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Abstract:  

Health and safety are an integral part of any mining operation ï surface or underground. When 

deficiencies are identified, they usually lie with the factors that contribute to unsafe and unhealthy working 

conditions. The health and safety focus for modern underground mines involves improving the subsurface 

thermal climate through modeling and the use of waste heat. The health and safety focus for surface mines 

can relate to the slope stability and highwall management utilizing slope modeling and data analysis to 

develop improved blasting criteria. 

 

Section I. Improving the Subsurface Thermal Climate 

Understanding the effects of various ventilation and climatic parameters on the working conditions 

and comfort in underground mines is critical for efficient ventilation system design, cost savings, and 

ensuring the health and safety of mine workers. To understand the effects that the thermal flywheel effect 

(TFE) has on the ventilation system design and the need for a potential cooling system, a comparison and 

analysis of the wet-bulb temperature and the dry-bulb temperatures of the ventilating air at the bottom of an 

intake shaft using two modeling software packages, VentsimTM and ClimsimTM
 is completed. The comparison 

shows the consequences and importance of taking into account the TFE when predicting the climatic 

conditions in future underground mines, especially when deciding on whether a cooling system should be 

implemented in order to provide adequate climatic conditions in the production stopes, dead-end 

development headings, and throughout the mine. VentsimTM is able to account for aspects of the TFE, while 

ClimsimTM does not. During summer, VentsimTM predicts the mine air wet bulb temperature to be 13.33°C 

and ClimsimTM predicts a wet bulb temperature of 29.11°C. This temperature difference is attributable to the 

TFE. Both software packages have their uses and are used within the mining industry. However, VentsimTM 

and ClimsimTM cannot take advantage of large volumes of ventilation and climatic data.  

Large volumes of ventilation and climatic data, including air volume, barometric pressure, dry bulb 

temperature and relative humidity were collected at active underground precious metal mines in Nevada, 

which allows for the determination of wet-bulb temperature (Tw) and other key parameters. Through the 
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utilization of neural networks, the wet-bulb temperatures at the bottom of the intake shafts are predicted, 

while taking into account the ñthermal flywheel effectò (TFE).  

The wet-bulb temperature is one of the most important climatic parameters to model and understand 

because it significantly affects the working conditions and the cooling capacity of the ventilating air. The 

accurate prediction of the wet-bulb temperatures at the bottom of intake shafts is critical when assessing the 

climatic conditions in future underground mines and deciding on whether a cooling system is needed to 

ensure safe working conditions throughout the mine. By utilizing accurate predictions of wet-bulb 

temperatures and other climatic parameters, mine personnel will be safer, and a more accurate ventilation 

design can be achieved, resulting in major cost savings for underground mines. 

The utilization of Nonlinear Autoregressive with Exogenous Input Neural Networks (NARXNN) 

makes it possible to accurately predict the wet-bulb temperature (Tw) of the mine air at the bottom of intake 

shafts at various Nevada mines based on surface Tw. Three data sets for different intake shafts at Nevadaôs 

underground mines were analyzed using NARXNN. The results for the predicted data using closed loop step-

ahead prediction showed acceptable error as well as definitive trends following of the collected data. The 

root-mean squared errors (RMSE=ãMSE) for Shafts #1-3 were 0.57 °C, 0.33 °C and 0.61 °C, respectively. 

These errors are low and are good predictions of the actual underground environment. Without the accurate 

prediction using NARXNN it has been shown that when the thermal flywheel effect is not accounted for. The 

difference between simulated and measured air temperatures at the bottom of intake shafts can vary from 6°C 

to 10°C. The NARXNN also performed significantly better when compared to VentsimTM and ClimsimTM. 

When compared to the climatic data the NARXNN had an error of only 0.46°C while VentsimTM and 

ClimsimTM had errors of 7.94°C and 14.67°C, respectively. 

Many deep and highly mechanized underground metal mines require cooling.  In many cases, 

appropriate working conditions might be fulfilled by ventilation alone, but some require the implementation 

of cooling systems.  The most common cooling systems are bulk air cooling and localized cooling.  These 

systems are effective, but they use considerable amounts of electricity.  Ground source heat pumps (GSHP) 

can supplement existing cooling and heating systems, while geothermal systems can cool the mines in their 

entirety if there are significant sources of geothermal energy are present.  A major advantage of thermal 
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systems are their utilization of mine waste heat, flexibility and ability to be utilized on a large scale. GSHP 

and geothermal systems have yet to be integrated into mines on a small scale as presented within this work, 

but these systems have the ability to be integrated as complements to in-place cooling systems, thus reducing 

energy consumption. The cost for industrial electricity in Nevada for February of 2019 was 5.16 cents/kWh 

(U.S. Energy Information Administration, 2019). The low-end electricity generation capability for an ORC 

at 70°C is 3.3 kW. For one year, the energy produced from the ORC would be 28,908 kWh. If one ORC unit 

were to be implemented, based on the price of industrial electricity in Nevada with an energy output of 28,908 

kWh, it would save the mine around $1,500 per year. It should be noted that this is only direct electricity 

savings and does not include the savings associated with reducing the waste heat rejected into the ventilating 

air. The savings from waste heat is much more complex because this system has not been implemented into 

a mining environment and the performance in unknown. 

 

Section II. Slope Stability and Highwall Management 

Geotechnical modeling of mines is crucial for understanding the many factors that can pose potential 

hazards or limit production opportunities. The process of back analyses for modeling is often used, but in 

many instances, the back analyses can be cumbersome if large data sets are used. While these models and 

back analyses may be accurate, these types of back analyses may not be optimal to be used at mines and by 

engineers because the process is so time-consuming. This paper introduces event-based back analyses, which 

utilizes prior events to create much more accurate models while eliminating large modeling time because the 

models are optimized from previous events. The completed analyses supply a more detailed insight of the 

potential dangers at Round Mountain as well as provide a better understanding of how risk results in missed 

opportunity. The more we understand about mining activities and processes through modeling, the safer and 

more productive mines will be. 

Monitoring open pit mine blasting vibrations is necessary to understand the impact that blasts have 

on the highwall. Assessing the performance of a mine blast from a geotechnical perspective typically requires 

analyzing ground motions, performing visual inspections and utilizing site-specific criteria, such as peak 

particle velocity and dominant frequency to rank the quality of the blast. This study compiles a combination 
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of geophone data, which obtain peak particle velocity and dominant frequency of ground motions, radar, 

which observe slope velocity and current blasting practices to improve upon the blasting criteria present at 

Round Mountain. The blasting ground motion events that were collected for this interpretation are wall 

control techniques, trim blasting and modified production blasting. In addition to improved blasting criteria, 

a comparative assessment of trim blasting vs. modified production blasting is completed to better understand 

the ideal wall control technique to be used at Round Mountain. By compiling several sources of data to 

improve current blasting criteria, a safer geotechnical environment is created, which contributes to less 

downtime and more cost savings for Round Mountain. The results of this work describe a new integration of 

radar assessment with ground vibration monitoring to develop new blasting criteria for vibration sensitive 

locations. 
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Chapter 1: Introduction  
 

1.1 Background 

The safety of mines, both surface and underground, have improved drastically throughout recent 

history (1911-2019), as seen in Fig I; however, mining remains one of the most hazardous industries 

(Coleman & Kerkering, 2007). 

 

Fig. I Mining Fatalities (1911-2019). Data from (Mine Safety and Health Administration (MSHA), 2019) 

As the number of miners entering the workforce has increased, the fatalities have decreased over time. This 

is due to increased regulations as well as commitment from the mining industry to improve safety and health. 

While the decrease in mine fatalities has seen drastic improvements throughout the last century, the fatalities 

are not zero. This indicates that improvement is still needed and will likely be an ongoing process. Mine 

fatalities are not the only important statistic when considering health and safety performance. Accidents and 

non-fatal injuries are also significant because they are events that could have ended in a fatality. In 2015, Fig. 

I shows 17 deaths, but the number of nonfatal lost-time injuries totaled 4,517 (The National Institute of 
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Occupational Safety and Health (NIOSH), 2015). Improving the working environment is not only reducing 

the number of fatalities but also the number of injuries.  

Heat-related illness can be considered a non-fatal injury that can have lasting impacts depending 

upon the severity of the thermal climate the individual is exposed to. Studies have shown that workers in hot, 

humid environments have difficulty concentrating, dexterity and coordination are reduced, the ability to 

remain alert during lengthy and monotonous tasks, and the ability to make quick decisions are adversely 

affected by the heat (Mine Safety and Health Administration (MSHA), 2012). Heat exhaustion in miners can 

begin at wet-bulb temperatures of 25°C (Donoghue, Sinclair, & Bates, 2000). Correct maintenance of the 

thermal climate should ensure that a minerôs body temperature does not exceed 36°C, which is the 

temperature at which the human body gains heat from the environment (Department of Industry and 

Resources, 1997). 

Improving the thermal climate in underground mines creates safer working conditions for miners. 

The main methods to manage the thermal environment are ventilation and cooling systems. Another method 

to improve the subsurface thermal climate is to utilize the waste heat (strata heat, auto-compression, 

machinery) before it enters the ventilating air. To begin improving the thermal climate a comprehensive 

understanding of the conditions of the mine, including barometric pressure, wet-bulb temperature, dry-bulb 

temperature and relative humidity, are necessary. Wet-bulb temperature is extremely important to understand 

because it is dependent on relative humidity and generally, the higher the humidity, work comfort 

significantly declines, as the cooling capacity of the ventilation air decreases, thus the more dangerous the 

mining environment becomes (Mine Safety and Health Administration (MSHA), 2012).  

A 5-year study from 2000-2004 conducted by The National Institute of Occupational Safety and 

Health (NIOSH) (2012) listed one of the top five leading causes of surface mine fatalities being ófall of rock 

or highwallô at an 8% fatality rate. The high fatality percentage shown in the NIOSH study gives the full 

explanation as to why improving the safety of mine slopes and highwalls is necessary. A better understanding 

of soil and rock mechanics by means of slope modeling and improvements in blast criteria can help enhance 

the mine personnelôs understanding of the slope, and in turn make educated decisions to mitigate unsafe 

situations. 
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To improve the safety associated with failure of rock and highwall in open-pit mines, modeling and 

improved methodologies are implemented. The goal is to better understand sensitive failure locations on the 

mine highwall with modeling and propose solutions to the unstable locations. Additionally, new blasting 

methodologies are integrated to limit the initiation of failure events at sensitive locations. The ultimate goal 

is to completely eliminate any fatality associated with ófall of rock or highwall.ô While a complete elimination 

of fatalities is difficult to obtain, this would be the ultimate goal, although any reduction in fatality rate can 

be seen as an improvement.    

 

1.2 Purpose 

The goal of this dissertation is to model and analyze the underground thermal environment as well 

as the stability of open pit highwalls to improve the overall health and safety at surface and underground 

mines. This is accomplished by assessing the use of emerging technologies, applying new modeling 

techniques and developing new methodologies all while maintaining a practical mindset. 

 

1.3 Structure 

This dissertation contains eight (8) chapters divided into two (2) sections as follows. 

¶ Chapter 1 gives an overall introduction to the importance of health and safety in mining. 

¶ Section I contains Chapters 2-4 and is titled ñImproving the Subsurface Thermal Climate.ò Section I 

incorporates work related to improving the thermal climate in underground mines to enhance health and 

safety while reducing energy consumption. 

¶ Section II contains Chapters 5 and 6 and is titled ñSlope Stability and Highwall Management.ò Section 

II incorporates health and safety work related to surface mines, specifically open pit, slope stability and 

highwall management of blast vibrations.  

¶ Chapters 2-6 are comprised of five (5) journal papers with introduction and conclusion sections before 

and after the main body of the submitted paper. The introduction and conclusion section within the 

Chapters serve to describe the significance of each submitted paper and tie the papers together within 
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the dissertation. The five journal papers are listed below and include information about the authors, title, 

journal submitted and publication status: 

1. Scalise, K.A., Teixeira, M. B., Kocsis, K. C, ñManaging Heat in Underground Mines: The 

Importance of Incorporating the Thermal Flywheel Effect into Climatic Modelingò (Journal: 

Mining, Metallurgy & Exploration). Status: Under Review 

2. Scalise, K.A., Kocsis, K. C ñUtilizing Nonlinear Autoregressive with Exogenous Input Neural 

Networks to Evaluate the Thermal Flywheel Effect Along Intake Shafts at Nevada Minesò 

(Journal: Mining, Metallurgy & Exploration). Status: Under Review 

3. Scalise, K. A., Teixeira, M. B., Kocsis, K. C., Robertson, K., ñUtilization and Implementation 

of Geothermal Systems and Ground Source Heat Pumps for Underground Mine Cooling,ò 

Canadian Institute of Mining, Metallurgy and Petroleum (CIM) & North American Mine 

Ventilation Symposium, 2019. Status: Published 

4. *Scalise, K.A., Keefner, J., Kocsis, K. C., ñGeotechnical Modeling of Kinross ï Round 

Mountainò (Journal: International Journal of Geoengineering Case Histories). Status: In 

Review 

5. Scalise, K.A., Keefner, J., Ali, T., Kocsis, K. C., ñAssessing Blasting Techniques in Vibration 

Sensitive Areas at Kinross ï Round Mountain to Enhance Blasting Criteriaò (Journal: Mining, 

Metallurgy & Exploration). Status: Under Review 

¶ Chapters 7 and 8 discuss the conclusions and contributions to knowledge, respectively. 

The structure is represented as follows: 

Chapter 1. Introduction  

1.1 Background 

1.2 Purpose 

1.3 Structure 

1.4 Objectives 
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SECTION I. IMPROVING THE SUBSURFACE THERMAL CLIMATE 

Chapter 2. Managing Heat in Underground Mines: The Importance of Incorporating the 

Thermal Flywheel Effect into Climatic Modeling  

2.1 Introduction 

2.2 Paper 

2.3 Conclusion 

 

Chapter 3. Utilizing Nonlinear Autoregressive with Exogenous Input Neural Networks to 

Evaluate the Thermal Flywheel Effect along Intake Shafts at Nevada Mines  

3.1 Introduction 

3.2 Paper 

3.3 Conclusion 

 

Chapter 4. Utilization and Implementation of Geothermal Systems and Ground Source Heat 

Pumps for Underground Mine Cooling 

4.1 Introduction  

4.2 Paper 

4.3 Conclusion 

 

SECTION II. SLOPE STABILITY AND HIGHWALL MANAGEMENT  

Chapter 5. Geotechnical Modeling at the Round Mountain Mine, Kinross 

5.1 Introduction  

5.2 Paper 

5.3 Conclusion 
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Chapter 6. Assessing Blasting Techniques in Vibration Sensitive Areas at Kinross ï Round 

Mountain to Enhance Blasting Criteria 

6.1 Introduction  

6.2 Paper 

6.3 Conclusion 

ï END OF SECTION II ï 

 

Chapter 7. Conclusions  

7.1 Recommendations and Future Work 

 

Chapter 8. Contributions to Knowledge 

 

1.4 Objectives 

The following objectives answered within this dissertation correspond to the five (5) journal papers 

contained within Chapters 2-6. 

