic yards, etc., where the final output is coal tons or ore tons. 

For example, footage is transformed into volume as the processes move from drilling to 
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blasting and loading, or at a higher-level, overburden volume is transformed into tons 

exposed. Hence their metrics will be different than the final output: ore/coal. To be able to 

identify the bottleneck(s) among processes, it is necessary to normalize these units at 

various levels. 

3.3.3.1 Work Chain Normalization Ratio 

Within the work level grouping, it is necessary to have conceptual performance variables. 

The ratio to convert the production outputs into work level conceptual variables is named 

the Work Chain Normalization Ratio (WCN). This ratio is calculated for the conversion 

from one unit to another within work level groups. 

Let’s assume X1, X2, ……XW are the produced output units for X process from a work 

level W1,W2,…Ww at location L during time period Tt.(Tend -Tstart ) and Y1, Y2, ……YW 

are the produced output units for Y process from a work level W1,W2,…Ww+1 at location 

L during time period tt.(tend -tstart ). The WCN ratio of work between X and Y processes 

will be calculated as: 

WCN��,�M,…��/��,�M,…����� =  ∑({|,{},…..{�)÷��∑(�|,�},…..��)÷��  

Node or branch ratio, which is organized around the work where location is a factor, can 

be used to calculate bottlenecks in the branch node. 

Example 6 

In a virtual mine location L, the Drilling Process node diagram was provided above: 

In work level activity 1.1.1. between October 1, 2013, and October 31, 2013, 142600 

overburden feet were drilled. 
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In work level activity 1.1.2. between October 1, 2013, and October 31, 2013, 26400 

overburden cubic yards were produced. 

T� = 31 − 1 = 30 Days 

t� = 31 − 1 = 30 Days 

WCN��,�M,…��/��,�M,…����� =  ∑({|,{},…..{�)÷��∑(�|,�},…..��)÷��  

WCN�.�.�./�.�.M.� = 
�OMK11÷�1
MKO11÷�1 =  5.4 

This means that in location L in order to produce 1 overburden cubic yard, 5.4 feet 

overburden need to be drilled. 

3.3.3.2 Root Node Conversion 

Within the root level grouping it is necessary to have conceptual normalization variables. 

The ratio to convert the production outputs into the final output variable is named the Root 

Node Ratio (RNR). 

Let’s assume X1, X2, ……XW and Y1, Y2, ……YW are the produced output units at location 

L during time period Tt.(Tend -Tstart ) and Z1, Z2, ……ZW are the final output units from a 

work level W1,W2,…Ww at location L during time period tt.(tend -tstart ). The Root Node 

Ratios will be calculated as: 

RNR{|,{},…{�� = 
∑({|,{},…..{�)÷��∑(�|,�},…..��)÷��  

RNR�|,�},…��� = 
∑(�|,�},…..��)÷��∑(�|,�},…..��)÷��  

 

Root Node Ratio, which is organized around the root where location is a factor, can be used 

to calculate bottlenecks in the root node or the entire system. 
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Example 7 

In a virtual mine location L, the Drilling Process node diagram was provided above: 

In work level activity 1.1.2 between October 1, 2013, and October 31, 2013, 26400 cubic 

yards of overburden (OB) were produced. 

In work level activity 1.1.8 between October 1, 2013, and October 31, 2013, 12820 feet of 

coal were drilled. 

In the final output work level activity 1.1.9 between October 1, 2013, and October 21, 

2013, 5300 tons of coal was produced.  

If WCN between 1.1.1. OB drilling to 1.1.2 OB truck/shovel production is 5.4, calculate 

the RNR for 1.1.1. and the rest of the work levels. 

RNR{|,{},…{�� = 
∑({|,{},…..{�)÷��∑(�|,�},…..��)÷��  

To find the RNR for Overburden Truck/Shovel production: 

2�2�.�.M.� = 
MKO11÷�1
Q�11÷M1 =  3.32 

To find the RNR for OB drilling: 

2�2�.�.�.� = 5.4 x 3.32=17.93 

To find the RNR for coal drilling: 

2�2�.�.S.� = 
�MSM1÷�1
Q�11÷M1 =  1.61 

Interpretations of these calculations are in location L in order to produce 1 ton of coal; 

17.93 feet OB drilling and 3.32 OB cubic yards and 1.61 feet coal drilling are needed. 
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3.3.4 Buffer Projections 

Most mining operations consist of coupled production processes that have buffers between 

them. Hence considering production rates when identifying the bottleneck might not be a 

valid approach at all times. When the look back period is relatively short term (less than a 

month) and if the process buffer has an inventory that exists, even if the rate of a process 

is the minimum, this process might not be the bottleneck.  This is because the buffer can 

compensate for the rate difference. For longer time periods, the rates of the processes and 

start level of buffers can be used to identify the bottleneck. 

In the identification of bottlenecks, projection of buffer depletion (PBD) is a key factor. 

For production processes that have buffer or cycle inventories, buffers’ or inventories’ 

depletion time can be projected.  When the output rate is greater than the input rate to the 

buffer, the buffer will be depleting. Hence the input to the buffer might be the bottleneck 

based on the projected depletion date. The formulation of buffer projection is: 

Let Qw be buffer between processes W1 and W2 with initial level of Q0. Assuming that X1, 

X2, ……XW are produced units (inputs) to the buffer from W1 process and Y1, Y2, ……YW 

are outputs produced from W2 process during time period Tt.(Tend -Tstart ) at location L, the 

projected buffer depletion (PBD) time will be calculated as: 

IRInput Rate =
 ∑({|,{},…..,{�)

��  

OROutput Rate =
 ∑(�|,�},…..,��)

��  

PBD���  =  [��������]
PN  

Example 8 
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In a virtual mine location L the Drilling Process node diagram was provided above: 

In work level activity 1.1.8 between October 1, 2013, and October 31, 2013, 128,200 feet 

of coal were drilled and blasted. The buffer between 1.1.8 and 1.1.9 is Blasted Coal 

Inventory (BCI) and is 270,600 tons on October 1, 2013.  

In the output work level activity 1.1.9 between October 1, 2013, and October 31, 2013, on 

average 5300 tons of coal were produced. Assuming that there were no inputs to the BCI 

after October 31, 2013, calculate the PBD for BCI. 

IRInput Rate =
 ∑(�MS,M11)

�1  = 4,273 tons per day 

OROutput Rate =5, 300 tons per day 

PBD���    =  [��������]
PN =  

  =  [M�1,K11�∑(�MS,M11)�∑(Q�11∗�1)]
Q�11 = 45 days 

3.4 Identification 

In this phase findings from Phase 1 (Defining the system) and Phase 2 (Computing the 

system) will be used to identify the bottleneck and rank all other processes. 

3.4.1 Adding Exceptions and Priorities 

Often an identified bottleneck might be different than the designed system bottleneck. This 

can occur in the event that the cost and budget restrictions persist or are deliberate. In such 

circumstances, the focus should not be on the designated bottleneck(s). Hence the 

verification and exception step might need to pre-identify such conditions and exceptions. 
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3.4.2 Bottleneck Identification Model (BIM) Formulation 

Processes may or may not have buffers between them. When identifying bottleneck in a 

system, time usage, buffers projections and rates are the key factors to detect and rank the 

bottlenecks.  