1. Assessing the capability of current mining ventilation softwareôs ability to predict the thermal 

flywheel effect as well as understanding the magnitude of error if the thermal flywheel is not 

incorporated 

¶ The thermal flywheel effect is a complex parameter with both damping and the time lag 

components. An error in design and an incorrect prediction of wet-bulb temperature can mean 

large, unnecessary expenses or unsafe mine conditions. A better understanding of the need for 

a more accurate wet-bulb prediction leads to the search for a better thermal flywheel effect 

model. A more accurate model allows for safer mining conditions because the mine ventilation 

and cooling systems are able to be designed more efficiently.  
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2. Model development with the capability of accurately predicting the thermal flywheel effect 

¶ To create a better predictor of wet-bulb temperature of the ventilating air downcasting vertical 

airways a new model must be developed. Specifically, a model which is a time series based 

would need to be used to predict the wet-bulb temperature at the bottom of the shaft, because 

climatic temperature data is time-dependent. Again, a more accurate model allows for safer 

mining conditions because the mine ventilation and cooling systems are able to be designed 

more efficiently. 

 

3. Incorporating alternative cooling systems that utilize waste heat into existing mine infrastructure  

¶ Waste heat is present throughout the mine and the majority of the heat in the underground mines 

in the Western USA comes from strata heat and mining equipment. Utilizing waste heat is 

possible using an Organic Rankine Cycle and can be transferred to surface using ground source 

heat pumps. These systems have specific operating conditions that must be investigated for 

their application within underground mines. Management of waste heat creates a better mine 

climate because the waste heat is not contributing to the mine heat load. 

 

4. Development of back analysis technique (event-based back analysis) to better understand and 

mitigate sensitive areas at open-pit mines 

¶ Modeling sensitive locations gives an increased understanding of the slope stability of the mine. 

Modeling allows for mitigation planning in the event that failure does occur. To create more 

accurate rockfall and slide models, event-based back analysis is developed and utilized. The 

modeling scenarios increased the safety of the mine through an improved understanding and by 

giving the mine solutions to mitigate or prepare for the possibility of failure of the sensitive 

locations. 
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5. Improv ing blast vibration criteria  in geotechnically sensitive locations 

¶ New vibration criteria is developed to improve the assessment of blasting events. The 

enhancement of the blasting criteria makes the mine safer because it is a more stringent ranking 

system. The added strictness gives a better indication as to which blasts are acceptable and 

which ones are not allowing for corrections to be made to future blasts. 
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SECTION I. IMPROVING THE SUBSURFACE THERMAL CLIMATE  

The main sources of heat present in underground mines are auto-compression, strata heat 

(geothermal gradient), groundwater, machinery, human metabolism, oxidation and blasting (Carpenter, 

Roghanchi, & Kocsis, 2015; Epstein & Moran, 2006). Within the United States, the dominant sources of heat 

in underground mines are strata heat, mining equipment and auto-compression with heat load percentages 

equaling, 48%, 20% and 11%, respectively (Carpenter, Roghanchi, & Kocsis, 2015; Epstein & Moran, 2006). 

The remaining 21% is attributed to the other sources listed above (Carpenter, Roghanchi, & Kocsis, 2015; 

Epstein & Moran, 2006). Strata heat is the heat conducting through the rock formations into the ventilating 

air. The heat from mining equipment is due to diesel engines and the byproduct of heat from the exhaust. 

Auto-compression is the conversion of the potential energy into enthalpy of a fluid when it flows from a 

higher elevation to a lower one (McPherson M. J., 2012). In many underground mines strata heat can be by 

far the largest contributor of heat into the ventilating air. Therefore, the management of strata heat and 

removal of waste heat from the strata before it is transferred to the ventilation air would reduce ventilation 

and cooling requirements, thus energy consumption. This can be accomplished through the implementation 

of alternative and emerging technologies as they will be presented and discussed within the coming chapters. 

Waste heat arises from equipment inefficiencies and thermodynamic limitations and processes (U.S. 

Department of Energy, 2008) or, more simply, it is heat that is not utilized and is a byproduct of a process. 

Waste heat is widespread throughout a mine and can be harnessed in some applications such as mineral 

processing (Norgate, Jahanshahi, & Haque, 2013). The heat transferred from strata, mining equipment, 

groundwater and blasting can be managed and minimized through new design concepts and the 

implementation of emerging technologies.  

The diurnal variation in surface temperature damped by heat exchange with the strata in mine shafts 

and intake airways produces an effect known as the 'thermal flywheel' (Stroh, 1979; McPherson & Robinson, 

1980; McPherson M. J., 1984). The thermal flywheel has components of temperature damping and a time 

offset. This is the application and definition used by mining and ventilation engineers. However, other 

disciplines such as architecture (Baggs & Mortensen, 2006) and energy engineering (Tsilingiris, 2003) study 

the thermal flywheel effect to utilize the thermal mass of the external walls of buildings. The thermal flywheel 

effect, as described by architects Baggs & Mortensen (2006), is the temperature reduction and time lag 

associated with the thermal mass. Thermal mass is the ability of a medium to store heat (Baggs & Mortensen, 

2006). This is a comparable understanding that mining engineers use, and the description is nearly identical. 

Quantifying the thermal flywheel effect is extremely difficult, but accounting for the thermal flywheel effect 

while modeling is achievable.  
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Chapter 2. Managing Heat in Underground Mines: The Importance of Incorporating 

the Thermal Flywheel Effect into Climatic Modeling  
 

2.1 Introduction 

 Quantifying the effects of thermal flywheel for climatic modeling in underground mines is essential, 

but what is the significance if it is not incorporated? Chapter 2 gives valuable insight as to why the thermal 

flywheel is necessary to be incorporated when evaluating the climatic conditions in the production stopes, 

development headings, haulage drifts, and underground facilities by means of mine climate simulators. This 

chapter also highlights the improvements that are needed when modeling the thermal flywheel effect with 

software packages that are typically used within the mining industry.  

 Mine A, the mine mentioned in the study, feels the effect of the thermal flywheel as indicated by 

the data collected at the mine site. This is an initial test that proves the comparison between the two programs 

is necessary. The presence of the thermal flywheel effect needs to be analyzed and discussed through this 

comparison because otherwise, you would only be comparing the errors and assumptions within the software. 

Without a comparison of two modeling programs, one incorporating the thermal flywheel (VentsimÊ) and 

one not incorporating it (ClimsimÊ), the necessity and impact is only hearsay. The two modeling programs 

show drastically different outputs in respect to the climatic parameters of the ventilating air at the bottom of 

the intake shaft. The vast difference in temperature outputs is attributed to the TFE, as VentsimÊ is running 

with its beta version of the TFE. 
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Abstract:  

Understanding the effects of various ventilation and climatic parameters on the work conditions and 

comfort in underground mines is critical for efficient ventilation system design, cost savings, and to ensure 

the health and safety of mine workers. To understand the effects that the thermal damping effect (TDE) and 

the thermal flywheel effect (TFE) have on the ventilation system design and potential cooling system, this 

paper compares and analyzes the wet and dry-bulb temperatures at the bottom of an intake shaft using two 

modeling software packages, VentsimTM and ClimsimTM. The comparison shows the consequences and 

importance of taking into account the TDE/TFE when predicting the climatic conditions in future 

underground mines, especially when deciding on whether a cooling system should be employed in order to 

provide adequate climatic conditions in the production stopes, dead-end development headings, and 

throughout the mine. VentsimTM is able to account for the TFE, while ClimsimTM does not. Both software 

packages have their uses and are used within the mining industry, but it is useful to understand their 

limitations and where the future of underground climatic modeling will lead. 
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1.0 Introduction 

Managing heat in underground metal mines is crucial for cost savings, the health and safety of mine 

workers and the overall efficiency of the mine. There are important ventilation and climatic parameters which 

effect mine environments, but the main focus of this paper is the importance of taking into account the thermal 

flywheel effect, or the thermal damping effect when trying to predict the work conditions in newly developed 

orebodies or future underground mines. The design of auxiliary ventilation, primary ventilation and cooling 

systems rely on accurate intake air parameters (e.g. wet-bulb, dry-bulb, relative humidity), as the climatic 

conditions in the production areas are affected by the parameters of the fresh air entering the auxiliary 

ventilation systems. So, if the temperatures at the bottom of the shaft are predicted too high, the auxiliary 

ventilation system or potential need for cooling will be overestimated, and if the temperatures predicted at 

the bottom of the intake shaft are too low, the system will be under-designed thus affecting the work 

conditions in the production stopes and throughout the mine.  

 

2.0 The Importance of the Thermal Flywheel Effect (TFE) when Sizing a Cooling System 

The thermal flywheel effect (TFE) and the thermal damping effect (TDE) are important elements in 

mine ventilation and underground environment control, which can significantly affect the climatic conditions 

in deep underground mines. When air descends an intake shaft, its lining and the surrounding strata will emit 

heat during the night when the incoming air is cool and, on the contrary, absorb heat during the day if the air 

temperature becomes greater than that of the strata temperature [4]. The depth of the intake shaft where heat 

flow reverses varies by season (to some extent even daily), firstly due to the initial starting conditions of the 

air (Td ï dry-bulb temperature, Tw ï wet-bulb temperature, BP ï barometric pressure), and secondly, due to 

the rock surface temperature and its geothermal gradient. The change of the phase angle of the periodic, 

harmonic and temperature variation is known to be the thermal flywheel effect. For example, during summer, 

as heat from the intake air is transferred to the cooler strata, the temperature at the bottom of the intake shaft 

can be approximately 6 oC to 10 oC lower of what a climatic simulator with no ability to account for the 

thermal flywheel effect would predict [5]. This difference in the dry-bulb temperature of the mine air could 

lead to a significant overdesign in the capacity of the cooling system, which in some cases would make the 

project as economically unfeasible [1]. 

Climatic modeling is useful for existing operations and future operations to understand transient 

heat processes along vertical airways as well as predict temperature and humidity. Modeling gives engineers 

the ability to understand and visualize the underground mine environment and allows for more accurate 

predictions for critical parameters such as temperature. Even with modeling software, certain parameters, 

such as the TFE, are difficult to predict and understand. 

The effect of surface temperatures can play a major role in the design of work comfort, ventilation 

and refrigeration strategies in underground mines [6]. A comparison of two ventilation software packages, 

VentsimTM and ClimsimTM, were conducted for Mine A, which is an underground precious metal mine in 

Nevada. The goal of this software comparison is to quantify the effects of the thermal flywheel in an 

underground mine. VentsimTM has the capability to take into account the thermal flywheel effect, while 

ClimsimTM does not. The VentsimTM model used for simulation and analysis is the most current model for 

Mine A, which was validated versus collected ventilation and climatic data. The importance of the 

comparison of these software packages is to quantify the impact of incorrectly predicted mine air 

temperatures (Td, Tw) when designing mine ventilation and cooling systems. Without accurate assumptions 

or predictions of the climatic conditions underground, there can be serious negative consequences in terms 

of health, safety and expense for the mine.  

It is known that the thermal flywheel effect is present within Mine A based on the data presented in 

Fig. I. The thermal flywheel effect can be seen by the damping and offset of the data at the bottom of the 

shaft when compared to the surface data. The time delay offset is represented by the arrows and dashed lines. 

The damping effect can be seen by the reduction in amplitude when comparing the shaft top and bottom for 

both Tw and Td. 
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2.1 Model Development Using VentsimTM 

To model the thermal flywheel and thermal damping effect in VentsimTM, the annual flywheel heat 

selection mode is used. Table I shows the parameters used for the thermal flywheel calculation for Mine A. 

Many of the parameters used were predetermined from the ventilation model of was provided for our use. 

The modeling work was completed for one of the mineôs intake production shaft. The values for óautomatic 

variance,ô ódry-bulb maximumô, ódry-bulb minimumô, ówet-bulb maximumô, and ówet-bulb minimumô are not 

used in the calculation for the annual thermal flywheel, as they are only used for daily thermal flywheel 

calculations. The selection of ósummer dry-bulbô and ósummer wet-bulbô were established based on the 

average temperature for the summer (e.g. June, July, and August) taken from the National Weather Service 

Forecast Office. The warmest month from the climatic data showed the warmest month as August. The 

selection of ówinter dry-bulbô and ówinter wet-bulbô were established based on the average temperature for 

the winter (e.g. December, January, and February) also taken from the National Weather Service Forecast 

Office [7]. The output data generated through ventilation and climatic simulations was recoded and compiled 

in Imperial units, as the model validation work was performed using ventilation and climatic data provided 

in Imperial units. However, all comparison results were converted into the System International (SI) units. 
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Table I  Thermal flywheel parameters for Mine A for input into VentsimTM 

Thermal Flywheel    

[RESET] No 

Automatic Variance 30.00 °F 

Copy Standard Heat No 

Diurnal Cycle Time Hours 24 

Dry-bulb Maximum 80.0 °F 

Dry-bulb Minimum 50.0 °F 

Summer Dry-bulb 71.0 °F 

Summer Wet-bulb 53.6 °F 

Warmest Month August 

Wet-bulb Maximum 77.0 °F 

Wet-bulb Minimum 40.6 °F 

Winter Dry-bulb 30.8 °F 

Winter Wet-bulb 27.6 °F 

 

Fig. II shows the simulation results from model runs with thermal flywheel effect incorporated. The 

solid red and blue lines shown in Fig. II are the dry-bulb temperature and wet-bulb temperature of the mine 

air, respectively. The dashed red and blue lines are the dry-bulb temperature and the wet-bulb temperature of 

surface air, respectively. The output data shows the effects of thermal damping (decrease in amplitude) on 

the mine air, and how this phenomenon can be quantified and displayed, while the presence of phase shift 

would require the input of thermal history data into a ventilation-thermal-humidity (V-T-H) model using an 

adequate software package. The vertical length of the shaft is approximately 539 meters. 

 

 
Fig. II  Thermal Flywheel Modeling output for Mine A from VentsimTM 

 

2.2 Model development using ClimsimTM 

To highlight the importance of taking into account the effect of thermal flywheel when predicting 

the climatic conditions in future underground mines, the dry-bulb temperature and the wet-bulb temperature 

generated by VentsimTM and ClimsimTM at the bottom of the intake shaft was compared and analyzed. Again, 

it is mentioned that the ClimsimTM program does not have the ability to take into account the effects of 

thermal flywheel or thermal damping. Two seasons were considered for comparison, namely: (1) summer, 

and (2) winter. Table II shows the geometrical elements and other parameters of Mine Aôs intake shaft which, 

were entered into the ClimsimTM software package. 
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Table II  Input Parameters for Mine A into ClimsimTM 

Pressure (kPa) 101.60 

Quantity (m3/s) 261.00 

Length (m) 539.00 

Area (m2) 23.60 

Perimeter (m) 17.24 

Friction (kg/m3) 0.0417 

Wetness 0.50 

VRT In (°C) 10.00 

Geothermal Step (m/°C) 16.00 

Conductivity (W/m °C) 4.00 

Diffusivity (m2/s x 10-6) 1.75 

Table III and Table IV show the simulation results generated by running the ClimsimTM model. During 

summer, the dry-bulb temperature and the wet-bulb temperature at the bottom of the intake shaft are 33.81 

°C and 29.10 °C, respectively. During winter, the dry-bulb temperature and the wet-bulb temperature at the 

bottom of the intake shaft are 31.44 °C and 28.10 °C, respectively. 

 

Table III  Results for Mine Aôs intake shaft - summer 

Summer 

Parameter Top Bottom 

Dry-bulb (°C) 21.70 33.81 

Wet-bulb (°C) 12.00 29.10 

Humidity (%) 29.23 70.25 

Enthalpy (KJ/kg) 33.70 91.60 

Sigma Heat (KJ/kg) 33.47 88.86 

VRT (°C) 10.00 43.70 

Strata - Latent heat (kW) 0.00   13,429.79  

Strata - Sensible heat (kW) 0.00     2,234.90  

 

Table IV  Results for Mine Aôs intake shaft - winter 

Winter 

Parameter Top Bottom 

Dry-bulb (°C) 0.00 31.44 

Wet-bulb (°C) 0.00 28.10 

Humidity (%) 100.00 77.49 

Enthalpy (KJ/kg) 9.41 87.08 

Sigma Heat (KJ/kg) 9.41 84.53 

VRT (°C) 10.00 43.70 

Strata - Latent heat (kW) 0.00   14,623.03  

Strata - Sensible heat (kW) 0.00     9,030.96  
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2.3 VentsimTM and ClimsimTM Comparison 

Simulation results generated through model runs developed by means of ClimsimTM and VentsimTM 

are shown in Table V. This table shows the wet-bulb temperature and the dry-bulb temperature at the top and 

at the bottom of the intake shaft generated by ClimsimTM and VentsimTM. 

 

Table V Comparison of results for wet-bulb and dry-bulb temperatures generated by ClimsimTM and 

VentsimTM 

Location 
Climatic 

Parameter 

ClimsimTM VentsimTM 

Mine A 

Summer 

Mine A 

Winter 

Mine A 

Summer 

Mine A 

Winter 

Top 
Wet-bulb 12.00 0.00 12.00 0.00 

Dry-bulb 21.72 0.00 21.67 0.00 

Bottom 
Wet-bulb 29.11 28.11 13.33 3.56 

Dry-bulb 33.83 31.44 17.06 5.50 

*Temperatures in °C     

Table V shows that the dry-bulb temperature and the wet-bulb temperature at the bottom of the production 

shaft predicted by ClimsimTM are significantly different than those predicted by VentsimTM, which are 

attributed to the effects of thermal damping.  During summer, the difference between the dry-bulb 

temperature at the bottom of the shaft and the dry-bulb temperature at the top of the shaft predicted by 

ClimsimTM is approximately 12°C, while VentsimTM estimated a difference of -4.6°C. The negative value 

means that the temperature at the bottom will be lower than the air temperature at the top of the shaft, as heat 

is transferred to strata.  During winter, the difference between the dry-bulb temperature of the air at the bottom 

of the shaft and the dry-bulb temperature of the air on surface predicted by ClimsimTM is approximately 

31.4°C, while VentsimTM estimates a difference of only 5.50°C, as heat is transferred from strata to the 

ventilating air. 

This large discrepancy between VentsimTM and ClimsimTM output data is largely due to the thermal 

flywheel effect. During summer, the temperature of the ventilating air has elevated values due to both the 

high air temperature on surface and to the heat added by auto-compression. Because the air temperature on 

surface is higher than the strata temperature, heat flows from the ventilating air into the strata, thus, the 

temperature of the ventilating air decreases as it downcasts the shaft. In the winter, heat stored in the strata is 

released back into the ventilating air since the temperature of the strata is higher than the temperature of the 

ventilating air downcasting the shaft. Thus, the temperature of the ventilating air increases as it flows down 

the shaft. However, at a certain depth, due to the geothermal gradient, the temperature of the strata becomes 

higher than the temperature of the ventilating air. As a result, heat will flow from the strata to the ventilating 

air.  

We can conclude that in respect to the underground mine climate, if Mine Aôs cooling system would 

be designed on the output data generated by ClimsimTM, the cooling system would be significantly 

overdesigned, which would likely result in large capital and operating costs. As a result, the ñthermal flywheel 

effectò must be taken into account when designing and sizing a cooling system whether installed on surface 

or underground. While VentsimTM
 is more accurate and accounts for the TFE, it still has errors accounting 

for the TFE phase shift associated with Mine A when compared to the collected climatic data. 
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3.0 Conclusion 

As many metal mines deepen, a different approach might be needed to reduce the temperature of 

the ventilating air. Exposure to elevated levels of heat and humidity, can significantly affect health and safety, 

as well as productivity in underground mines and therefore a correct estimation of the mine air temperature 

is necessary. To accurately predict the dry-bulb temperature and the wet-bulb temperature at the bottom if 

vertical intake airways (e.g. production & ventilation shafts), the thermal flywheel effect must be taken into 

account when designing and sizing the primary and secondary fans of the ventilation system, or a potential 

refrigeration plant to avoid additional capital and operating costs as well as maintaining safe underground 

conditions for mine workers. Both softwareôs mentioned have their usefulness within the mining 

environment, but they both have their limitations. While VentsimTM
 can account for the TFE, it is still only a 

temperature prediction model. More up to date and continuous temperature data from the surface and bottom 

of the shaft would be useful to keep the VentsimTM model up to date and validated. The future of climatic 

modeling will likely depend on analyzing large datasets and integrate the ability to predict climatic conditions 

from measured data. 

 

Conflict of Interest:  

The authors declare that they have no conflict of interest. 

 

4.0 References 

 

[1]  C. Kocsis and G. Danko, "Assessing, Modeling, and Cooling Underground Workings in Deep and Hot 

Mines," 2019. 

[2]  M. B. Teixeira, Assessing surface and underground cooling methods, coupled to efficient ventilation 

systems to improve the climatic conditions in deep and hot mines, Available from Dissertations & 

Theses @ University of Nevada Reno; ProQuest Dissertations & Theses Global. (2299502942), 2019.  

[3]  P. Roghanchi and C. Kocsis, "Quantifying the thermal dampin effect in underground vertical shafts 

using the nonlinear autoregressive with external input (NARX) algorithm," International Journal of 

Mining Science and Technology, pp. 255-262, 2019.  

[4]  M. J. McPherson, Subsurface Ventilation and Environmental Engineering, 2012.  

[5]  K. Kocsis and S. Hardcastle, "Prediction and analysis of the underground climatic conditions and their 

cause in deep mechanized Canadian metal mines," 2010. 

[6]  S. Bluhm, F. von Glehn and H. Smit, "Important Basics of Mine Ventilation and Cooling Planning," in 

Managing the Basics Conference, 2003.  

[7]  "National Weather Service," [Online]. Available: https://www.weather.gov/. 

 
 

  

 

 

 

 

 



18 

 

 

 

2.3 Conclusions 

 This paper shows the necessity for incorporating the thermal flywheel effect into modeling the 

thermal environment of underground mines. The utilization of VentsimÊ and ClimsimÊ express the vast 

difference in climatic parameter outputs when the thermal flywheel is integrated into a modeling 

environment. The drastic difference in temperature output can significantly impact the design for the 

ventilation and cooling systems. The design of ventilation and cooling systems is related to various elements, 

including the mine layouts, the applied mining method, equipment fleet and the heat load of the mine. A 

ventilation engineer must maintain underground conditions that are safe for mine workers. To maintain a safe 

design from a heat perspective, at many underground mines, the parameters of immediate concern are the 

wet-bulb temperature and relative humidity. 

 This study is tested at Mine A, but the results of the study can be applied at any mine in which have 

large heat loads and hot thermal climates are present. These results would apply to underground mines within 

the western United States that are as deep (533 meters) or deeper than the intake shaft in Mine A. 

Additionally, the methodology comparing the outputs of ClimsimÊ and VentsimÊ can be assessed for any 

mine where understanding the magnitude of the thermal flywheel effect is necessary. 

Engineers use modeling to obtain an updated understanding of the mine as well as plan for future 

needs. If the values that the engineer uses are incorrect, it can lead to costly mistakes both financially and 

from a health and safety point of view. If the modeling program displays a value that is higher than the true 

value underground, the cooling system and the ventilation system will be over-designed. This is detrimental 

from a financial perspective because energy and infrastructure are being used that are not necessary. A study 

by Reddy (2009) mentions mine ventilation costs can account for 60% of operating costs (Kurnia, Sasmito, 

& Mujumdar, 2014). For context, Nevada Gold Minesô Goldstrike Mine had operating costs of $99 per ton 

mined in 2017 (Barrick Gold Corporation, 2017), meaning that the operating costs attributed to ventilation 

could be around $59.40 per ton mined. If the modeling program displays an output that is lower than the true 

value underground, the mine may be unsafe. The goal is to balance finances with health and safety 

requirements, but the loss of life and injury takes precedence. Therefore, an overdesigned system is ideal for 

the health and safety of workers, but the viability of the operation should never be overlooked. This is the 

importance of obtaining accurate model outputs.   

 

Significance of Study 

 The importance of incorporating the thermal flywheel effect has not been compared in a quantifiable 

way as presented within this paper and rarely is continuous data available to prove that the thermal flywheel 

is present when the mine is modeled. The TFE is mentioned as a heat issue within mines but is very hard to 

understand because it is dependent on many factors such as the rock thermal properties, geological 

characteristics, air temperature on surface, the wetness factor along vertical and horizontal airways, virgin 

rock temperature and many others. The TFE is able to be quantified and the importance of incorporating the 

TFE to maintain a safe thermal climate can be seen when comparing the two modeling software packages.  

This study also proves that other means of modeling are necessary to help with the quantification of 

the TFE. While VentsimÊ has made drastic improvements on the TFE program, it fails to analyze the system 

and account for the phase shift of the TFE. The phase shift and damping components are equally important 

when considering the TFE. The phase shift component is important because it is the delay in the air 

temperature from the surface when compared to the air temperature underground. What this means is that 

your underground environment will not feel the effects of the surface for a delayed period of time. This is 

important because although the surface is feeling the effects of the extreme portions of the diurnal 

temperature fluctuations, the underground thermal environment may not feel the effects for hours, which 

plays a major role in the design of your ventilation and cooling systems. The damping portion of the TFE is 

important to model because it shows that as the air descends it is affected by the rock temperature and the 

temperature will be increased or decreased depending upon the differential temperature of the air and rock. 

Both aspects of the TFE must be considered, and VentsimÊ still has some errors it its algorithm.   

 

Limitations of Study 
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 While this study shows a new way to express the significance of the thermal flywheel effect, it has 

its limitations. This study relies on modeling programs and the assumptions contained within them to 

compare a complex parameter. Given the widespread use of these modeling software packages, it is still a 

valid comparison, but it needs to be noted that this study compares the output from two models. This study 

also shows that both of the modeling software packages have their limitations. This may be useful, but the 

paper does not express a valid solution to combat this problem. The study does not develop new software or 

describe how one should be developed to combat these issues. However, the next study that is completed in 

regard to the TFE does shed light and provides a solution to the problem by means of neural networks.    
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Chapter 3. Utilizing Nonlinear Autoregressive with Exogenous Input Neural 

Networks to Evaluate the Thermal Flywheel Effect Along Intake Shafts at Nevada 

Mines 
 

3.1 Introduction  

 As mentioned in Chapter 2, the thermal flywheel effect (TFE) is difficult to model because of the 

complexity of variables it depends on. Because of this, it can be difficult to understand, and various modeling 

software can have issues trying to predict it. Chapter 3 discusses the application of Nonlinear Autoregressive 

with Exogenous Input (NARX) neural networks (NN). NN are currently a buzzword and are often applied in 

situations when they may not be the ideal choice of modeling. The useful aspect of neural networks is that 

the neurons find patterns that humans cannot see. With large data sets, called ñBig Data,ò (another buzzword) 

neural networks can find patterns in data that are ñstochasticò to the human eye. NN are powerful and can 

solve problems engineers may not be able to; however, NN gives no indication as to how or why they 

determine the patterns that they do. Neural networks are described as having a óblack box problemô that limits 

transparency and interpretability of the processes. This is an uncomfortable idea for engineers who like to 

see numbers and analyze how things work. 

 NARX are time-dependent neural networks that are very practically applied to climatic data because 

climatic data are time-dependent. Diurnal temperature variations, weather, blasting and countless other 

factors continuously change the mine environment through time. Applying NARX using climatic data allows 

for modeling of the mine environment and even allows for the prediction of future time-steps. This is 

significant because it allows for a better understanding of the mine thermal climate. This, in turn, allows for 

a more accurate design of the ventilation and cooling systems because the inputs are also more accurate. The 

goal for model accuracy is to be as close to the climatic data as possible. If more accurate results are achieved, 

this results in a better ventilation and cooling system, which creates a safer and healthier mine climate.  
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Abstract:  

 

Understanding the climatic conditions in underground mines is necessary for efficient ventilation 

design, cost savings and to ensure the health and safety of mine workers. Large volumes of ventilation and 

climatic data including air volume, barometric pressure, dry bulb temperature, relative humidity were 

collected at active underground precious metal mines in Nevada, which allows for the determination of wet-

bulb temperature and other key parameters. Through the utilization of neural networks, the wet-bulb 

temperatures at the bottom of the intake shafts are predicted, while taking into account the ñthermal flywheel 

effectò (TFE).  

Wet-bulb temperature is one of the most important climatic parameters to model and understand 

because it significantly affects the work conditions and the cooling capacity of the ventilating air. The 

accurate prediction of the dry bulb and the wet-bulb temperatures at the bottom of intake shafts is critical 

when assessing the climatic conditions in future underground mines and deciding on whether a cooling 

system is needed to ensure adequate working conditions throughout the mine. By utilizing accurate 

predictions of wet-bulb temperatures and other climatic parameters, mine personnel will be safer, (Bluhm, 

von Glehn, & Smit, 2003), and a more accurate ventilation design can be achieved resulting in major cost 

savings for underground mines. 

 

Keywords: 

Climatic Modeling, Thermal Flywheel Effect, Thermal Damping Effect, Mine Ventilation, Mining 

Engineering, Neural Networks 

 

Conflict of Interest:  

The authors declare that they have no conflict of interest. 

 

 

 

 

 

https://orcid.org/0000-0001-5281-2594


22 

 

 

 

1.0 Introduction  

 

 Maintaining safe and comfortable working conditions underground can be difficult because 

there are many parameters that affect the underground mine climate. When designing and maintaining 

ventilation and cooling systems for underground applications, ventilation engineers perform underground 

surveys to collect ventilation and climatic data including air volumes (Q), barometric pressures (BP), dry 

bulb temperatures (Td), relative humidity readings (RH) and wet-bulb temperatures (Tw). These parameters 

are necessary to assess work comfort and understand the underground mine environment. However, 

collecting the data in the production workings, dead-end developments, along haulage drifts, and throughout 

the mine can be time-consuming. 

 The ACR monitoring units have the ability to collect continuous readings for barometric 

pressure, dry bulb temperature and relative humidity for a limited period of time.  The length of time and 

amount of data that can be stored is limited by the sensorôs memory capacity. Some typical lengths for data 

collection include 1-minute time steps collected for 2 weeks, and 2-minute time steps collected for 4 weeks. 

The wet-bulb temperature can then be calculated from barometric pressure, RH and Td readings. This method 

of data collection is an improvement over sporadic handheld measurements, but it still has its disadvantages. 

The ACR sensors can collect data, but the data must be extracted from the sensors. This means that the 

sensors still have to be deployed, backed up to extract data and then redeployed at a location of interest. This 

procedure can still be time consuming though a larger data set will be collected with less effort than handheld 

devices. However, the use of the ACR sensors in conjunction with neural networks have the ability to analyze 

large data sets and predict Tw at the bottom of intake shafts by using surface climatic data. In addition, for 

future underground mines, the only way to accurately predict the dry bulb temperature (Td) and the wet-bulb 

temperature (Tw) at the bottom of a vertical airway (e.g., intake shaft) is by means of a ventilation software 

package, which takes into account the Thermal Flywheel Effect (TFE), or by means of neural networks. 

Presently, the implementation of thermal flywheel in specialized ventilation simulators is an ongoing process. 

Consequently, the ability to predict the dry bulb temperature (Td) and the wet-bulb temperature (Tw) at the 

bottom of an intake shaft by means of neural networks based on the surface air temperature (Td, Tw) and 

relative humidity (RH) readings becomes extremely important when trying to assess whether a cooling 

system would be necessary to provide adequate work conditions in the production stopes and throughout the 

future underground mine. 