Output rate (buffer consumption), initial buffer level and input rate (production) are the 

key elements for a bottleneck. In the event that the output rate is greater than the input rate, 

the buffer will be used. If consumption rate is high enough for the given period, the buffer 

will be depleted and the subsequent process will have to stop production until some 

inventory is built. In mining, alternatively processes that have higher rates are reduced to 

avoid depleting the buffers. In both cases the bottleneck persists and different solutions are 

used.  

For a virtual mine location M let Q1, Q2 and Q3 be buffers between processes P1, P2, and 

P3, and assume that the sequence S (1, 2, 3,…,x) of processes in this virtual mine is P1, Q1, 

P2, Q2, P3, Q3, and Px,Qx. To find the bottleneck in this production system: 

Bottleneck = Pmin (PBD�|�
, PBD�}� , PBD��� … … PBD��� )             

Based on the buffer depletion and production rates processes can be ranked. The ranking 

of processes can be helpful in tactical decisions such as managerial focus, maintenance 

prioritization and resource share. In the system above, the ranking of the bottlenecks will 

be: 

1. Pmin (PBD�|�
, PBD�}� , PBD��� … … PBD��� )             

2. Pmin (PBD�|�
, PBD�}� , PBD��� … … PBD��� ) − Bottleneck Rank 1             

3. Pmin (PBD�|�
, PBD�}� , PBD��� … … PBD��� ) − Bottleneck Rank 2             
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4. … 

5. Pmin (PBD�|�
, PBD�}� , PBD��� … … PBD��� ) − Bottleneck Rank x             

Example 9 

Assuming that in mine M projections of buffers are PBD1=29 days PBD2=32 days 

PBD3=27 days. The sequences of processes are P1, Q1, P2, Q2, P3, and Q3. To find and rank 

the bottlenecks: 

Bottleneck = Min (29, 32, 27) 

27 = Q3 has sequence number 3; hence the first bottleneck is P3.   

29 = Q1 has sequence number 1; hence the second bottleneck is P1.   

32 = Q2 has sequence number 2; hence the third bottleneck is P2.   

This formula will work for loosely coupled processes; however, for tightly coupled mine 

processes this formula might not work since there are no buffers between the processes. 

Therefore, processes without buffers must be included in the formulation. Then the formula 

will need to be modified. 

For a virtual mine M let processes be P1, P2, and P3 and produced units be Y1, Y2, and Y3. 

The only buffer Q2 is between P2, and P3. The sequences of processes in this virtual mine 

are P1, P2, Q2, P3. To find the bottleneck among processes for time period Tt.(Tend -Tstart): 

 

OROutput Rates =
 ∑(�|,)

�� ,  ∑(�},)
�� ,  ∑(��,)

�� , … … ,  ∑(� ,)
��  

Bottleneck = min(OR1, 
[(�� ¡ PNM)��M)]

��  , OR3) 

Combining these two formulas we obtain the final BIM formula as: 
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= min
¢£
¤
£¥ ( ∑(Y�, )T� ,  ∑(YM, )T� ,  ∑(Y�, )T� , … … ,  ∑(Y§, )T�  , if processes are tightly coupled − no buffer,

                       + [(T� x OR2) + Q2)]T�
��

�
,       if task are loosely coupled − have buffers  

 

Example 10 

In a virtual mine location L the process node diagram is provided in Figure 3-2. 

In work level activity 1.1.1 between October 1, 2013, and October 31, 2013, 12,600 OB 

feet were drilled and added to OB drilled rock inventory of 25,000 ft. (WCN between 

drilling and OB loading is 16.5.) In the same period 270,500 cubic yards equivalent OB 

blasting was made and added to OB blasted rock inventory of 174,000 cubic yards. OB 

shovel loaded 347,300 OB cubic yards and OB haul truck hauled 352,100 cubic yards from 

blasted rock inventory.  Find and rank the bottlenecks in this system. 

Tstart=10.1.2013 

Tend=10.31.2013 

T�=(10.31.2013)- (10. 1.2013)=30 days  

Let OB drilling be P1, OB drilled rock inventory be Q1, OB blasting be P2, OB blasted rock 

inventory be Q2,OB loading be P3 and OB hauling be P4. 

= min ¬ P3, P4  if processes are tightly coupled − no buffer,P1, P2   if task are loosely coupled − have buffers  

 

Output Rates for P1 and P2 will be as; 
[(c ® ��M)�¯M)]

c  

OR1 =
[ (�MK11∗�K.Q)�(MQ111∗�K.Q)]

�1  = 620,400/30= 20,680 cu yards per day  
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OR2 =
[( M�1,Q11)�(��O111)]

�1  = 444,500/30= 14,817 cu yards per day  

Output Rates for P3 and P4 will be as; 
 ∑(�|,)

c  

OR3 = 
 �O�,�11

�1  = 11,577 cu yards per day 

OR4 = 
 �QM,�11

�1  = 11,736 cu yards per day 

Hence the process rates are:  

P1= 20680, P2=14817, P3=11577 and P4=11736 cubic yards per day 

The bottlenecks will be ranked as:  

1. min (P1, P2, P3 and P4)  = P3 

2. min (P1, P2, and P4)  = P4 

3. min (P1, and P2)  = P2 

4. min (P1)   = P1 
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4 APPLICATION OF HOLISTIC MINE MANAGEMENT AT A COAL 

MINE  

4.1 Introduction 

The partner mine of this research is located in the Powder River Basin (PRB), USA. The 

basin has many large open pit coal mines and these mines supply over 20% of the country’s 

electricity.  In the large coal mines in PRB, production efficiencies must often be balanced 

with blending requirements due to varying customer demands. Hence, true bottleneck 

detection is paramount for management. Most PRB mines supply coal to many different 

customers around the country, where nearly every train loaded throughout a shift has 

different quality requirements. Therefore, the number of active loading locations should be 

made available to reach quality targets for the customers’ needs. In these mines, crushing 

capacity or train load-out capacity are commonly designed as the system bottleneck. 

However, considering the changing operational conditions, and arriving trains and, their 

specifications can shift the bottleneck. Having high capacity does not necessarily mean 

higher production rate or utilization. The designed system bottleneck can have a higher rate 

than another process or machine in the value chain. Bottleneck shifting is mostly not 

recognized or realized by mine controllers; hence the necessary actions are lacking. 

Nevertheless, often times the mine management or controllers are not aware of this shifting 

event. Therefore, the true bottleneck does not receive the required attention from the 

management and this results in opportunity loss. 
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4.2 Phase 1: Defining the Systems in a Coal Mine 

This phase includes understanding the system dynamics and process relations. Therefore, 

in this phase the steps within the “Defining the System” (Figure 4-1) portion of the 

bottleneck identification model (BIM) will be prepared for a partner coal mine.  