 The necessity for Tw prediction by means of neural networks stems from the uncertainty of 

the Thermal Flywheel Effect (TFE) which is defined by as a phenomenon along intake airways that tends to 

dampen out the effects of surface air temperature variation as we follow the downcasting air into a subsurface 

facility (McPherson, 2012). The TFE can be witnessed through a comparison of the Td as seen in Figure I. 

However, Tw is a more important parameter than Td in mine ventilation and cooling system design because 

worker-cooling-capability and cooling system reject temperatures are based on Tw (Bluhm, von Glehn, & 

Smit, 2003). Figure I shows the fluctuation of both Tw and Td at the shaft intake and the shaft bottom. A 

damping effect and phase shift can be seen in the comparison of Td, while only a phase shift can be seen with 

Tw. Both anomalies are results of the TFE and the goal is to be able to predict the shift and damping anomalies 

of the TFE through accurate prediction of Tw at the shaft bottom by using the data collected at the top of the 

intake shaft.  
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Figure I. Thermal Flywheel Effect: Shaft Intake vs. Shaft Bottom comparing wet bulb (Tw) and dry bulb 

(Td) temperatures 

The ability to predict Tw at the bottom of the shaft using surface data is a powerful and useful for ventilation 

engineers as well as those working and operating the mine. While the ventilation engineer can take ventilation 

and climatic point measurments at the bottom of the shaft in an existing mine, the only way to predict the Td 

and Tw at the bottom of the intake shaft in a yet to be constructed (future) underground mine is by means of 

an advanced climatic software package, or by means of neural networks.The ability to predict Tw is powerful 

because data can be collected more readily on the surface and is exposed to a less harsh envornment on the 

surface when compared to underground. While the ventilation engineer can take climatic point 

measurements, the ability to be able to predict Tw at the bottom of the shaft allows for future design and a 

better understanding of the continuous climatic conditions.  

2.0 NARX 

 

Three climatic data sets from three separate underground mine intake shafts in Nevada were 

analyzed using Nonlinear Autoregressive with an Exogenous Input Neural Networks (NARXNN). 

MATLAB® was the computational environment used to analyze the NARXNN. The nonlinear 

autoregressive network with exogenous inputs (NARX) is a recurrent dynamic network, with feedback 

connections enclosing several layers of the network and is based on the linear ARX model, which is 

commonly used in time-series modeling (MATLAB, 2019b). The NARX is a variant of artificial neural 

networks (ANN) called a recurrent neural network that can be considered a form of machine learning 

(Siegelmann, Horne, & Giles, 1997). The equation used for the NARX model can be seen in Equation 1: 

ώὸ Ὢώὸ ρȟώὸ ςȟȣȟώὸ ὲ ȟὼὸ ρȟὼὸ ςȟȣȟὼὸ ὲ  (1) 
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where the dependent output is y(t), x(t) is the independent exogenous inputs, t is the time step, nx and ny are 

the input and output order and Ὢ is a nonlinear function that is approximated by a Multilayer Perceptron using 

the feedforward network in MATLAB® to approximate this function (Narendra & Parthasarathy, 1990; 

Chen, Billings, & Grant, 1990; Siegelmann, Horne, & Giles, 1997).  

The structure of the neural networks can be seen in  Figures 2 and 3. Neural networks have input 

nodes (x(t) & y(t)), hidden layers which contain hidden neurons and output nodes (y(t) located at the right of 

Figures 2 and 3). The hidden layers are the computational locations of the neural network. The hidden layers 

and specifically the hidden neurons are assigned weights and biases which are capable of adapting the exact 

parameters that are modified by the neural network during the training process (Roghanchi & Kocsis, 2018; 

MacKay, 1992; Khodabandehlou & Fadali, 2016). Training is the ñlearningò step of a neural network in 

which weights and biases are assigned to neurons and changed by the network to limit loss or error (Torres, 

2018). The additional testing stage tests the network without reassigning weights and bias. There is still 

feedback from the data, which tests the network but not as rigorously as the step-ahead testing which 

eliminates data feedback. 

All of the training is completed in open loop (also called series-parallel architecture) as well as the 

validation and testing steps. Figure II shows the structure of the open loop (series-parallel) network.  

 

 
Figure II . Open Loop (Series-Parallel) Architecture 

 

The approach is to create the network in open loop, and once it has been trained it is analyzed in closed loop 

(also called parallel architecture) for step-ahead prediction. Figure III shows the network in closed loop 

(parallel architecture).  

 

 
Figure II I. Closed Loop (Parallel) Architecture 

 

In order for the parallel response (iterated prediction) to be accurate, it is important that the network be trained 

so that the errors in the series-parallel configuration (step-ahead prediction) are very small (MATLAB, 
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2019b). The performance of the network using step-ahead prediction in closed loop determines the usefulness 

of the NARXNN in predicting Tw at the bottom of the intake shaft. 

3.0 Methods 

 

The data sets were collected using ACR Smart Reader Plus 4 data loggers placed on the surface and 

at the bottom of the 3 intake shafts. The parameters for each shaft can be seen in Table I. The shafts shown 

in Table I have varied diameters and deal with various quantities of air. The three shafts give a good variety 

to test the NARXNN. 

Table I. Shaft Parameters 

 

Shaft 

diameter 

(m) 

Shaft area 

(m2) 

Shaft 

depth (m) 

Airflow 

Quantity 

(m3/s) 

Shaft #1 7.3 41.9 503 205 

Shaft #2 6.7 35.3 579 241 

Shaft #3 5.5 23.8 533 425 

 

The data sets for each shaft were analyzed individually. Each network was trained with 70% of the data with 

the remaining data being used for testing. The networks were trained using Bayesian Regularization because 

air temperature data can be particularly noisy. The Bayesian regularized artificial neural networks typically 

require more time, but result in a robust generalization for difficult, small or noisy datasets (MATLAB, 

2019b).  

 The NARXNNs were structured with 30 neurons to complete all analyses. It is mentioned that 30 

neurons allowed for an accurate analysis of the data sets without additional complexity or model run time. 

The delay number selected for the NARXNNs was 20 and this value was determined through trial and error 

by running the NARX models. Increasing the number of delays improves the prediction of the NARX model, 

but also adds to computational time of the NARXNN (Beale, Hagan, & Demuth, 2010). The delays 

essentially store previous values of the sequence determined by the network (x(t) and y(t)).  

 To analyze and compare the results of the NARXNNs, the coefficient of determination (R2) and the 

mean squared error (MSE) are used. The equations for R2 and MSE are shown in equations 2 and 3, 

respectively.  

Ὑ ρ  
Вώ ώ

Вώ ώ
 

(2) 

 

 

ὓὛὉ
ρ

ὲ
 ώ ώ  

(3) 

 

 

In equations 2 and 3, yi is the measured data, ώ is the predicted values from the NN, and n is the number of 

data points. 

 The three data sets will correspond to three intake shafts (Shaft #1, Shaft #2 and Shaft #3) at three 

different underground mines in Nevada. The importance of analyzing three data sets is to test the flexibility 

of using NARX on more than one mine and location. This adds validity to the effectiveness of implementing 

NARX for future mines. Shaft #1 corresponds to data measured at 2-minute intervals for 2 months, Shaft #2 

corresponds to data measure at 2-minute intervals for 1 month and Shaft #3 corresponds to data measured at 
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1-minute intervals for 2 weeks. The difference in the data collected does not affect the NARXNNs because 

the time-step is consistent in all cases.  

 Each shaft data set was trained and tested with the full data set minus an equivalent of around one-

half day of data, which was again run in open loop. The data from the last day was used to complete additional 

testing of the neural network also run in open loop. This additional testing is a preliminary test of the neural 

network that still relies on the feedback loop. Finally, the NARXNN is run in closed loop and the step-ahead 

testing is performed, which is a prediction of the Tw at the bottom of the shafts. For accuracy and legitimacy 

to prove that the neural network works with no output feedback, the neural network used is not trained with 

the data from the last half day. If data from the last half day were used in training, the model would not be 

predicting unknown values. The important parameters for this study are the outputs of the step-ahead testing 

prediction. A flow chart of the stages can be seen in Figure IV. 

 

Figure IV. NARX Methods Flow Chart 

In addition to using R2 and MSE to compare the effectiveness of the NARXNN models, the neural 

networks are also assessed using óerror autocorrelationô and óerror histogramô for the training and testing 

stage as well as the additional testing stage. An error autocorrelation plot shows how time series elements are 

related or correlated with one another with the graph showing lag vs. correlation (Anderson & Semmelroth, 

n.d.). If a bar rises significantly above the 95% confidence line it is deemed statistically significant meaning 

that there is some correlation between the data (Anderson & Semmelroth, n.d.). Any bars that fall within the 

95% confidence interval are deemed statistically insignificant, and also random which is important 

statistically for many time series statistical tests (Anderson & Semmelroth, n.d.). The error histogram plot is 

a more straightforward representation showing the error from the output compared to the targets vs. the 

number of instances these occur. Large errors and values well above zero error would indicate an issue with 

the model and the NARXNN should be adjusted by either altering the delays or the number of neurons ï this 

is a solution for adjusting issues with the error autocorrelation as well. 

4.0 Results 

 

 The results for all stages of the NARXNN analysis can be seen in Table II. The three shafts with 

their respective R2 and MSE values are shown in Table II for an effective comparison.   

ÅOpen Loop

ÅTrained with Full Data 
Set

ÅTested with Full Data Set

Training and 
Testing Stage

ÅOpen Loop

ÅTrained with Full Data 
Set Ƅ ~1 day

ÅTested with ~1/2 day

Additional 
Testing Stage ÅUsed Trained Data Set 

from previous stage (Full 
Data Set Ƅ ~1/2 day)

ÅClosed Loop

ÅPredicted future time 
steps Step-Ahead 

Testing
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Table II . NARX Results 

 

The following subsections show the outputs for the NARXNN for the three shafts and indicate how the values 

in Table II were obtained.  

4.1 Shaft #1 

4.1.1 Training and Testing Stage 

 The training and testing data for the NARXNN can be seen in Figure V. The blue points are the 

training data while the red data is the testing data. There is no validation data because Bayesian Regularization 

does not rely on validation steps like Levenberg-Marquardt would. The point marker represents the target 

and the plus marker represent the outputs. While there are many data points that are hard to decipher, the 

results for the training data are an MSE of 0.019 and an R2 of 0.994 and for the testing data an MSE of 0.053 

and an R2 of 0.984 (seen in Table II). This means that there is very low error and a good fit of the data. The 

error plot seen in Figure V shows the difference between the output and target values. Overall, the NARXNN 

did an excellent job of understanding the data in the training and testing stage for Shaft #1. 

 Figure VI shows the error autocorrelation plot for Shaft #1. This graph shows lag vs. correlation. 

The majority of the lag bars fall within the 95% confidence interval, with some just above at lags ±4 and ±5. 

This means that the model is adequate and there are not many spikes that are statistically significant in terms 

of autocorrelation (Anderson & Semmelroth, n.d.; Beale, Hagan, & Demuth, 2010). The autocorrelation with 

 

 

Training Testing 

Additional 

Testing 

Step-

Ahead 

Testing 

MSE R
2

 MSE R
2

 MSE R
2

 MSE R
2

 

Shaft #1 0.019 0.994 0.053 0.984 0.014 0.983 0.323 0.750 

Shaft #2 0.004 1.000 0.014 0.999 0.003 0.990 0.112 0.831 

Shaft #3 0.004 0.999 0.018 0.998 0.002 0.9997 0.372 0.820 

Figure V. Shaft #1: Training and Testing Stage 
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zero lag will always be large because this represents the correlation between each data point and itself 

(Anderson & Semmelroth, n.d.). 

 

Figure VI. Shaft #1: Training and Testing Stage, Error Autocorrelation 

The errors vs. the number of instances these errors occur can be seen in Figure VII. Again, there is no 

validation when using Bayesian Regularization. Based on Figure VII, there are many instances of errors, but 

the errors are small. 

 
Figure VII . Shaft #1: Training and Testing Stage, Error Histogram 
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Based on the analysis from Figures V-VII, the NARXNN works well at representing the data in the training 

and testing stages. As a result, the additional testing stage can be completed to test the model further. 

4.1.2 Additional Testing Stage 

 Figure VIII shows the additional testing stage of the NARXNN for Shaft #1. The targets are shown 

as points and the outputs are shown as plus signs. The errors are larger in the additional testing stage when 

compared to the training and testing stage, but the MSE at 0.014 and the R2 at 0.983 are still very good, 

reflecting representative values of the data. 

 

Figure VIII . Shaft #1: Additional Testing Stage 

Figure IX shows the autocorrelation plot for the additional testing stage of Shaft #1. All lag bars are within 

the 95% confidence interval, therefore there is no statistical significance and the model is adequate. 
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Figure IX. Shaft #1: Additional Testing Stage, Error Autocorrelation 

Figure X shows that there is a normal distribution of error. The error histogram shows that there is a range of 

errors around 0, but again the error values are small. The NARXNN is working well through all of the testing 

and will now be tested once more in the step-ahead prediction stage. 

 

Figure X. Shaft #1: Additional Testing Stage, Error Histogram 
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4.1.3 Step-Ahead Testing Stage 

 

 Figure XI shows the results for the closed loop, step-ahead testing of the NARXNN for Shaft #1. 

The collected data is shown in red and the NARX prediction is shown in blue. The MSE and R2 for the step-

ahead testing stage are 0.323 and 0.750, respectively. These results are not perfect, but the error is relatively 

low and the NARX data matched the trends of the stochastic temperature data. Given the ñrandomnessò of 

the data, this is a powerful result. 

 

Figure XI. Shaft #1: Step-Ahead Testing Results 

4.2 Shaft #2 

4.2.1 Training and Testing Stage 

 

 The training and testing data for the NARXNN can be seen in Figure XII. The blue points are the 

training data while the red data is the testing data. The point marker represents the target and the plus marker 

represent the outputs. The results for the training data are an MSE of 0.004 and an R2 of 0.9999 (near 1) and 

for the testing data an MSE of 0.014 and an R2 of 0.999 (seen in Table II). This means that there is very low 

error and a good fit of the data. The error plot seen in Figure XII shows the difference between the output 

and target values. Overall, the NARXNN did an excellent job understanding the data in the training and 

testing stage for Shaft #2. 
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Figure XII . Shaft #2: Training and Testing Stage 

Figure XIII shows the error autocorrelation plot for Shaft #2. This graph shows lag vs. correlation. The 

majority of the lag bars fall within the 95% confidence interval, with some just above at lag ±5. This means 

that the model is adequate and there are not many spikes that are statistically significant in term of 

autocorrelation (Anderson & Semmelroth, n.d.; Beale, Hagan, & Demuth, 2010).  

 

Figure XIII . Shaft #2: Training and Testing Stage, Error Autocorrelation 
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Figure XIV shows the errors vs. the number of instances these errors occur. Again, there is no validation 

when using Bayesian Regularization. Based on Figure14, there are many instances of errors, but the errors 

are small. 

 

Figure XIV . Shaft #2: Training and Testing Stage, Error Histogram 

Based on the analysis from Figures XII-XIV, the NARXNN works well at representing the data in the training 

and testing stages. The additional testing stage can now be completed to test the model further. 

 

4.2.2 Additional Testing Stage 

 

 Figure XV shows the additional testing stage of the NARXNN for Shaft #2. The targets are shown 

as points and the outputs are shown as plus signs. The errors are comparable in the additional testing stage 

when compared to the training and testing stage, and the MSE at 0.003 and the R2 at 0.990 are still very good, 

representative values of the data. 
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Figure XV. Shaft #2: Additional Testing Stage 

Figure XVI shows the autocorrelation plot for the additional testing stage of Shaft #2. All lag bars are within 

or close (±3 lag, ±17 lag) the 95% confidence interval, therefore there is no statistical significance and the 

model is adequate. 