 

Figure 4-1 Defining the System phase steps 

 

Background 

The partner mine has 3 pit groups and 21 pits to produce coal from. The mine operation 

consists of two main systems: overburden and coal systems. The Overburden System (OB) 

includes removal of non-coal material by one or more of the following methods: OB 

truck/shovel, cast-blasting, dozer pushing, and draglines. In the partner mine, various 
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combinations of these processes are used to expose the coal in different pit areas. In the 

coal system, the coal is drilled and loosened through blasting  and loaded into trucks by 

shovels, then hauled to one of a series of  crushers and conveyed to the storage silos (or a 

storage “barn” facility), and finally blended from these silos in the load out where trains 

are loaded. The truck and shovel fleets for coal and overburden are different, since there 

are major differences in their densities. The coal fleet has larger truck beds and higher 

shovels bucket capacities. Table 4-1 illustrates the processes by pit group, system, and 

equipment fleet used. Simplified hierarchies of the partner coal mine are given in Appendix 

III.  
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Table 4-1 Processes by systems, pit groups and fleets 

Pit Group System Processes Equipment Fleet Pit Group System Processes Equipment Fleet

Overburden OB Drilling B3 Other Drills Overburden OB Drilling B1 Other Drills

Overburden OB Blasting B3 Explosive Load Truck Overburden OB Blasting B1 Explosive Load Truck

Overburden OB Loading B3 OB Shovels Overburden OB Loading B1 OB Shovels

Overburden OB Hauling B3 OB Trucks Overburden OB Hauling B1 OB Trucks

Overburden OB Drilling B2 Other Drills Overburden Cast Drilling Cast Drills

Overburden OB Blasting B2 Explosive Load Truck Overburden Cast Blasting Explosive Load Truck

Overburden OB Loading B2 OB Shovels Overburden Dozer Pushing Production Dozers

Overburden OB Hauling B2 OB Trucks Overburden Dragline Digging Dragline 120

Overburden OB Drilling B1 Other Drills Coal Coal Drilling Other Drills

Overburden OB Blasting B1 Explosive Load Truck Coal Coal Blasting Explosive Load Truck

Overburden OB Loading B1 OB Shovels Coal Coal Loading Coal Shovels

Overburden OB Hauling B1 OB Trucks Coal Coal Hauling Coal Trucks

Overburden Cast Drilling Cast Drills Coal Coal Crushing Crusher (2)

Overburden Cast Blasting Explosive Load Truck Coal Crushed Coal Conveying Belts

Overburden Dozer Pushing Production Dozers Overburden OB Drilling B3 Other Drills

Overburden Dragline Digging Dragline 121 Overburden OB Blasting B3 Explosive Load Truck

Coal Coal Drilling Other Drills Overburden OB Loading B3 OB Shovels

Coal Coal Blasting Explosive Load Truck Overburden OB Hauling B3 OB Trucks

Coal Coal Loading Coal Shovels Overburden OB Drilling B2 Other Drills

Coal Coal Hauling Coal Trucks Overburden OB Blasting B2 Explosive Load Truck

Coal Coal Crushing Crushers (3,4) Overburden OB Loading B2 OB Shovels

Coal Crushed Coal Conveying Belts Overburden OB Hauling B2 OB Trucks

Coal Coal Storing Silos, Barn Overburden OB Drilling B1 Other Drills

Coal Coal Train Loading Load Out (E,W) Overburden OB Blasting B1 Explosive Load Truck

Overburden OB Loading B1 OB Shovels

Overburden OB Hauling B1 OB Trucks

Overburden Cast Drilling Cast Drills

Overburden Cast Blasting Explosive Load Truck

Overburden Dozer Pushing Production Dozers

Overburden Dragline Digging Dragline 154

Coal Coal Drilling Other Drills

Coal Coal Blasting Explosive Load Truck

Coal Coal Loading Coal Shovels

Coal Coal Hauling Coal Trucks

Coal Coal Crushing Crusher (1)

Coal Crushed Coal Conveying Belts
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4.2.1 Preparing Flow Chart of the Operation 

The partner coal mine is a very complex operation with many processes, various process 

connections, and systems. Table 4-1 above lists all processes by system, pit group, and 

equipment fleet. In order to define process sequences, coupling types, and to prepare the 

work chain hierarchy of the system, a flow chart of the systems will be helpful. Figure 4-2 

shows the sequence of processes in the operation. Processes have two types of connections: 
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tight and loose. Tightly coupled (TC) processes are connected but do not have buffers or 

inventories between them. Loose coupled (LC) processes have buffers between them. The 

buffers between loose coupled processes are shown in cylindrical shapes and abbreviations 

are used. The list of inventory is given in Table 4-3. 
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Figure 4-2 Process sequences and buffers in the partner mine 

4.2.2 Determination of Work Chain Hierarchy (WCH) 

After listing all the processes, their sequences, and coupling types, hierarchical work flow 

processes can be mapped. The hierarchy consists of 5 levels. In the hierarchy, at the very 

bottom of the work chain there is “Tasks” (Level 4). Tasks are activities within a work 
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type; for example, drilling consists of a cycle of drilling, maneuvering, and collaring. 

Processes are all activities within a location (Level 3). For instance, under the West Pit OB 

System, the processes are OB drilling, OB explosive loading, OB truck/shovel, cast 

drilling, cast explosive loading, dozing, and dragline removal. Level 2 includes the location 

flow network. This level is where connections between processes and their hierarchical 

locations are made. An example for this is that West Pit consists of OB West Pit Systems 

and Coal West Pit Systems. Level 1 has an aggregation of coal and OB systems. Finally, 

Level 0 is the root node which is the entire system. Figure 4-3 illustrates the hierarchical 

design of the partner mine with levels. Because of the size of the mine the diagram cannot 

fit on one page; Figure 4-4 shows part of this diagram and illustrates the Middle Pit’s work 

chain hierarchy. 

 

Figure 4-3 Hierarchical processes and pit groups in the partner mine 
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Cross functional diagram of the processes in partner coal mine are given in Appendix I.  

 

 

Figure 4-4 Selected Pit: Middle Pit work chain hierarchy 

 

4.2.3 Defining Input Variables 

In this step the details about the fleets, the look back period for the model and the 

inventories will be discussed.  

4.2.3.1 Equipment Inventory 

The partner mine is one of the largest coal mines in the world; hence it has one of the 

largest mining equipment fleets. All machines are equipped with a fleet management 

system (FMS) connection and are being tracked with low or high precision GPS depending 

on the mine’s needs. The equipment fleets are either tasked by mine supervision or FMS. 

Overburden material on coal is uncovered and moved to another location to expose coal. 

Once coal is uncovered it is drilled, blasted, and loaded into trucks to be hauled. Trucks 
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and shovels are tasked primarily by FMS and coal truck dumps are the main source for 

crushers.   

The fleet consists of production and assisting machinery. Production machines are actively 

producing for the final products. These include shovels, haul trucks, production dozers, 

draglines, drills, and loaders. Non-production machines are supporting the production 

equipment to facilitate the production. They are also called auxiliary equipment. Water 

trucks, graders, tow trucks, and rubber tire dozers are some examples of auxiliary 

equipment. Because this study is focused on production, only production machinery will 

be focused on. Table 4-2 lists the production equipment of the mine.   