 

Figure XVI . Shaft #2: Additional Testing Stage, Error Autocorrelation 
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Figure XVII shows that there is a normal distribution of error. The error histogram shows that there are a 

range of errors around 0, but again the error values are small. The NARXNN is working well through all of 

the testing and will now be tested once more in the step-ahead testing stage. 

 

Figure XVII . Shaft #2: Additional Testing Stage, Error Histogram 

4.2.3 Step-Ahead Testing Stage 

 

 Figure XVIII shows the results for the closed loop, step-ahead testing of the NARXNN for Shaft 

#2. The collected data is shown in red, and the NARX prediction is shown in blue. The MSE and R2 for the 

step-ahead testing stage are 0.112 and 0.831, respectively. These results are not perfect, but the error is 

relatively low, and the NARX data matched the trends of the stochastic temperature data. The NARXNN 

gave a better prediction for Shaft #2 than it did for Shaft #1. Overall, this is another powerful result with 

increased accuracy.  
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Figure XVIII . Shaft #2: Step-Ahead Testing Results 

4.3 Shaft #3 

4.3.1 Training and Testing Stage 

 

 The training and testing data for the NARXNN can be seen in Figure XIX. The blue points are the 

training data, while the red data is the testing data. The point marker represents the target and the plus marker 

represent the outputs. The results for the training data are an MSE of 0.004 and an R2 of 0.9999 (near 1) and 

for the testing data, an MSE of 0.018 and an R2 of 0.998 (seen in Table II). This means that there is very low 

error and a good fit of the data. The error plot seen in Figure XIX shows the difference between the output 

and target values. Overall, the NARXNN did an excellent job of understanding the data in the training and 

testing stage for Shaft #3. 
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Figure XIX . Shaft #3: Training and Testing Stage 

Figure XX shows the error autocorrelation plot for Shaft #3. This graph shows lag vs. correlation. The 

majority of the lag bars fall within the 95% confidence interval, with some just above at lag ±10. This means 

that the model is adequate and there are not many spikes that are statistically significant in term of 

autocorrelation (Anderson & Semmelroth, n.d.; Beale, Hagan, & Demuth, 2010). 

 

 

Figure XX. Shaft #3: Training and Testing Stage, Error Autocorrelation 
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Figure XXI shows the errors vs. the number of instances these errors occur. Again, there is no validation 

when using Bayesian Regularization. Based on Figure XXI, there are many instances of errors, but the errors 

are small. 

 

Figure XXI . Shaft #3: Training and Testing Stage, Error Histogram 

 

4.3.2 Additional Testing Stage 

 

Figure XXII shows the additional testing stage of the NARXNN for Shaft #3. The targets are shown 

as points and the outputs are shown as plus signs. The errors are comparable to the additional testing stage 

when compared to the training and testing stage, and the MSE at 0.002 and the R2 at 0.9997 are still very 

good, representative values of the data. 

 

Figure XXII . Shaft #3: Additional Testing Stage 
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Figure XXIII shows the autocorrelation plot for the additional testing stage of Shaft #3. All lag bars are within 

or close the 95% confidence interval, therefore there is no statistical significance and the model is adequate. 

 

 

Figure XXIII . Shaft #3: Additional Testing Stage, Error Autocorrelation 

Figure XXIV shows that there is a small window of errors but many instances of the errors. The error 

histogram shows that there are a range of errors around 0, but again the error values are small. The NARXNN 

is working well through all of the testing and will now be tested once more in the step-ahead testing stage. 

 
Figure XXIV . Shaft #3: Additional Testing Stage, Error Histogram 
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4.3.3 Step-Ahead Testing Stage 

 

 Figure XXV shows the results for the closed loop, step-ahead testing of the NARXNN for Shaft #3. 

The collected data is shown in red and the NARX prediction is shown in blue. The MSE and R2 for the step-

ahead testing stage are 0.372 and 0.820, respectively. These results are not perfect, but the error is relatively 

low and the NARX data matched the trends of the stochastic temperature data. The NARXNN gave a better 

prediction for Shaft #3 than it did for Shaft #1 but not as good of a prediction as Shaft #2. Overall, this is 

another powerful result with acceptable accuracy. 

 

Figure XXV . Shaft #3: Step-Ahead Testing Results 
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5.0 Recommendations 

To make the predictions of NARX more accurate, additional data needs to be collected for the intake 

shaft of interest. The results presented within this paper are only the beginning of the data a mine should use 

when building a database. Some recommendations are listed below: 

¶ When completing ventilation surveys or other data collection tasks, place an ACR monitoring unit 

at the bottom of the intake shaft and keep an ACR placed on the surface. 

¶ Collect data to fill the ACR memory. 

¶ Compile and keep a large data set (database) of all values collected on the ACR for the surface and 

for the bottom of the intake shaft. 

¶ Continuously utilize the NARX network to update the Tw used for designs if it appears the model is 

accurate (this is discussed in detail in previous sections). 

¶ *Once a larger data set is compiled, fewer ACRs will need to be set up at the bottom of the shaft 

because Tw will be able to be predicted from surface Tw. 

*Note: An occasional ACR will need to be placed at the bottom of the shaft even if a larger data set 

is compiled just to keep the NARXNN up to date. 

 

6.0 Conclusions 

Predicting the wet-bulb temperature (Tw) of the intake air at the bottom of intake shafts is very 

difficult because of the Thermal Flywheel Effect. Until now, it had been difficult to predict Tw accurately 

because of the stochastic nature of the data. The utilization of Nonlinear Autoregressive with an Exogenous 

Input Neural Networks (NARXNN) make it possible to accurately predict the Tw of the mine air at the bottom 

of intake shafts at various Nevada mines based on surface wet  bulb temperature  (Tw). Three data sets for 

different intake shafts at Nevadaôs underground mines were analyzed using NARX. The results for the 

predicted data using closed loop step-ahead prediction showed acceptable error as well as definitive trend 

following of the collected data. The root-mean squared errors (RMSE=ãMSE) for Shafts #1-3 were 0.57 °C, 

0.33 °C and 0.61 °C, respectively. These errors are low and are good predictions of the actual underground 

environment. Without the accurate prediction using NARX it has been shown that when the thermal flywheel 

effect is not accounted for, the difference between simulated and measured air temperatures at the bottom of 

intake shafts can vary from 6°C to 10°C (Roghanchi, 2017; Kocsis & Hardcastle, 2010). The results presented 

open up possibilities to used NARXNN to predict Tw at the bottom of intake shafts at other mines. The 

prediction of Tw at the bottom of mine intake shafts is important because this air temperature is the basis for 

designing a potential cooling system, as well as the ventilation systems. For future underground mines, which 

are at the feasibility study stage, if the wet-bulb temperature (Tw) at the bottom of intake vertical airways is 

inaccurately predicted, the climatic conditions in the production workings and throughout the mine would be 

erroneous. This could lead to overdesigning or under-designing the ventilation system, or the potential 

cooling system, which would significantly affect the viability of the future operation, or the work conditions 

in the production stopes, respectively. It should also be noted that the wet-bulb temperature (Tw) generated 

by means of NARXNN at an existing mine can only be used for future underground mines within the same 

mining region with similar surface climate, virgin rock temperature (VRT), and rock thermal properties. 

The power of NARX originates from the relations the network can decipher in large data sets. 

NARX has the ability to keep the ventilation engineer up to date on the climatic environment because the 

predictions can be made as step-ahead predictions. Predicting the wet-bulb temperature (Tw) with NARX, 

while taking into account the thermal flywheel effect (TFE) can eliminate any guesswork in determining 

which value of Tw should be used for climatic modeling and mine design purposes. NARX increases the 

accuracy of air temperature prediction at the bottom of vertical intake airways, and coupled to a climatic 

simulator can help design efficient ventilation and cooling systems in order to improve safety and health, 

while reducing energy consumption in underground mines. 
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3.3 Conclusions 

 

 NARXNN are very powerful and useful for the assessment and prediction of underground climatic 

parameters, namely wet-bulb temperature (Tw). NARX is a type of recurrent neural network, which are 

effective for time series data because of their recurrent architecture as well as their robustness to noise in 

nonlinear data sets (Xie, Tang, & Liao, 2009). NARX were chosen from the class of recurrent neural networks 

because they use a nonlinear activation function, which is useful for stochastic data. Chapter 3 creates a 

solution to the problem identified in Chapter 2. NARXNN are able to accurately model stochastic Tw data 

and also predict its future value. Being able to accurately model and then predict Tw is useful for a correct 

understanding of the subsurface thermal climate and planning of future ventilation and cooling requirements. 

Tw is a more important parameter to assess than the Td because it is the parameter that is frequently used to 

design efficient ventilation and cooling systems. 

 The NARXNN step-ahead prediction for the three shafts show a slight lag or advance between the 

model outputs and the data. This difference is likely due to the stochastic nature of the data that NARX is 

modeling. NARXNN models, like most neural networks, perform better with large data sets. The data 

collected for this study was large, but the NARXNN would continue to perform better with added data. The 

error associated with the lag or advance would decrease with added data. The reason the errors are likely a 

lack of data is that there is evidence of the NARXNN lagging in Shafts #2 and #3, but the NARXNN 

advancing ahead of the data in Shaft #1. This would indicate some uncertainty in the model, but not a 

consistent trend of lagging or advancing in the three cases. Although there is some shifting in the data, the 

errors were still low with the root-mean squared errors (RMSE=ãMSE) for Shafts #1-3 equaling 0.57°C, 

0.33°C and 0.61°C, respectively. 

 The NARXNN performed better than VentsimÊ or ClimsimÊ when compared to the actual 

climatic data for Shaft #3. This statement is supported by the comparison of outputs by VentsimÊ, 

ClimsimÊ and the NARXNN for Mine A (Chapter 2) and Shaft #3 discussed within this chapter. Shaft #3 

is the intake shaft for Mine A. For the Shaft #3 data collected within the date range corresponding to the 

NARXNN step-ahead prediction, April 18, 2019 to April 19, 2019, the average wet-bulb temperature (Tw) 

was 13.94°C. The Tw output for ClimsimÊ only showed values for summer (29.11°C) and winter (28.11°C), 

but the values did not fluctuate for the seasons. If we average these outputs to obtain a simple prediction for 

April, the Tw would be 28.61°C. The Tw output for VentsimÊ was 6ÁC during mid-April. Finally, the average 

NARXX prediction was 13.48°C. The comparison and differences of the models can be seen in Table I. 

 

Table I Thermal Flywheel Effect Comparison Including NARXNN 

 Shaft #3 

 Data NARXNN VentsimÊ ClimsimÊ 

Tw (°C) 13.94 13.48 6 28.61 

Model 

Error (°C) 
 -  

-0.46 -7.94 14.67 

 

The negative values for óModel Errorô in Table I would indicate and under-designed system because the 

system would be designed based on a lower temperature creating an unsafe thermal climate. The positive 

óModel Errorô shown for ClimsimÊ would be significantly overdesigned, leading to a system that costs large 

monetary sums. Table I shows how much more accurate the NARXNN is when compared to the commercial 

modeling software. The error of 0.46°C is also very close to the RMSE of 0.61°C discussed above for Shaft 

#3, which shows consistently low error. 

 

Significance of Study 

 The utilization of NARX to predict Tw is a new application of neural networks and climatic modeling 

within the mining field. It is a practical application of NARX because of the time-series dependent data. It is 

also a practical application of NN because there is a large amount of data that was input into the NN. If there 

is not enough data present, the NN will not be able to learn from the data and determine connections. The 

study has the advantage of analyzing three different mine intake shafts. This adds a level of robustness to the 
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outcome because the results are flexible and can be applied to many locations. The flexibility of NARXNN 

presents a significant advantage for application as well as encouraging the stake of multiple mines.  

This work is unique and insightful because it is difficult to collect continuous climatic data for intake 

shafts and to analyze and obtain applicable results. NARXNN can be applied to any mine in which large data 

volumes are collected. Data is typically collected at 1- or 2-minute intervals for a total of 1 month. If longer 

collection time periods are required (around 2 months), the sampling rate could be increased to 5-minutes. 

Additionally, data could be applied to future underground operations in order to provide accurate predictions 

for mine pre-feasibility and feasibility studies. The results of NARXNN are site specific because the data is 

only being used from one location. The modeling software discussed in Chapter 2 were able to predict the 

damping effect but not the phase shift of the TFE. The NARXNN incorporates both terms into the output 

because the NARXNN is interpreting real climatic data. The utilization of NARXNN has the ability to predict 

the subsurface thermal climate, whether the TFE is present or not. While it is useful to know if the TFE is 

present within a mine, it is not necessary if applying NARXNN because NN learn from patterns within the 

data regardless of the complexity. 

 

Limitations of Study 

The specificity of the NARXNN creates some limitations for modeling work. As mentioned, 

NARXNN analyses are site specific. This limits the ability to use the NARX model for mines that do not 

have similar geological and thermal environments. The network can be retrained with data from a different 

mine, but a new thermal climate database would need to be developed and data would need to be collected 

for the new mine. If the thermal environment is unknown, say in a new mine, it is a better prediction than 

omitting the effects of the thermal flywheel. Another limitation is the complexity of the NN. Mining 

engineers rarely have the time or desire to learn a new modeling environment or programming language. 

Neural networks are powerful, but they can be described as óblack boxesô because the user is not able to 

interpret the relationships and patterns formed by the NN. This is not unique to this NN, but worth mentioning 

as a limitation. Finally, data collection is a necessity with NN. An up-to-date climatic database needs to be 

kept up to enable the NN provide accurate output data. So, even though the model is predicting future data, 

data collection will always be necessary. To defend this idea, most modeling work always requires more 

data. This is the unfortunate fact about trying to interpret and predict a natural phenomenon.  
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Chapter 4. Utilization and Implementation of Geothermal Systems and Ground 

Source Heat Pumps for Underground Mine Cooling 
 

4.1 Introduction 

 Cooling systems at underground mines can vary as a function of mining depth, the combined heat 

load of the mine, and the distance of the active stopes from the intake fresh airways. Bulk air cooling and 

spot cooling are used extensively in Nevadaôs underground mines. These systems are effective but require a 

large amount of energy and work by combatting heat. Chapter 4 discusses alternative cooling for mines that 

not only cools but utilizes waste heat in the mine. So, instead of combatting heat, the systems, specifically 

ground source heat pumps and Organic Rankine Cycles (ORC), use waste heat to cool the mineôs intake air 

during summer. The importance of utilizing waste heat is that if waste heat is used, less waste heat enters 

areas with mine workers. So, not only are you cooling the ventilating air, you are also eliminating waste heat 

from entering the working areas. Additionally, Chapter 4 discusses modeling the heat flux and identifying 

the underground mines that have the capability of utilizing such systems based on current mining conditions. 

 Waste heat utilization is studied outside of the mining industry and Organic Rankine Cycles are a 

popular system to utilize waste heat (Maizza & Maizza, 2001). Therefore, the strategy for using ORC in 

mining was selected by combining the understanding that these systems can be used to harness waste heat 

and the fact that underground mines have a large waste heat potential. There are other applications of utilizing 

mine waste heat such as exhaust smoke from a coal gangue brick factory (Bao, Wang, Wang, & Yu, 2017).   