Table 4-2 Production fleets in the partner mine 

Equipment 

Type Models/Capacity 

Number of 

Equipment 

Crusher 

Each between 3000-6000 tons per 

hour capacity 5 

Dozer D10N, D10T, D11R, D11N, D11T 30 

Dragline BE 2570W, Marion 8200M, BE 1570W 4 

Drill 

IR DML-SP, IR DMM2, IR DMM3, PV 

275 9 

Shovel 

P&H 4100, P&H 4100A, P&H 4100XPB, 

P&H 4100XPC, BE 395B,  13 

Loader 

LeTourneau 1850, LeTourneau 1800, 

LeTourneau 2350 5 

Haul Truck 

Liebherr T282, Komatsu 960, 

Caterpillar 793, Caterpillar 795 73 
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Some of these machines may or may not be used by OB or coal systems. Dozers can be 

classified into two types: cast production dozers and project/assist dozers. Cast production 

dozers work after cast blasting to create a dragline pad where OB production is contributed 

to the OB system. Other dozers might assist the dragline or work on roads or other projects. 

Draglines are always on top of coal and removing OB to uncover coal. Drills can be split 

into two types: cast drills and other drills. Cast drills are only used to drill cast blast holes 

for cast blasting, whereas other drills can drill OB or coal depending on the needs. Loading 

units are categorized into three types: OB cable shovels (on OB benches), coal cable 

shovels (on coal), and loaders. OB and coal shovels have bucket capacities matching with 

their material type.  However, loaders have high mobility and can be used for coal or OB 

depending on the mine needs. There are two types of haul trucks based on their beds: coal 

trucks and OB trucks. Coal trucks have a higher volumetric capacity than OB trucks. This 

is because the density of coal is less than the non-coal material. However, trucks can be 

borrowed between systems during peak times. Such events occur usually short term, for a 

shift long or less. 

4.2.3.2 Look Back: Rate Period  

The selected look back period will be one of the key factors for identification of the 

bottlenecks. In this study, calendar year will be selected for bottleneck calculations. The 

full year of 2012 was selected to train the model. Ratios, inventory levels and capacities 

will be calculated using the data from 2012. Then the model will be applied to 2013. Since 

historical data is used, the time period type is constant (will not change). The model will 

calculate and rank the bottlenecks for the period from 1/1/2013 to 12/31/2013.   



 

98 
 

 

4.2.4 Inventories 

The mine has cycle and buffer inventories. Most inventories in the partner mine are cycle 

inventories, where production is made in batches. However, there are silos primarily used 

for blending purposes and a coal storage barn as a true buffer for storing coal for longer 

periods. A list of inventories is shown in Figure 4-2 in the flow chart of the partner mine, 

their abbreviations and types are given in Table 4-3. 

Table 4-3 Inventory types and their abbreviations 

Abbreviation Inventory Full Name Type 

Qstart = 

Inventory start level 

DOBI Drilled OB Inventory  Cycle 454,106 

BOBI Blasted OB Inventory  Cycle NA 

Set Room Cast Drilling Inventory Cycle 1,467,980 

DCSI Drilled Casting Inventory  Cycle 699,917 

CBMI 

Cast Blasted Muck 

Inventory  Cycle 

NA 

DPI Dozed Pad Inventory  Cycle 1,054,299 

UCI Uncovered Coal Inventory  Cycle 1,744,141 

DCI Drilled Coal Inventory  Cycle 131,798 

BCI Blasted Coal Inventory  Cycle NA 

CSI Coal Stockpile Inventory  Buffer 18,378 

 

In this study, the start level of each inventory, Qstart, was set to be the level at the end of the 

day 12/31/2012. These levels are the buffer levels when the year 2013 started. These 

inventory levels are changed depending on the input and output rates during 2013.  
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4.3 Phase 2: Computing the System 

Phase 1 helped to create the skeleton of the system by creating a flow chart, drawing the 

work chain hierarchy, defining inter-process sequences, coupling types, system variables 

and inventory. In this phase, conversions/normalizations and process performance metrics 

will be calculated. The data for this phase will be obtained from an operational data 

warehouse, fleet management system, and custom databases. Spreadsheets, OLAP Cubes 

and database queries will be used for data manipulations, transformations and integration. 

The partner mine has over one million truck cycles a year. Hence the entire data cannot be 

shown in this chapter. However, summarization and final results of the calculations will be 

shared in this chapter.  Selected database queries, spreadsheets and OLAP connections will 
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be included in the Appendix II. Figure 4-5 illustrates high level diagram of key steps and 

the process sequences for Phase 2.  

 

Figure 4-5 Computing the system phase steps 

 

4.3.1 Capacities 

In the partner mine, the coal system is limited by crushing capacity. However, this is the 

designed capacity for the coal system and the actual bottleneck of the system can vary 

depending on availability, utilization, and productivity of all processes.  Overburden 

removal is preceded the coal system. However, a significant managerial focus has been on 

crusher capacity since it more directly effects train loading, and so is referred to as the 

limitation of the overall mine.  However, there have been frequent major scheduling 
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failures where multiple draglines were dead-headed (nowhere to move) due to a lack of 

attention on dozer slot pushing.  The cultural perception among many of the managers was 

that the crusher the constant bottleneck. The crusher capacity does not directly impact or 

delay the overburden system. Moreover, bottleneck can shift from crusher to another 

process in the chain depending on availability, utilization, or productivity metrics. In the 

bottleneck identification model, equipment, process or system capacities are not used to 

identify the bottleneck. In fact, rates are the key metric to identify the bottlenecks.  

However, by knowing the capacity and rate of a component it is possible to evaluate the 

performance, and exploit it if there is any unused capacity. Knowing the capacity of a 

component will allow the temporary transfer of a resource to increase the capacity and the 

rate of bottleneck system/process. Figure 4-6 shows the calculated capacities of all 

processes and components in the mine for 2013. In this chart it is obvious that crushing is 

the overall limitation of the production chain. However, actual rates will determine the 

ranking of each process in the system. 
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Figure 4-6 Calculated capacities for entire mine in year 2013 (tons) 

The theoretical capacity of a process is when (availability * utilization * productivity) 

=100% which means no down time, no standby time and delay time. Considering the reality 

of mining this is almost impossible to achieve. However, more realistic or achievable 

targets can be used to determine the capacity. In this research, the focus was increasing 

operational efficiency. Hence in the capacity calculations, utilization and productivity were 

used and availability was assumed that it was already maximized. However, availability, 

utilization, and productivity are all controllable elements. For instance, in the event that the 

availability of machines in a bottleneck is low, then the focus can be on improving the 

reliability of the equipment or more mechanics can be added to avoid potential wait times.  

Similarly, if utilization of equipment in the bottleneck process is low (a machine is sitting 

in standby), a better management of equipment and resources by the production coordinator 
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or superintendent is required. Finally if the productivity of the bottleneck process is low (a 

machine is operating but has excessive delays), then the shift supervisor needs to focus on 

delay reasons and take action on those. There are also other factors that can impact the 

capacity of the processes. These include operator skills, bucket capacity, truck bed type, 

truck bunching, material fragmentation, etc. However, these cannot be standardized for the 

capacity calculations. 

Figure 4-7 is calculated for 2013 for the entire mine and illustrates how the capacity in 

Figure 4-6 above was used. It can be concluded that, even though crushing is the system 

bottleneck, the OB loading, OB hauling, coal drilling and dozing processes performed less 

than the designated bottleneck of the system. This is a result of higher productivity and 

utilization of crushers compared to the OB loading & hauling, coal drilling, and dozing 

machines. 
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Figure 4-7 Capacity use of each process for entire mine in 2013 (tons) 

 In addition to bottleneck identification, this research intended to change the focus of the 

management and controllers to the unused capacity or lost opportunity. Hence, contrary to 

conventional mine management philosophy, not only are used capacity or production rates 

reviewed, but lost opportunities are also shown. This is a counter approach to typical 

mining mindsets. 

4.3.2 Rates 

Rates are the most critical component of the bottleneck identification model. In this case 

study time period was selected as the calendar date. Production units will be calculated 

based on the process and location when needed. All drilling processes are measured in 

footage, all overburden materials are measured in cubic yards and all coal material 

processes are measured in tons.  Using the OLAP cubes from the partner mine’s data 
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warehouse, calendar rates were calculated for the entire mine and one pit was selected from 

the North Pit Group for illustration purposes: Middle Pit (MP). Table 4-4 shows daily 

calendar rates in the unit of production for Middle Pit and the entire operation. Units of 

individual processes are also given in the last column.  

Table 4-4 Average daily calendar rates for Middle Pit, Entire Mine by units 

Process 

MP Calendar 

Rate 

Entire Mine 

Calendar Rate Unit 

Cast Drill 1,481.33 11,788.04 Ft./day 

OB Drills 760.03 7,029.26 Ft. /day 

Coal Drills 306.71 6,005.81 Ft. /day 

OB Shovel 59,483.62 458,736.32 cu yards/day 

Dozers  9,764.73 96,501.02 cu yards/day 

Dragline 120 - 80,649.40 cu yards/day 

Dragline 121 36,011.11 107,182.80 cu yards/day 

Dragline 122 - 68,230.44 cu yards/day 

Dragline 154 - 75,796.71 cu yards/day 

Coal Shovel 18,826.21 261,112.74 tons/day 

OB Loaders 294.78 21,204.52 cu yards/day 

Coal Loaders 1.51 48,175.23 tons/day 

Coal Trucks 18,218.86 4,438.90 tons/day 

OB Trucks 59,617.10 475,338.36 cu yards/day 

Crusher-1 342.84 93,980.62 tons/day 

Crusher-2 369.45 103,573.99 tons/day 

Crusher-3 809.05 25,503.72 tons/day 

Crusher-4 17,305.69 74,134.18 tons/day 

Crusher-5 - 12,080.68 tons/day 
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4.3.3 Ratios  

In the previous section rates of individual processes were calculated. However, these rates 

are in the actual unit of production and conversions between units were not made, hence 

these numbers cannot be used for process comparisons. Because a holistic approach to the 

entire mine was applied, the work chain ratios are less critical. However, the work chain 

normalization ratio (WCN) between various works levels in Middle Pit and the entire mine 

were calculated and given in Table 4-5. 

Table 4-5 WCN Conversion rates for MP and for the entire mine 

Process 1 Process 2 

MP 

WCN 

Entire 

Mine WCN Conversion 

OB Drilling 

OB T/S 

Yards 53.65 60.62 Ft to Cu Yards 

Dozing Dragline 1.64 0.35 

Cu Yards to Cu 

Yards 

Cast Yards Crushing 1.88 1.39 

Cu Yards to Coal 

Tons 

Cast 

Drilling OB Drilling 1.05 1.45 Ft to Ft 

Coal 

Hauling Coal Drilling 55.14 48.94 Tons to Ft 

 

To convert all output units to a final output variable, root node ratio was calculated. This 

ratio was calculated for every single process in the value chain for the year 2012 and will 

be used for 2013 normalization calculations. The root node is coal tons; hence all 
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conversions were made from the production units to coal tons. The RNR calculation results 

for Middle Pit and the entire mine are given in Table 4-6.  

Table 4-6 RNR for MP and the entire mine 

Processes MP RNR 

Entire Mine 

RNR Conversion 

Cast Yards 1.95 1.37 Cu Yards to Coal Tons 

OB T/S 

Yards 2.87 1.70 Cu Yards to Coal Tons 

Dozing 0.83 0.32 Cu Yards to Coal Tons 

Dragline 0.51 0.92 Cu Yards to Coal Tons 

Coal T/S 

Tons 1.00 1.00 Coal Tons 

Crushing 1.03 0.98 Coal Tons 

Cast Drilling 0.06 0.04 Ft to Coal Tons 

OB Drilling 0.05 0.03 Ft to Coal Tons 

Coal Drilling 0.02 0.02 Ft to Coal Tons 

 

Table 4-6 clearly illustrates the variation between Middle Pit and the entire mine for 

different process conversions. For instance, in Middle Pit 0.83 cubic yards need to be 

removed by production dozers to obtain one ton of coal, and this ratio is much lower when 

other pits and regions are considered (RNR Dozers entire mine, 0.32). 
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Using normalization ratios, all production processes rates are recalculated. Figure 4-8  

illustrates normalized calendar rates of Middle Pit and the entire mine for 2013.  

 

Figure 4-8 Normalized rates for MP and the entire mine in 2013   

4.3.4 Buffer Projections 

Buffer projections are more critical in the identification of bottleneck processes for the 

short term for real-time decision making. The time period selected for the case study is all 

of 2013; this is such a long period that the buffers can be depleted dozens of time. Hence 

for the long term, bottleneck identification rates and start levels can be used to identify the 

bottleneck. However, for the short term periods (less than 30 days) the buffer projections 

might be helpful. Real-time buffer projections are calculated for the first day of 2013 for 

illustration purposes. Table 4-7 shows start level (Q start), input rates (IR Input Rate) and output 

rates (OR Output Rate) for January 1st, 2013.  
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Table 4-7 Projected Buffer Depletion (PBD) for Middle Pit for January 1st, 2013 

Inventory Full Name 

Q start = 

Inventory 

start level 

IR= 

Input 

Rate 

OR= 

Output 

Rate 

PBD 

(Days) 

Drilled OB Inventory  454,106 14,231 20,864 21.45 

Blasted OB Inventory  NA NA NA NA 

Cast Drilling Inventory 1,467,980 20,864 26,502 55.18 

Drilled Cast-Blast 

Inventory  699,917 26,502 11,703 61.07 

Cast Blasted Muck 

Inventory  NA NA NA NA 

Dozed Pad Inventory  1,054,299 11,703 70,949 14.02 

Uncovered Coal Inventory  1,744,141 70,949 16,912 106.33 

Drilled Coal Inventory  131,798 16,912 18,827 6.90 

Blasted Coal Inventory  NA NA NA NA 

Coal Stockpile Inventory  18,378 18,827 23,446 0.59 

 

Figure 4-9 illustrates the buffer between the coal drilling and coal loading & hauling in 

Middle Pit for 2013. 
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Figure 4-9 Buffer fluctuations between coal drilling and loading in Middle Pit (2013) 

 

4.4 Phase 3: Bottleneck Identification 

Once the computations of the key metrics are made in Phase 2, bottleneck identification 

can start. In this phase the bottleneck will be calculated for the selected time period, 2013, 

and the rest of the processes will be ranked. Priorities and exceptions to the identification 

rules will also be made. Figure 4-10 illustrates a high level diagram of key steps and the 

process sequences for Phase 3. 