 Chapter 4 ties in with Section I because obtaining a firm understanding from modeling work 

(Chapters 2 and 3) assists with understanding the design temperature of ground source heat pumps, Organic 

Rankine Cycles and established cooling systems. The alternative systems rely on accurate climatic modeling 

and understanding for efficient performance.  
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UTILIZATION AND IMPLEMENTATION OF GEOTHERMAL SYSTEMS AND GROUND 

SOURCE HEAT PUMPS FOR UNDERGROUND MINE COOLING  

 

ABSTRACT 

 

Many deep and highly mechanized underground metal mines require cooling.  In many cases, 

appropriate working conditions might be fulfilled by ventilation alone, but some require the implementation 

of cooling systems.  The most common cooling systems are bulk air cooling and localized cooling.  These 

systems are effective, but they use considerable amounts of electricity.  Ground source heat pumps (GSHP) 

can supplement existing cooling and heating systems, while geothermal systems can cool the mines in their 

entirety if there are significant sources of geothermal energy are present.  A major advantage of geothermal 

and GSHP systems are their renewability, which reduces the carbon footprint of the mine. 
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1.0 INTRODUCTION  

 

The western United States has abundant alternative energy sources, including a high potential for 

geothermal energy.  Geothermal utilization is a viable energy alternative that many areas throughout the 

world have access to because high geothermal potentials are located near areas of volcanic activity such as 

along plate boundaries, mid-oceanic ridges, rift valleys and hot spots (IRENA, 2017).  There is significant 

potential to use geothermal energy for many applications.  With constantly evolving and innovative 

technologies being developed, an increasing number of geothermal applications are becoming feasible.  The 

western United States is an ideal candidate for alternative energy applications due to the geothermal 

availability and the emergence of modern technology.  This paper investigates the incorporation of renewable 

methods and the alternative energy possibilities of Barrick Goldstrike, located in northern Eureka County, 

NV and Rio Tinto/BHP Billitonôs Resolution Copper mine located in Superior, AZ. 

 

2.0 RENEWABLE SYSTEMS 

 

2.1 Geothermal Systems  

 

Geothermal temperatures are typically defined as either high or low temperature systems (Shengjun, 

Huaixian, & Tao, 2011).  The high-temperature reservoirs (>220°C / 428°F) are feasible for large, 

commercial production of electricity with dry stream and flash stream systems (Shengjun, Huaixian, & Tao, 

2011).  Low temperature systems, below 220°C (428°F) (Shengjun, Huaixian, & Tao, 2011), are much more 

difficult to use for energy production.  Low-temperature reservoir heat can be harnessed through the 

implementation of a binary cycle plant.  The working fluid for a binary cycle plant is either organic (Organic 

Rankine Cycle (ORC)) or an ammonia-water mixture (Kalina cycle).  Organic fluids and ammonia-water 

mixtures have low boiling points that allow for the recovery of heat from low-temperature sources (Eymel 

Campos Rodriguez, et al., 2013).  The efficiency of the binary cycle plant varies depending upon the fluid; 

thus, the proper selection of the fluid is critical for maximum energy output.   

 

The ORC technology is suitable for heat recovery at temperatures as low as 70°C (158°F) with 

electric energy outputs of 3.3 kW when coupled with a scroll type expander and a diaphragm pump 

(Kosmadakis, et al., 2016).  At low temperatures, the ORC efficiency is low, between 4% and 6% 

(Kosmadakis, et al., 2016), but it can still be a cost-effective method for waste heat recovery.  The systems 

discussed within this paper are considered small-scale ORC because they must fit within an underground 

mine.  However, ORC systems can be scaled up or down depending on the demand and the space available.   
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Theoretically, small-scale ORC machines should be placed at the sump (the underground location where 

mine water is collected) to provide the ORC system with sufficient water.  The water in the sump absorbs 

heat from the strata creating a locale for waste heat that can be exploited by the ORC system.  The objective 

is to harness the electricity created from the ORC to supplement the power requirements for spot cooling 

and/or assist in powering a battery charging station for battery-powered mining equipment.  The power 

requirements for a spot cooler can range depending upon the design and application.  The spot cooler 

implemented at Goldstrike requires 75 kW of power (Barrick Goldstrike, 2018).  The ORC system mentioned 

previously (3.3 kW power generation) would not be able to completely power the Goldstrike spot cooler or 

a charging station, but it could assist with the power demand.  However, if the ORC system were to be scaled 

up and optimized through the selection of the proper working fluids, more power could be claimed from the 

system.  Underground mine applications of ORC will be discussed for both Barrick Goldstrike and Resolution 

Copper Mine. 

 

2.1.1 Applications of geothermal systems 

 

Barrick Goldstrike Mine 

 

Much of the western United States has the possibility of geothermal energy with Nevada having one 

of the most significant potentials (Roberts B. , 2016).  Geothermal energy is being used in many areas in 

Nevada as represented by the dots in Figure 1.  Figure 1 also shows geothermal favorability for the United 

States from 3 ï 10 km (1.9 ï 6.2 miles).  Based on Figure 1, all of Nevada has a high level of favorability for 

geothermal energy with much of North-eastern Nevada designated as óMost Favorable.ô   

  

 
Figure 1. Geothermal Resource of the United States (Roberts B. J., 2009) 
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Figure 2 displays the geothermal potential of Barrick Goldstrike.  The map information was obtained 

from the Nevada Bureau of Mines and Geology interactive map database.  The orange circular object found 

at the top of Figure 2 encompasses Barrick Goldstrike mine and much of the surrounding landscape.  The 

orange marking is an indication of the regional geothermal potential greater than 150°C (302°F).  This 

indicates a geothermal potential slightly lower than that of a Beowawe, a commercial geothermal area, which 

has a óHigh Local Potentialô as marked in red.  Based on a preliminary assessment using data shown in 

Figures 1 and 2, Nevada, and specifically Barrick Goldstrike, has the potential for significant geothermal 

extraction.  The mine is in the process of collecting temperature data to accurately determine the virgin rock 

temperature (VRT). 

 

The forward-in-time, centered-in-space (FTCS) finite difference model for the one-dimensional heat 

diffusion equation was developed to look specifically at the Goldstrike heat flux and geothermal gradient.   

The finite different scheme, when compared to other numerical solutions, is relatively simple, yet provides 

discrete solutions at specific points in time and space (Slingerland & Kump, 2011).  The one-dimensional 

heat diffusion equation can be seen in Equation 1.    

 

Ὀ π     (1) 

 

Equation 2 shows the final finite difference solution (FTCS) for the model which was taken from Slingerland 

and Kump, 2011, where n is the time step, T is temperature (°C), j is the iteration value and s is the diffusion 

number:   

 

Ὕ ίὝ ρ ςίὝ ίὝ   (2) 

 

The diffusion number, s, is given in Equation 2a where ȹt is the change in time (days), K is the thermal 

diffusivity (m2/day) and Ўᾀ is the change in depth (meters): 

 

ί ὑ
Ў

Ў
       (2a) 

 

The model displays a geothermal gradient extended beyond drill hole data.  The drill hole data was 

obtained from The Nevada Bureau of Mines and Geology.  The data set is from Beowawe, NV (Nevada 

Figure 2. Northern parts of Eureka County, southern parts of Elko County, NV: Barrick 

Goldstrike and Beowawe Geothermal Potential (Nevada Bureau of Mines and Geology, n.d.) 
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Bureau of Mines and Geology, 2013).  Beowawe has extensive drill hole data and is 47 km (29 miles) 

southwest of Barrick Goldstrike.  The proximity and significant geothermal presence make the drill hole data 

from Beowawe the closest representation of Goldstrike that is attainable.  There is a lack of data closer to 

Goldstrike.  The drill hole data is available for depths between 8 and 130 meters (26ï427 feet).  A line of 

best fit is matched to the data and used as a boundary condition.  The surface boundary conditions are set as 

a sinusoidal function modeling the seasonal surface temperature fluctuations.  The equation for the sinusoidal 

surface condition is given in Equation 3 where Ts is surface temperature (°C), Ὕ is mean average surface 

temperature (°C), æT is change in temperature (°C), ɤ is the sine phase period and t is time (days): 

 

Ὕ  Ὕ  ЎὝ ίὭὲ‫ ὸz    (3) 

 

Table 1 shows the parameters and the equations used to determine the variables for Equations 2, 2a and 3: 

 

Table 1. Equations and Parameters for Equations 2, 2a and 3 

Variable Equation and/or value 

4 (°C) 9.15 

Ў4 (°C) 7 

Period 365 

ʖ ς “z
ρ

ὖὩὶὭέὨ
πȢπρχς 

t (days), ȹt (days) 0-1000, 1 

Ўᾀ (meters) 1 

K (m2/day) limestone 0.0864 

 

Some additional complexity is added to the model by setting an initial temperature condition of 

25°C (77°F ï a comfortable dry bulb working temperature for the underground miners) at 687 meters (2,223 

feet ï relative depth of Goldstrike) and calculating the heat flow at various depths with respect to time.  The 

initial temperature condition of 25°C (77°F) relaxes back to the geothermal gradient showing the effect mine 

cooling has on the virgin rock temperature (see Figures 3 and 4).  Heat flux is calculated using Equation 4, 

where dT is the change in temperature (°C) and dz is the change in depth (meters).  Equation 4 assumes all 

heat is transferred within the rock via conduction. 

 

ὗ ὑᶻ         (4) 

 

The results of the modeling can be seen in Figures 3 and 4.  Figure 3 shows the results for t=7 days 

and Figure 4 shows the results for t=365 days.  A low temperature data set from Beowawe was selected to 

match the temperature data point for Goldstrike at 600 meters (1,969 feet) depth.  A temperature recorded at 

Goldstrike at 600 meters (1,969 feet) is 60°C (140°F) (Van Der Walt, Pye, Pieterse, & Dionne, 1996).  Based 

on the model outputs from the Beowawe data, at a depth of 600 meters (1,969 feet), the temperature is 59.7°C 

(139°F).  This indicates that the data is representative of Goldstrike based on the one data point available.  

The model fits the Beowawe data with an R2 value of 0.999, which reaffirms the correlation.  The purpose 

of modeling this scenario is to illustrate the significant heat at depth and the future possibility to harness this 

heat as Goldstrike progresses deeper.   

 

Currently, the water temperature at Goldstrike (between 54.4°C (130°F) and 60°C (140°F)) is 

moderately low to be used as a binary cycle energy source for electricity generation.  However, based on the 

numerical model geothermal gradient, if the mine progresses downward to a depth of 750 meters (2,461 feet), 

63 meters (207 feet) deeper than the current depth, the temperature should increase to 70°C (158°F), which 

is the minimum temperature for viable application of ORC.  The mine will continue to progress toward deeper 

ore deposits, and it is inevitable that temperatures suitable for ORC will be reached in the future.   
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Figure 3. Finite Difference Model: Beowawe Data - Early Time (7 days) 

 

 
Figure 4. Finite Difference Model: Beowawe Data - Late Time (365 days) 
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Rio Tinto/BHP Billitonôs Resolution Copper Mine 

  

 Geothermal gradient analysis and modeling is not necessary for the Resolution Copper mine because 

the temperatures of the water and rock and the geothermal gradient are well known.  The geothermal gradient 

is 2.7°C/100 meters (1.48°F/100 feet) and the temperature at 2,180 meters (7,152 feet) is 83°C (181.4°F) 

(Bluhm, Moreby, von Glehn, & Pascoe, 2014).  With such elevated temperatures, it would be advantageous 

to implement an ORC system into the Resolution Copper mine.  Unlike Barrick Goldstrike, Resolution 

Copper can implement ORC at the current temperatures and depths.  With temperature in the 83°C (181.4°F) 

range, the ORC would work more efficiently and produce more electricity making the Resolution Copper 

mine a better candidate than Goldstrike for ORC.  As with Goldstrike, the Resolution Copper Mine will 

continue to progress deeper and higher temperatures will be encountered giving way to more waste heat 

recovery, which in turn reduces the amount of heat transferred to the ventilating air. 

 

2.2 Ground source heat pump systems 

 

Many ground-source heat pump (GSHP) systems are suitable in many scenarios including 

commercial and residential applications due to their renewable potential and overall effectiveness.  GSHP 

systems are proven renewable energy sources for space heating and cooling (Sarbu & Sebarchievici, 2014).  

The temperature of the ground is relatively constant at certain depths below the frost line.  The ground is 

warmer than the air in the middle of winter and cooler than the air in the middle of summer.  Thus, the ground 

is an efficient heat source and sink depending upon the seasons.  There are many designs for heat pumps.  A 

comprehensive description of the several types of heat pumps are given by Sarbu & Sebarchievici (2014):   

¶ Air-to-air heat pumps.  These are the most common and are useful for unitary heat pumps. 

¶ Water-to-air heat pumps.  These rely on water as the heat source/sink and use air to transmit heat.   

¶ Water-to-water heat pumps.  These use water as the heat source/sink for heating and cooling.   

¶ Ground-coupled heat pumps (GCHP).  These use the ground as a heat source and sink.  Pumps 

may have a refrigerant-to-water heat exchanger or may be direct-expansion (DX).  In systems with 

refrigerant-to-water heat exchangers, a water or antifreeze solution is pumped through horizontal, 

vertical, or coiled pipes placed in the ground.  DX use refrigerant in direct-expansion, flooded, or 

recirculation evaporator circuits for the ground pipe coils. 

¶ Hybrid ground-coupled heat pump is a variation that uses a cooling tower or air-cooled condenser 

to reduce the total annual heat rejection to the ground coupling. 

 

The GCHP is a subset of the GSHP and is often called a closed-loop heat pump.  GCHP are of 

interest for underground mines because of the considerable number of applications and the flexibility of 

implementation.  These work by circulating a heat transfer fluid underground in a closed-loop.  A horizontal 

and vertical GCHP can be seen in Figure 5.   

 

 
Figure 5. a) Horizontal ground heat exchanger; b) trench or vertical ground heat exchanger  
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Another type of GSHP are heat exchanger piles which are typically integrated with building 

foundations.  A schematic representation of heat exchanger piles (also called heat pump piles or energy piles) 

can be seen in Figure 6.  Typically, pile heat exchangers are constructed as drilled shafts with the polyethylene 

heat exchanger tubing inserted into the concrete.  As water or a coolant is pumped down the piping, the 

ground is used as a heat sink.  There is work done to implement pile heat exchangers onto preexisting drilled 

shafts or driven piles (Sekine, Ooka, Yokoi, Shiba, & Hwang, 2007), which adds extra flexibility to the design 

and application.  The idea is that the exchangers are placed on the outside of the pile ï not internally.  A 

major advantage of this location is that the U-tubes are positioned outside the diameter of the pile determined 

by the structural design and the core of the piling (and concrete will be placed around the U-tubes) and will 

cause no partial loss of area of the piling and no loss in structural strength (Sekine, Ooka, Yokoi, Shiba, & 

Hwang, 2007).  Heat pump piles are discussed because they can help mine cooling and heating systems on a 

much larger scale if planned during the construction of some of the large infrastructure such as the headframe, 

fans, bulk air cooler and other surface construction.  They are more expensive than GCHP, but they have the 

ability to utilize a larger heat sink because the pileôs surface area is considerably larger, and the piles reach 

greater depths than the closed-loop system discussed above. 

 

 

2.2.1 Applications of GSHP systems 

 

GSHP are utilized for many commercial and residential applications, but there is little discussion 

regarding their cooling and heating potential for underground mines.  The specific GSHP system that is 

discussed for mining applications within this paper is the GCHP.  The GCHP, as discussed above, uses the 

soil as the heat sink medium.  These systems can be implemented in conjunction with existing mine cooling 

systems.  The versatility and flexibility of the GCHP systems make the integration invaluable.  The cooling 

system at Goldstrike Meikle mine is complex and has many processes (Figure 7).  The recommended system 

for Goldstrike is a closed loop GCHP.  The implementation of a GCHP is reasonable because GCHPs do not 

require alterations of the existing cooling system. The placement of heat pump piles is conceivable, but their 

implementation would require significant modifications to the infrastructure. 