 

 
Figure 4-10 Bottleneck identification phase steps 
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4.4.1 Adding Exceptions  

Considering the coal market’s current condition, cost has been the ultimate focus of the 

coal companies recently. Therefore, productivity and efficiency are in high demand. 

Economical methods will always be preferred compared to the costly production methods 

in any mining operation. The partner mine removes OB with various processes, however, 

the cheapest OB removal processes will be preferred the most (assuming available 

capacity). Figure 4-11 illustrates Middle Pit’s used capacities and lost opportunities. The 

total capacity of a process can be calculated by adding used and lost capacity. In year 2013, 

production dozing has the lowest total capacity and used capacity. However, it can be seen 

in Figure 4-7 that dozer capacity is not the bottleneck for the entire mine. The exception in 

this particular pit is that the mine planners preferred cheaper method over dozers and used 

the dragline to remove part of dozing cubic yards. Hence when ranking the bottlenecks this 

will need to be considered as production dozing is the designated bottleneck for the Middle 

Pit.  Slot dozer pushing, the current bottleneck, has two output; overburden removal 

(culturally, the primary outcome) and bench prep for the dragline.  Hence the focus of the 

mine planner is on overburden removal.  However, if this is changed to dragline bench 

prep, and the rate calculated accordingly, the mine planners could move additional burden 

removal onto the draglines by using alternative dragline techniques since dragline 

overburden removal has both significant capacity and is much lower cost, especially if the 

outcome of push dozing.  
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Figure 4-11 Middle Pit capacity use for various processes 

4.4.2 Identification and Ranking 

The coupling types between the processes were given in section 4.2.1. Most processes in 

the partner mine are loosely coupled, with the exception of load and haul, and crushing and 

conveying. The BIM final formula for no buffer and with buffer processes was used to 

calculate the average rates for the mine and the selected pit, Middle Pit. All production 

units were normalized down to coal tons. Even though crushing capacity was set to be the 

designed bottleneck in the system, OB hauling was found to be the primary bottleneck in 

the mine operation for 2013, whereas the crushing process ranked fifth bottleneck in the 

system. Similarly, crushing had the same ranking in the MP, but OB drilling was found to 

be the primary bottleneck for this particular pit (dozing was ignored due to planning 
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exceptions).  Table 4-8 shows the average calendar rate for MP and for the partner mine 

along with bottleneck rankings. 

Table 4-8 Average calendar rates per day and rankings 

Process 

MP Avg. 

Calendar 

Rate MP Rank 

Mine Avg. 

Calendar 

Rate Mine Rank 

Cast Drilling 26,502 8 417,273 10 

OB Drilling 14,231 1 336,205 8 

OB Loading 20,864 7 317,885 7 

OB Hauling 20,808 6 279,471 1 

Dozing 11,703 Ignored 297,130 3 

Dragline 70,949 9 362,174 9 

Coal Drilling 16,912 2 293,924 2 

Coal Loading 18,828 5 309,288 6 

Coal Hauling 18,219 3 299,353 4 

Crushing 18,827 4 309,273 5 

 

Checking the bottlenecks by process type, it was found that drilling processes have excess 

capacity even though coal drilling was one of top ranking bottlenecks. Hence, equipment 

utilization in these processes is far lower compared to other processes. However, having 

coal drilling as a second bottleneck in both MP and mine underlines an issue with the 

performance of the process. Similarly, OB drilling has enough capacity in MP, but it was 

found to be the primary bottleneck. The bottleneck ranking changes over time. Figure 4-12 

shows the bottleneck ranking timeline for MP for the 2013 period. It can be clearly seen 

that the in the first quarter OB drilling, and in second quarter coal drilling, and in the last 
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two quarters dozing are the primary bottlenecks in the MP system. When focusing on the 

bottlenecks, after reviewing the ranking and the rate of a process, it is strongly 

recommended to also revise Figure 4-7 in section 4.3.1. This is because the primary focus 

of the management should be to maximize the throughput from existing resources. As it 

can be seen in this particular mine, the coal drilling process (the second highest bottleneck) 

can perform better, but only if the used capacity from the process is increased from 46% to 

over 70%. Therefore, there is no additional resource needed for this process other than 

managerial focus to increase the use of available equipment. 

Similarly, the identification and ranking of bottlenecks (OB and coal drilling) in the MP 

pit will help mine management to prioritize the processes and increase the used capacities 

in these processes. It is also important to show the true ranking of the designated bottleneck, 

the crusher, in the overall system. This allows management to focus on the necessary areas. 

For instance, by using this timeline, tactical level prioritizations in maintenance shops can 

easily be made. Similarly, the evaluation of additional resource needs for each process can 

quickly be made. Eventually, knowing the true ranking of the bottlenecks and their actual 

capacity utilization will reshape the mine management’s approaches and decisions. 
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Figure 4-12 MP bottleneck ranking timeline for 2013  
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5 CONCLUSION AND RECOMMENDATIONS  

5.1 Summary of the Research  

 

This thesis introduces the concept of bottleneck detection and ranking for the entire mining 

value chain in order to focus management to correct the true capacity issues facing the 

mine both in real-time, near-term, and long-term. This research develops a methodology 

for holistic mine management by identifying and ranking bottlenecks that could then lead 

to bottleneck mitigation. The bottleneck identification model, BIM, uses databases and 

spreadsheets for data manipulation and integration. The method can be applied to any 

surface or underground mining operation with available data. However, the focused time 

period of the model will depend on the available system technology. In this thesis, the 

model is applied to one of the largest and most complex and well-monitored coal mines in 

North America where all production machines are equipped with fleet management system 

(FMS), and shovels, draglines, dozers, and drills are also equipped with high-precision 

(HP) equipment monitoring systems.  FMS can update data every fifteen minutes and HP 

system can update every thirty minutes. Hence, the bottlenecks can be ranked from almost 

real-time to any point in history.  

The research introduces the following key elements: 

• In depth review of previous bottleneck identification methods in all other industries 

and applications in mining (Chapter 2) 

• Bottleneck definitions, reasons, types, and importance of Theory of Constraints 

(Chapter 2) 
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• Phases of holistic mine management system that can be applied to surface or 

underground mining operations (Chapter 3) 

• Key components to defining the processes in the mine, inter-process relations, and 

other metrics to calculate the bottleneck and unused capacity (Chapter 3) 

• Application of BIM to a surface coal mine in North America (Chapter 4Error! 

Reference source not found.) 

  

5.2 Research Findings and Success of Model  

 

Most mines operate 24 hours a day. However, bottlenecks are the limitations on the 

throughput. Although it is often believed that the sole bottleneck in mines are the plants 

(crusher or mill) or hoist, this research shows that plants can be the capacity or system 

designed bottlenecks. However, capacity bottlenecks may or may not be the actual 

bottlenecks when considering locations, buffers, etc...  This study proposes a model that 

includes the rates, capacities, locations, and inventories to identify and rank the actual 

bottlenecks. The identification of the bottleneck is expected to motivate decision makers, 

and focus mine management to the right issues.  This also has strategic implications since 

a low earnings to capital ratio has plagued the industry when compared to other less capital 

intensive industries. An illustration of used and unused capacity in real-time or historically 

is also expected to help quick identification of the root cause of a problem and re-distribute 

the resources, if needed.  
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This model helps identify the bottleneck processes in real-time and historically, depending 

on the technology to update operational data. Knowing the true historical bottlenecks can 

facilitate long-term mine plans and assist decision makers’ investment decisions. The 

method is expected to significantly reduce capital requirements, thanks to resource sharing 

between bottleneck process and excess capacity process. Knowing the real-time bottleneck 

or ranking of processes can also help maintenance prioritization. This is especially critical 

in mines with limited maintenance resources. 

Once the top ranking bottleneck is identified the possible reasons will need to be evaluated. 

Unused capacity, lack of resources, lack of work force, equipment availabilities, and mine 

planning constraints are some of top identified bottleneck reasons. Knowing the used and 

unused capacities of processes, management can re-distribute the resources from excess 

capacity to lower capacity. Mining includes various types of resources. Lists of 

requirements for each type of resource can differ. In order to successfully re-distribute 

resources, below is a list summarizing requirements: 

• Resources should be quickly transferred from one process to another (mobility) 

• Resources should have capability to handle other tasks  

• Resources should have buffer before and after 

• Resources capacity should be adjustable 

• Workforce should be trained on various tasks (versatility) 

• Mine plan should be flexible for alternative production plans 

A list of requirements and some examples for various resources are discussed below. 
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5.2.1 Resource Transfer and Workforce Versatility 

In mining, primary production machines can be transferred to work for another 

task/process. However, there are requirements for such transfers. 

• Major Equipment: machines (i.e. shovels, drills, draglines) might be able to work 

in multiple processes within the same shift or period. However, they are limited 

with their speed (<3 mph) since in coal or metal mines, depending on the distance, 

moving from production area can take up to 12 hours, and these machines can block 

the production haul roads during such a journey. Therefore, these machines may 

not be considered flexible enough to transfer for short-term. However, such 

machines can be transferred for long-term (>15 days) to solve historical 

bottlenecks. 

• Mobile Equipment: Machines (Haul Truck and Front End Loader) can be easily 

moved between different production areas or processes. However, between coal 

and overburden systems, since produced materials have different densities, 

transferring such machines can impact capacity. 

• Workforce: can be transferred between different tasks. However, this requires 

authorization to work on the new task. For example, if a dozer operator is 

transferred from dragline department to overburden department as a truck driver, 

he/she may need to have the training necessary to operate an available haul truck 

model. 
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5.2.2 Resource Capability  

In mining each resource can only work on one (its primary task) thing at a time. For 

example, a drill can only drill one hole on overburden or coal bench at a time. A shovel 

can load a haul truck, but cannot drill or haul. In very rare cases a resource can handle 

multiple tasks/processes. An example of this is scrapers, which can be used in loading, 

hauling, and grading. However, resources can work on similar tasks in other 

departments/processes. For example, an overburden drill can be used to drill coal. Another 

example is the use of coal shovel/trucks in overburden production.  

5.2.3 Resource Buffers 

• Major Equipment: For such machines when a machine is very ahead of it is 

scheduled production amount and has to be idled, the reserve can be considered as 

a buffer to major equipment. For example, traditionally a dragline uncovers the 

overburden on top of the coal. After that coal is drilled and blasted a coal shovel 

can produce coal. Usually a dragline will be 5-6 days ahead of a coal shovel. 

However, when a coal shovel produces faster than dragline production rate and 

catches the dragline, this shovel has to be idled until dragline uncovers at least 2-3 

days’ worth of shovel production as well as drilling and blasting of the coal which 

might add another day. In such a circumstance, a shovel/loader can be moved to a 

bottleneck location instead of idling, in the event that travel time will not be an 

issue (roughly <2 hours). 

• Mobile Equipment: In mines with fleet management systems, haul trucks are 

transferred between shovels with algorithm, considering user settings and 
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production needs. Because trucks feed the crushers or dump areas, they may or may 

not have buffers. In a coal mine, when all the coal stockpiles and silos are at their 

full capacity, these trucks might have to idle or be transferred to another duty. For 

example, in truck/shovel production there are some shifts impacted by external 

factors (weather, train arrivals, crusher, and shovel downs, etc.) In such cases, the 

locked shovel might be idled or transferred, and mobile equipment (trucks or front 

end loaders) might be parked until the factors’ impact is relieved.  In such situation, 

instead of parking, such machines can be utilized in another department. 

• Workforce: In mining it is very common to have an operator with no equipment. 

This can be due to more available equipment than anticipated/planned. In such 

cases, instead of idling the employee can be utilized in another task or work. 

5.2.4 Resource Capacity Should Be Adjustable 

Different processes might require machines to set different capacities. For example, a coal 

shovel should be able to load a 250 ton capacity truck that was transferred from an 

overburden department with 150 tons due volumetric capacity. 

5.2.5 Mine Plan Should Be Flexible for Alternative Production Plans 

Having alternative production plans makes it easier to transfer the resources. For example, 

if the scheduled production rate can be exceeded in a location, additional equipment can 

be allocated for peak demand times, such as train arrivals in coal. 
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5.3 Conclusions 

• Real-time and historical bottlenecks can be identified and ranked with the 

methodology developed in this study. 

• The model can assist mine management and other personnel to better understand 

the process relationships and dependencies. 

• Rates and normalization ratios are used to identify the bottlenecks. However, 

process capacities are used to illustrate the excess capacities for potential resource 

sharing.  

• The findings from the case study support the key argument: “capacity bottleneck is 

not always the true bottleneck.” 

• The model can be applied in surface and underground mine operations and almost 

all non-mining production processes.  

• The findings prompt a re-thinking of existing mine management approaches. 

5.4 Review of the Method and Issues  

The method is highly dependent on the data. Therefore, the input data is crucial for the 

model. The model uses a system that is generated or manually collected data for bottleneck 

identification. Because the data is used for bottleneck identification and ranking, data 

quality can have an enormous impact on the model. In the model and the case study the 

assumption is that all system generated and manually collected data are correct. All the 

data used in Chapter 4 were generated from the automated equipment monitoring systems, 

except drilling and dragline production data. Both methods have certain risks with 
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accuracy, considering the human factor. Manual data entry is vulnerable to human error, 

where equipment monitoring data can have issues in configuration or calibration. The data 

in this study was validated by the researcher and the accuracy was confirmed from the site.   

Ratios are used to convert units from one to normalization. These ratios use historical data 

to predict ratios between processes. This approach is valid for the majority of mining 

locations. However, there is always a small potential that these ratio change, considering 

the geology and rock formation. 

Adding an exceptions step in bottleneck identification can be subjective, considering the 

process circumstances. However, mining is a unique type of production, where the same 

task can be completed with different types of equipment or processes. Therefore, 

exceptions are needed for the validity of the model. 