  

To understand the most feasible placement of a GCHP at Goldstrike (specifically Meikle), the 

cooling workflow in Figure 7 must be understood.  The ambient temperature on the day this screen capture 

was taken was 2°C (35.6°F).  It is important to note that this cooling system schematic does not show the 

Structure 

Heat 

Exchanger 

Piles 

Figure 6. Schematic of heat exchanger pile 
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Figure 7. Meikle Cooling System Overview (Barrick Goldstrike, 2018)  
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system under a heavy cooling load because the screen capture occurred during the winter.  A reasonable 

analysis can be completed even though the schematic is not representative of summer temperatures.  There 

is not a single path to follow for the cooling system work flow, so Figure 7 will be analyzed by discussing 

where the water is coming from and where it is going to for each component of the system.  The main system 

components, boxed in red in Figure 7, include: Hot Water Storage Dam (Hot Dam), Precooling Tower (PCT), 

Return Water Tank (Return Tank), Bulk Air Cooler (BAC), Condenser Cooling Tower (CCT), Refrigeration 

Machines and the Cold Water Storage Dam (Cold Dam). 

Hot water from the sumps underground are pumped to the óHot Damô on surface with the water at 

54°C (129°F) (bottom right in Figure 7).  Some of this water is used to heat surface buildings, but the 

remainder is transferred to the óBAC.ô  The óBACô receives water from the óHot Dam,ô óPCT,ô óReturn Tankô 

and the óRefrigeration Machines.ô  Water from the óBACô is sent to the óRefrigeration Machines,ô óCold 

Damô and the óProduction Shaftô once the water is cooled enough to be sent back underground.  The óCold 

Damô receives water from the óPCTô and the óBACô and sends the water to ventilation/production shafts and 

to Rodeo (another production zone within Goldstrike).  The óPCTô receives water from the óReturn Tankô 

and sends water to the óBAC,ô óCold Dam,ô óCCTô and the ventilation/production shafts.  The higher the heat 

load, the higher the number of cooling processes the water must undergo.  The óCCTô receives water from 

the óPCTô and the óRefrigeration Machinesô and sends water to the óRefrigeration Machines.ô  The 

óRefrigeration Machinesô send and receive water from both the óCCTô and the óBACô which indicates the 

closed loop between the óRefrigeration Machinesô and the óBAC.ô  Finally, the óReturn Tankô receives water 

from the Rodeo óBACô and transfers water to the Goldstrike óBACô and the óPCT.ô 

 

 After the assessment of Meikleôs cooling system, the ideal placement of a GCHP would be before 

the hot water enters the óHot Dam.ô With the implementation of a GCHP the water would be cooled 

significantly.  The current piping could remain in place, but an additional coil system should be added for 

the GCHP. The current piping should remain in place because during the winter the hot water is used to heat 

surface buildings and would be cooled by the GCHP system.  However, during the summer, the water flow 

can be switched to the GCHP to take advantage of the cooling from the ground.  If the GCHP system is 

implemented horizontally the depth can be up to 2 meters (6 feet) and if implemented vertically the depth 

can be up to 183 meters (600 feet) (Office of Energy Efficiency & Renewable Energy, 2017).  At these 

depths, the ground temperatures are relatively constant around 10 °C (50 °F) (Olgun, 2015). 

 

3.0 CONCLUSIONS 

 

 The integration of geothermal energy via ORC and GSHP systems can be a viable alternative to 

traditional energy sources.  The fraction of waste heat that is currently unused can be harnessed using small-

scale low-temperature ORC systems.  As mines continue to progress deeper, the temperatures will increase, 

enabling more mines to implement such systems.  ORC and other waste heat recovery methods are not 

designed to replace conventional electricity generation, but to assist with addressing the massive demand for 

heating, cooling and battery charging in underground mines.  

 

GSHPs are another complementary system that is versatile and feasible in many parts of the world.  

GSHPs can be implemented in most of the United States because the ground temperature is constant at 

varying depths dependent upon location.  In order to determine the placement of the GSHP within a mine, an 

assessment of the current cooling system workflow is necessary.  For Barrick Goldstrike, the suggested 

implementation of the GSHP is just before the mine water enters any portion of the cooling system workflow.  

 

The theoretical application of geothermal and GSHP systems investigated within this paper indicates 

that alternative, non-conventional methods can be integrated with existing infrastructure to diversify the 

mineôs energy portfolio.  The challenge is implementing alternative systems into the mines on a large-scale.  

However, if alternative systems prove to be invaluable, the mining industry and society will benefit from the 

innovation and economic gains. 
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4.3 Conclusions 

 Alternative energy-efficient systems described in Chapter 4 have the ability to be integrated with 

existing mine cooling systems and infrastructure. A good understanding of the geothermal potential is 

necessary if ORC is used because they rely on heat sources to drive the system. The numerical modeling 

shown is important to portray the potential in heat flux that various locations have. It is a simple model, but 

it describes how much waste heat will enter into a development. ORC would use heated water coming from 

strata and cool water coming from surface to run the spot coolers. This differential is the potential used to 

drive the ORC. The volatile liquid in the ORC drives a turbine, much like geothermal systems use water to 

drive large turbines. GSHPs do not require any heat sources to be effective. All that is needed for GSHPs is 

a designated area to reject the heat into to ground.  

 The cost for industrial electricity in Nevada for February of 2019 was 5.16 cents/kWh (U.S. Energy 

Information Administration, 2019). The low-end electricity generation capability for an ORC at 70°C is 3.3 

kW as discussed within the body of the paper. For one year, the energy produced from the ORC would be 

28,908 kWh. If one ORC unit were to be implemented, based on the price of industrial electricity in Nevada 

with an energy output of 28,908 kWh, it would save the mine around $1,500 per year. It should be noted that 

this is only direct electricity savings and does not include the savings associated with reducing the waste heat 

rejected into the ventilating air. The savings from waste heat is much more complex because this system has 

not been implemented into a mining environment.  

 

Significance of Study 

Alternative cooling are complementary systems to the large cooling systems already in place at the 

mine. By helping cool the mine, these systems improve health and safety. Additionally, a major difference 

with the alternative systems described is their ability to utilize waste heat from the mine, thus reducing energy 

consumption. Mine waste heat is prevalent throughout the mine. Cooling a mine with a bulk air cooler is a 

brute force method to overcome the mineôs heat load. Most mine waste heat is not used because it is difficult 

to harness, but it is an untapped source that has the ability to be utilized with alternative cooling. Additionally, 

the ORC has the ability to create electricity, which can assist in powering a spot cooler underground. While 

the idea of ORC and GSHP are not new (Kosmadakis, et al., 2016; Sarbu & Sebarchievici, 2014), this Chapter 

describes how ideas used in different disciplines can be applied to mining in a related, but innovative way. 

These ideas have yet to be integrated into many mining environments. As mines continue to get deeper and 

combatting heat becomes more expensive, these systems will likely become more efficient and desirable. An 

increase of temperature to 90°C can increase the efficiency to 15% (Kosmadakis, et al., 2016). 

 

Limitations of Study 

 Mine environments are harsh, and ORC have more potential to be damaged than GSHP. There is a 

market for ORC that can be used in various environments, but a mine may be too extreme. ORC can utilize 

waste heat, but how much? This is a big question that needs answering. If these systems were integrated on 

a large scale, maybe 1 or 2 every level, there might be some noticeable heat reduction. Another issue is that 

they do not create a significant amount of power and the amount of power is dependent on the efficiency 

which is dependent on the temperature of the heat source. 

 GSHP are more flexible systems than ORC. One limitation is the required space to install the piping 

infrastructure. GSHP become more effective as you add surface area contacting the pipes. Another concern 

may be pumping water up to surface. This was not an issue at Goldstrike because they had large pipes 

transporting return water to surface at cooling ponds. The integration of this system at Goldstrike, in theory, 

would actually be fairly simple ï other mines may not be so easy. 

 A limitation that is often present in industry is convincing companies to use new systems that still 

present some risk. It makes sense for a mining company to not implement untested systems because it means 

loss of money. However, many systems start out as monetary drains, but as the new systems evolve, they can 

generate significant savings in operating costs. There is always a lag and probably always will be.  
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SECTION II. SLOPE STABILITY AND HIGHWALL MANAGEMENT  

 The simple definition of slope stability is the ratio of the resisting forces over the driving forces on 

a slope and is called the factor of safety. The main methods of slope stability analysis include the limit 

equilibrium technique, probabilistic method and numerical models, with limit equilibrium being the most 

popular (SME Mining Engineering Handbook, 2011, p. 500). At limiting equilibrium, all points along the 

failure plane are on the verge of failure, but this does not necessarily mean the slope will fail; it is not 

uncommon for the slope to be unstable and displace, but not fail (SME Mining Engineering Handbook, 2011, 

p. 495). The analyses completed within this dissertation are limit equilibrium using Slide2Ê by 

Rocscience©. The probabilistic method is commonly used with the Monte Carlo technique, which is a 

procedure that uses pseudorandom or random numbers to sample from probability distributions (SME Mining 

Engineering Handbook, 2011, p. 503). By simulating different values of random variables, with measured 

distributions of friction, cohesion etc., a distribution of factor of safety values will be generated (SME Mining 

Engineering Handbook, 2011, p. 503). Finally, the results of numerical models are solved by computer 

programs that attempt to represent the mechanical response of a rock mass subjected to a set of initial 

conditions, boundary conditions and induced changes (SME Mining Engineering Handbook, 2011, p. 503). 

Types of slope failures are important to understand when interpreting radar. Regressive and 

progressive failures can be categorized as Type 1 (Regressive condition), Type 2 (Progressive condition) and 

Type 3 (Regressive/progressive condition) (SME Mining Engineering Handbook, 2011, p. 523). Regressive 

slope movement would be an event that becomes more stable and decelerates through continuous cycles. The 

slope has cyclical instability from some external stimuli that temporarily decreases the slopeôs stability below 

an FS=1 for periods of time (SME Mining Engineering Handbook, 2011, p. 523). An example of this could 

be blasting. Progressive slope movements are those that displace at an accelerating rate and increased 

displacements until collapse. A regressive/progressive movement of the slope would be a combination of the 

two previously discussed. What is likely to occur, is that a regressive movement transitions into a progressive 

movement if mitigation is not implemented. The movements discussed within the dissertation are regressive 

slope movement because the slope decelerates. 

The five most common approaches for blast vibration prediction from Spathis (2010) are (Silva-

Castro, 2012): 

 

¶ Historical data review 

¶ Charge weight scaling laws 

¶ Waveform superposition 

¶ Scaled charge weight superposition 

¶ Analytical and numerical methods 

 

Peak particle velocity has been used extensively as an assessment for blast vibration monitoring programs 

(Silva-Castro, 2012). Peak particle velocity is used instead of displacement or acceleration based on many 

studies, which was determined to give the best indication of vibration damage (Silva-Castro, 2012; Langefors, 

Kihlstrom, & Westerberg, 1958; Edwards & Northwood, 1960; Duvall & Fogelson, 1961). The scaled 

distance methodology has also been widely used, which scales PPV in relation to the square root of the charge 

weight and the distance. This is utilized at Round Mountain as well as other blast vibration criteria such as 

dominant frequency. 

Another important parameter to assess with PPV is dominant frequency, which is determined from 

a fast Fourier transform. The dominant frequency is important because it determines the frequency where the 

most energy is being concentrated. The dominant frequency needs to be shifted outside the natural (resonant) 

frequency of the rock.  

 Assessing PPV and frequency gives good indications of rock damage and ground motion, however, 

it does not give a good indication to the response of the mine highwall. The only piece of equipment that 

directly measures the mine highwall movement is the radar. Therefore, radar measurements can be integrated 

into existing analysis of PPV and dominant frequency to compare ground motion with slope response. 

 In mine blasting, there are two wave types produced - body and surface waves. The most important 

surface waves are Rayleigh waves in mine blasting (SME Mining Engineering Handbook, 2011, p. 1692). 
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The mine blasts produce mainly body waves at small distances and Rayleigh waves become more important 

at further distances (SME Mining Engineering Handbook, 2011, p. 523). One of the main differences between 

mine blasts and earthquake ground motions is that in geophysics, you implicitly assume that the motions are 

continuous and last many cyclesðmost blast vibrations only last one or two cycles (SME Mining 

Engineering Handbook, 2011, p. 1693).  
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Chapter 5. Geotechnical Modeling of Kinross ï Round Mountain 
 

5.1 Introduction 

 Maintaining stable slopes is of paramount importance to maintain health and safety at open pit 

mines. If the slope is not managed, whether it be rockfall or large failures, there could be a significant loss of 

life. Understanding the characteristics of the slope through modeling allows the geotechnical engineer to 

better cope with potential issues the slope may face. Chapter 5 discusses RocFallÊ and SlideÊ analyses at 

locations with prior events at Round Mountain. Both of the modeling scenarios for the New North Wall 

Failure and the Secondary Access were able to be back analyzed because of events that occurred within a 

close timeframe to when the modeling occurred. The presentation of event-based back analysis is presented 

within this chapter to describe the approach taken to determine the unknowns within the models. Back 

analysis is performed to improve knowledge on parameters of a slope stability analysis model (Zhang, Tang, 

& Zhang, 2010). In back analyses, input data are measured values, such as displacements, while the output 

results are the mechanical parameters of rock or soil, such as cohesion and internal friction angle (Sakurai, 

2017). This analysis procedure is entirely a reverse calculation of an ordinary or forward analysis, which is 

why it is called ñback analysisò (Sakurai, 2017). 

 This Chapter describes that a better understanding allows for more informed decisions to be made. 

When working as a geotechnical engineer, information about all parts of the mine are needed so that you may 

keep the entire mining operation up to date and informed. In addition to this, preventative analyses assist in 

keeping engineers ahead of failure events. Mitigation measures should be planned ahead of when the area 

does actually fail.   
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ABSTRACT :  

Geotechnical modeling of mines is crucial for understanding the many factors that can pose 

potential hazards or limit production opportunities. The process of back analyses for modeling is often used, 

but in many instances the back analyses can be cumbersome and time inefficient if large data sets are used. 

While these models and back analyses may be accurate, these types of back analyses may not be optimal to 

be used at mines and by engineers because the process is so time consuming. This paper introduces event-

based back analyses which utilizes prior events to create much more accurate models while eliminating large 

modeling time because the models are optimized from previous events. The completed analyses supply a more 

detailed insight of the potential dangers at Round Mountain as well as provide a better understanding of how 

risk results in missed opportunity. The more we understand about mining activities and processes through 

modeling, the safer and more productive mines will be. 

 

KEYWORDS:  Modeling, Geotechnical Engineering, Mining Engineering, Rockfall, Slope Stability, 

Event-based 

 

SITE LOCATION:  38.708471, -117.103966  

 

1.0 INTRODUCTION  

Understanding the geotechnical risks of mining are necessary for the safety of personnel, continued 

production of the mine and the maintenance of a positive perspective for the stakeholders. Modeling is used 

to understand geotechnical dangers and help mitigate potential issues. Two areas of interest are investigated 

at Round Mountain gold mine: The New North Wall Failure (an area above the pit bottom with rockfall 

potential) and the Secondary Access (the auxiliary access road out of the pit with history of slope stability 

sensitivity to moisture). The procedure used in both modeling scenarios include back analyses based on 

events at Round Mountain that assist with model validation. The paper will discuss the New North Wall 

Failure and Secondary access procedures, the model outputs as well as the mitigation measures taken in both 

scenarios.  