5.5 Recommendations and Future Research 

Recommendations after this study include the following: 

• This model was developed conceptually, and the validity and potential benefits 

were confirmed with academic and industry experts (including partner mine 

management). The model can be implemented in an operational control room 

environment for real-time decision making. Historical bottleneck data can be used 

by mine management and mine planning group for long-term mine plans and future 

investment decisions. 

• Development database queries for data integration and designing of human 

machine interface (HMI) for real time bottleneck detection can be a future focus. 
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• BIM focuses on developing bottleneck identification for attracting the managerial 

focus to the correct place. This study can be expanded by analyzing the reasons for 

the bottleneck and developing an algorithm for bottleneck mitigation. 

• An exceptions step in bottleneck identification can be standardized by commodity 

and mining type for objectivity.  

• In this study the model was applied in a surface coal mine. The scope can be 

expanded to metal, non-metal surface operations, and underground mines.  

• The key terms (i.e. rate, capacity, and inventory) and time usage models in mining 

and many other industries are not defined well. Such definitions should be 

standardized for mining. 

• The mindset of mine management should not only be production, but also lost 

opportunity and un-used capacity. 

• The distinction between capacity bottleneck and true bottleneck should be made to 

all parties in mining. There are significant mining people in various roles that 

cannot make the distinction. 

• A definitive management metric of un-used capacity, normalized by the process 

cost, should be developed as a means of reflecting the use of capital assets  

• The mining industry should know its uniqueness, but mindsets should be open to 

study and adopt innovations in other industries. 

• Bottleneck mitigation approaches should be developed for each process type in the 

value chain, the complexity of which is governed by the monitoring technologies.  
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• More monitoring of the machines is needed for higher quality bottleneck 

management. 

• Work chain hierarchy, input variables, process/machine capacities, rates, ratios, 

inventories/buffers, time usage model, exceptions are needed to be defined for 

bottleneck identification. 

• Using holistic bottleneck management approach weekly/monthly/quarterly 

bottleneck optimizations can be made by mine management. 

• Buffer tracking and bottleneck identification can be included as part of mining 

engineering curriculum. 

  



 

126 
 

 

6 APPENDIX I: Cross Functional Diagram of the Partner Mine Processes 
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7 APPENDIX II: Selected SQL Queries 

SELECT  shiftindex ,  excav ,  loc ,  blast ,  load , grade ,  sum( dumptons )  as  

nominal_tons ,  sum( measureton )  as  scale_tons 

FROM stg_Powerview . dbo . Hist_dumps Hist_dumps 

where  shiftindex >30679 

group  by  shiftindex ,  excav ,  loc ,  blast ,  load , grade 

 

 

SELECT shiftindex ,  eqmtid ,  eqmttype ,  loc 

FROM stg_powerview . dbo . Hist_Eqmtlist 

where  unit# =13 and  shiftindex >30679 

and  eqmtid in  ( 515 ,  

517 , 520 , 521 , 525 , 526 , 527 , 528 , 529 , 530 , 531 , 532 , 533 , 534 , 535 , 536 , 537 , 538 , 539

, 545 ) 

 

 

select   distinct  cast ( datetimestamp as  date )  date ,  shovel ,  location ,  

material 

from  stg_430Report . dbo . AM_Shovel 

where  cast ( datetimestamp as  date )  >'2011-12-31' 

 

 

Select  distinct  location ,  location_type ,  location_pit ,  

location_main_pit 

from  PRC_DW_2012. dbo . Dim_Location 
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Select  top  100 *, cast ( effective_date as  date )  date 

from  PRC_DW_2012. dbo . Dim_equipment 

where  current_flag ='Y' 

 

Select   equipment ,  equipment_model ,  

equipment_classification , equipment_type ,  cast ( effective_date as  date )  

Eff_date 

from  PRC_DW_2012. dbo . Dim_equipment 

where  cast ( effective_date as  date )> '2012-12-31' 

 

SELECT shiftindex ,  eqmtid ,  eqmttype ,  loc 

FROM stg_powerview . dbo . Hist_Eqmtlist 

where  unit# =13 and  shiftindex >30679 

and  eqmtid in  ( 515 ,  

517 , 520 , 521 , 525 , 526 , 527 , 528 , 529 , 530 , 531 , 532 , 533 , 534 , 535 , 536 , 537 , 538 , 539

, 545 ) 

 

<Database  xmlns: xsd ="http://www.w3.org/2001/XMLSchema" 
xmlns: xsi ="http://www.w3.org/2001/XMLSchema-instance" 
xmlns: ddl2 ="http://schemas.microsoft.com/analysisservices/2003 /engine/2
" 
xmlns: ddl2_2 ="http://schemas.microsoft.com/analysisservices/2003 /engine
/2/2" 
xmlns: ddl100_100 ="http://schemas.microsoft.com/analysisservices/2008 /en
gine/100/100" 
xmlns: ddl200 ="http://schemas.microsoft.com/analysisservices/2010 /engine
/200" 
xmlns: ddl200_200 ="http://schemas.microsoft.com/analysisservices/2010 /en
gine/200/200" 
xmlns: ddl300 ="http://schemas.microsoft.com/analysisservices/2011 /engine
/300" 
xmlns: ddl300_300 ="http://schemas.microsoft.com/analysisservices/2011 /en
gine/300/300" 
xmlns: ddl400 ="http://schemas.microsoft.com/analysisservices/2012 /engine
/400" 
xmlns: ddl400_400 ="http://schemas.microsoft.com/analysisservices/2012 /en
gine/400/400" 
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xmlns: dwd="http://schemas.microsoft.com/DataWarehouse/Designe r/1.0" 
dwd: design - time - name="5a7737e5-e4f1-4386-9f76-66aa74ef4b20" 
xmlns ="http://schemas.microsoft.com/analysisservices/2003 /engine" > 
  <ID >OLAP</ ID > 
  <Name>OLAP</ Name> 
  <CreatedTimestamp >0001 - 01- 01T00: 00: 00Z</ CreatedTimestamp > 
  <LastSchemaUpdate >0001 - 01- 01T00: 00: 00Z</ LastSchemaUpdate > 
  <LastProcessed >0001 - 01- 01T00: 00: 00Z</ LastProcessed > 
  <State >Unprocessed </ State > 
  <LastUpdate >0001 - 01- 01T00: 00: 00Z</ LastUpdate > 
  <DataSourceImpersonationInfo > 
    <ImpersonationMode >Default </ ImpersonationMode > 
    <ImpersonationInfoSecurity >Unchanged </ ImpersonationInfoSecurity > 
  </ DataSourceImpersonationInfo > 
</ Database > 

 

 

select  distinct   cast ( datetimestamp as  date )  ,  type ,  auxid ,  location 

from  stg_430Report . dbo . AM_AUX 

where  type ='drill'  and  cast ( datetimestamp as  date )> '2011-12-31' 

 

 

select  distinct  cast ( datetimestamp as  date )  date ,  type ,  auxid ,  location 

from  stg_430Report . dbo . AM_AUX 

where  type ='dragline'  and  cast ( datetimestamp as  date )> '2011-12-31' 
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8 APPENDIX III: Simplified Hierarchies for Partner Coal Mine 
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9 APPENDIX IV: BIM Model Mock Up  
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