Round Mountain is in Nye County, Nevada, United States; 97 km [60 miles] north of Tonopah, 

Nevada. Round Mountain is an open pit gold mine with 385,601 ounces of gold equivalent production in the 

year 2018 (Kinross, 2019). In 2018, Kinross also poured its 15 millionth ounce of gold (Kinross, 2019). The 

Round Mountain Gold deposit is an epithermal, low-sulfidation, volcanic-hosted, hot springs type, precious 

metal deposit, interpreted to follow the margin of a buried volcanic caldera ï the Round Mountain Caldera 

(Kinross - Round Mountain Gold Corporation, 2008). Caldera collapse features and faulting in the 

metasedimentary rocks provided the major structural conduits for gold-bearing hydrothermal fluids where 

these ascending fluids deposited gold along a broad west-northwest trend (Kinross - Round Mountain Gold 

Corporation, 2008).  

 

 

 

 

mailto:kscalise@nevada.unr.edu


63 

 

 

2.0 NEW NORTH WALL FAILURE ï ROCKFALL  ANALYSIS  

A rockfall analysis was completed for the New North Wall Failure area. This area is located on the 

north section of the pit below a haul road and above the pit bottom. The analysis was completed through the 

software package RocFall by Rocscience (Slide2, 2019). RocFall utilizes an imported slope section to analyze 

how rocks will propagate down a slope. Material properties, seeder placement and initial conditions are input 

by the user. Figure 1 depicts the cross-sections used for the rockfall analysis. Section 1 is an area with past 

rockfall events. Section 1 was used as a calibration for the accuracy of the model parameters (mainly friction 

angle of the slope). Section 1 is calibrated using a rockfall event from March 26, 2019. The model is calibrated 

with the pit depth at the time (around a bench higher than the current pit depth). Section 1 is used to analyze 

the current pit bench level. Section 2 is an area with the fewest catch benches (i.e. a worst-case scenario in 

comparison to the other two sections). Section 3 is an area with the most catch benches when compared to 

Sections 1 and 2 and is therefore interpreted as a best case. Different sections are tested because of the high 

variability of catch benches in the New North Wall Failure area. The ultimate goal is to eliminate all rockfall 

of all sizes making it to the pit bottom where work is occurring. The idea is to keep equipment and personnel 

safe from any rock that could cause damage. 

 

 
Figure 1. Cross-sections used for analysis (North is up) 

 

2.1 Calibration  

The RocFall model was calibrated for material properties using Section 1 based on previous rockfall 

events that occurred on March 26, 2019. The model, once calibrated, should predict rockfall near the toe of 

the bench as well as larger rock fragments making it about 24.4 m [80-feet] out from the toe of the current 

bench. The model calibration goals can be seen in Figure 2. The larger rock fragments (the 3 individually 

circled rocks shown in Figure 2) were not part of the group rock failure. These occurred further up the slope. 
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Figure 2. Rockfall events used for calibration - March 26, 2019 

 

Section 1 was successfully calibrated to predict the rockfall events that occurred on March 26, 2019. The 

results of the calibration can be seen in Figure 3. The rock mass sizes used were 0.22 kN [50 lbs]. This mass 

mimics the approximate rock sizes from March 26th. The two seeder placements shown in the model also 

represent areas where the rockfall events most likely occurred. The red lines in Figure 3 show the rockfall 

events with the goal of 24.4 m [80 feet] from the toe. The blue lines in Figure 3 (near the slope bottom) show 

the events of the multiple rockfall shown in Figure 2. The slope material friction angle used for successful 

calibration was 30o. This angle will be used throughout the subsequent analyses. 

 

 
Figure 3. Section 1 - Calibration 

2.2 Model Parameters 

 The model parameters used in the subsequent analyses are listed in Tables 1-5. Table 1 shows the 

analysis method used (lump mass - each rock is modeled as a very small spherical particle). 
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Table 1. Project Settings 

 
 

Table 2 shows how many iterations of equally distributed rocks were thrown. This is the maximum number 

allowed on RocFall. 

 

Table 2. Probability Settings 

 
 

Table 3 shows the slope settings used for the analyses. The slope was described as a combination of sections 

of talus cover (loose, fallen rock) or bedrock outcrops. These materials were chosen based on the behavior 

of the slope. Cleared benches behave similarly to bedrock while the areas with deteriorated benches behave 

as talus cover.  

 

Table 3. Slope Settings ï main differences are normal and tangential restitution. Values for normal and 

tangential restitution were default to describe talus and bedrock. 

 
 

Analysis 

Method: 
Lump Mass

Project Settings

# of Rocks 

Thrown:

10,000* 

(distributed from 

total number of 

rocks)

Probability Settings

*equal distribution (random 

numbers generation) - equal 

probability of each line seeder with 

random numbers

Property Distribution Mean  Std. Dev. Rel. Min Rel. Max

Normal 

Restitution Normal 0.32 0.04 0.12 0.12

Tangential 

Restitution Normal 0.8 0.04 0.12 0.12

Fricton Angle None 30 0 0 0

Slope 

Roughness None 0 0 0 0

Normal 

Restitution Normal 0.35 0.04 0.12 0.12

Tangential 

Restitution Normal 0.85 0.04 0.12 0.12

Fricton Angle None 30 0 0 0

Slope 

Roughness None 0 0 0 0

Talus Cover

Bedrock 

Outcrops

Slope Settings
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Table 4 shows the rock masses used to characterized the rock sizes from previous events or those currently 

on the slope (these sizes would be randomly distrubuted for the 10,000 events). 

 

Table 4. Rock Type Library 

 
 

 

Table 5 shows the initial conditions of the rocks thrown. The initial conditions represent slight movement for 

rotational, vertical and horizontal velocities depicting an event which initiates rock movement such as a blast 

(Note: The properties are statistically a uniform distribution of the mean +- ~25%). 

 

Table 5. Seeder Properties - Initial Conditions 

 
 

2.3 Preliminary Models 

 The three sections discussed previously were entered into RocFall to begin with the analysis of the 

preliminary models. The preliminary models verify which sections will be of highest risk or concern. The 

model for Section 1 can be seen in Figure 4. The model shows the output for the 10,000 seeders provided by 

two line seeders (Red seeder ï 0.22 kN [50 lbs], blue seeder ï 2.22 kN [500 lbs], black seeder ï 4.45 kN 

[1,000 lbs], orange seeder ï 44.48 kN [10,000 lbs]). The line seeders (locations that throw the rocks) are 

placed where there is a concern for rockfall (this is true in all models). The preliminary models differ from 

the calibration in that the rock sizes are more varied and the seeder locations correlate to areas of concern on 

the slope.  For the Section 1 model, some rockfall does make it to the pit bottom, but it is not as extensive as 

Section 2.  

Mass (kN) Density (kN/m3) Mass (lb) Density (lb/ft3)

Group 1 0.22 26.48 50 168.56

Group 2 2.22 26.48 500 168.56

Group 3 4.45 26.48 1,000 168.56

Group 4 44.48 26.48 10,000 168.56

Rock Type Library

Property Distribution Mean  Std. Dev. Rel. Min Rel. Max

Horizontal 

Velocity 

(ft/s)

Uniform 0.2 0 0.05 0.05

Vertical 

Velocity 

(ft/s)

Uniform 0.2 0 0.05 0.05

Rotational 

Velocity 

(o/s)

Uniform 30 0 6 6

Initial 

Rotation
None - - - -

Seeder Properties - Initial Conditions
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Figure 4. Section 1 Model 

The model for Section 2 can be seen in Figure 5. The model shows the output for the 10,000 seeders provided 

by two line seeders (Red seeder ï 0.22 kN [50 lbs], blue seeder ï 2.22 kN [500 lbs], black seeder ï 4.45 kN 

[1,000 lbs], orange seeder ï 44.48 kN [10,000 lbs]). For this model, there is extensive rockfall that makes it 

to the bottom of the pit and travels a significant distance. 

 

 
Figure 5. Section 2 Model 

 

The model for Section 3 can be seen in Figure 6. The model shows the output for the 10,000 seeders provided 

by three line seeders (Red seeder ï 0.22 kN [50 lbs], blue seeder ï 2.22 kN [500 lbs], black seeder ï 4.45 kN 

[1,000 lbs], orange seeder ï 44.48 kN [10,000 lbs]). For this model, similar to the results of Section 1, there 

is less rockfall making it to the bottom of the pit compared to Section 2. Specific rockfall numbers will be 

discussed in the results section. 
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Figure 6. Section 3 Model 

 

2.4 Rockfall  Mitigation: Final Models  

To determine the berm height and distance from the toe that is necessary for rockfall mitigation 

(optimized distance and height catch the maximum number of rocks), the barrier height sensitivity analysis 

(2 parameter ï height and x-location) tool in RocFall was utilized. The barrier height is analogous to the berm 

crest height. The berm height is important because higher berms, in theory, will catch more rocks, but we are 

limited by material to create the berm. To complete the sensitivity analysis, a general range of height and 

berm locations are entered and the number of rocks passing are compared. The sensitivity analysis was only 

performed on Section 2 because currently it has the highest probability of rockfall.  

 

 

 

Figure 7 shows the graph for the results of the sensitivity analysis including both the number of 

rocks passed and x-location vs. length. Red indicates a high number of rocks passing and blue a low number. 

Based on the sensitivity analysis, the best placement for the berm crest is at 116992 x-location. This is 

Figure 7. Sensitivity Analysis Results 

 

0            0.6        1.22       1.83     2.44 

0                 0.6             1.22          1.83       2.44 
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between 4.6 and 6.1 m [15 and 20 feet] from the toe of the current bench level. The distance from the toe is 

important because berm height is proportional to required footprint. If the berm gets to be too large, it might 

not fit in the available space on the catch bench. The height of the berm has some flexibility at this location. 

A berm with heights of 0.91 meters [3 feet], 1.22 meters [4 feet] and 1.52 meters [5 feet] gives 2, 1 and 0 

rocks passing, respectively. Though these ranges of berm heights would work, a 1.52 meter [5 foot] berm 

would we a good choice because of the rockfall mitigation necessary in the other two sections (Sections 1 

and 3). The analysis of the three sections will include a 1.52 meter [5 foot] berm.  

The three section models are then analyzed with a 1.52 meter [5 foot] berm. Figures 8 ï 10 show 

the model results for Sections 1-3, respectively. Section 1 has one rock landing in the bottom of the pit with 

the 1.52 meter [5 foot] berm. Section 2 has no rocks making it to the bottom of the pit and Section 3 has 

seven rocks making it to the bottom of the pit. 

 
Figure 8. Section 1 Model (1.52 meter berm) 

 

 

berm 
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Figure 10. Section 3 Model (1.52 meter berm) 

 

2.5 Results 

Table 6 shows the results and comparison of the preliminary models (without berm) against the final 

models (with a 1.52 meter [5 foot] berm). 

 

b

erm 

berm 

Figure 9. Section 2 (1.52 meter berm). Inset shows sensitivity analysis for this 

section. 
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Table 6. Rockfall Seeder Results (out of 10,000 rocks thrown) 

 
 

The preliminary models without the berm, mainly Section 2, have significant rockfall that warrants 

assessment. Without implementation of a berm, Section 2 predicts 3,088 rocks falling to the bottom of the 

pit. Sections 1 and 3 predict 201 and 667 rocks landing at the bottom, respectively. After the 

implementation of the 5 foot berm, Section 2 rockfall is reduced to 0 rocks making it to the bottom of the 

pit. Both Sections 1 and 3 show 1 and 7 rocks making it down slope after the berm is implemented, 

respectively. Though Section 3 predicts 7 rocks making it to the bottom, only 1 rock lands beyond the 

future bench (the other 6 come to a stop at the current toe). This is a significant decrease in rockfall and, 

therefore a significantly safer work environment. Section 2 had the highest potential for rockfall intially, 

but after the 1.52 meter [5-foot] berm was implemented the hazardous rock failure was reduced below the 

other two sections. This can be attributed to the fact that the models randomly seed. After the placement of 

a berm, the number of rockfall events in all the sections can be described as negligible. It was 

recommended to implement a 1.52 meter berm along the entire bench of the New North Wall Failure 

area to increase personnel safety in regards to rockfall  (see Figure 11).  

 

 
Figure 11. Suggested Berm Location 

 

The final berm was placed and can be seen in Figure 12. 

 

Number of 

Rocks 

Passing*

Berm Size

Section 1 201 -

Section 2 3,088 -

Section 3 667 -

Section 1 1 5

Section 2 0 5

Section 3 7 (1)** 5

** 1 rock making it beyond future bench

Without 

Berm

With 

Berm

*note: rocks passing is approximate and will 

change because of random seeding

suggested berm 
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Figure 12. Berm in place at suggested location 

 
 

3.0 SECONDARY ACCESS ï SLIDE ANALYSIS  

 

3.1 Limit Equilibrium Analysis (SLIDE2)  

Limit -equilibrium analysis was performed to evaluate mitigation options for a previously 

recognized failure. Limit-equilibrium modeling is generally considered adequate for pre-feasibility study 

evaluations of the pit slope. These methods are most useful for evaluating slopes comprised of uniform 

materials that do not contain significant adversely oriented structures or zones of weak soil or rock that may 

result in complex structural control of stability related to movement along structures or deformations of weak 

zones. The assumptions, methods and results for each of the analyses are summarized in the following 

sections. 

Inputs for the limit-equilibrium analyses include the pit slope geometry, geotechnical units based 

on the 2019 geologic model, soil and rock properties based on laboratory testing and specifications of pore 

pressure of groundwater conditions. 

Evaluating slope stability by limit equilibrium involves an evaluation of slip surfaces to identify the 

failure mechanism for the slope. The instability of each surface is assessed by a factor of safety (FOS) that 

represents the resistance along the slip surface (mobilized through soil or rock mass strength) over the driving 

forces destabilizing the Slide mass. Factors of safety were computed using Spencerôs Method (SM) of Slices 

(Spencer, 1967) as implemented in two-dimensional limit-equilibrium slope stability program SLIDE2 

(Rocscience, 2019). SM considers interslice forces, assumes a constant interslice force function, as well as 

satisfies and computes FOS for both moment and force equilibrium in the horizontal and vertical directions 

(Memon, 2018). SLIDE2 ñsearchesò the slope models to identify the surface with the lowest FOS value; this 

is the critical failure surface and represents the surface most likely to fail under the assumed conditions. 

 

3.2 Model Setup and Parameters 

A SLIDE2 analysis was completed on the Secondary Access where recent movement and slope 

sensitivity to water have occurred. The section obtained can be seen on the Vulcan DTM in Figure 13 and a 

picture of the area of interest can be seen in Figure 14 (red box showing area with movement). The section 

of interest also contains the geological units from the 2019 Round Mountain Geological Model. This analysis 

is important because the ongoing maintenance of the Secondary Access is necessary for emergencies in the 

event that the main haul road/ramp is unavailable. 

Berm in place 
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Figure 13. Vulcan DTM Section 

 

Figure 14. Area of interest on secondary access 

 

The section of interest was imported into SLIDE2 with the corresponding geologic units. The rock strengths 

shown in the model are the residual strengths (used for conservative purposes) obtained from the 2019 Round 

Mountain Gold Corporation Ground Control Management Plan (Kinross - Round Mountain, 2019). The 

exception is the Type 2-Altered material. The Type 2 ï altered strengths were inferred based on the behavior 

of the material in past events. The friction angle and cohesion were obtained from the back analysis which 

will be discussed in more detail. The section imported into SLIDE with rock strengths are seen in Figure 15. 

The failure plane (shown as the red line in Figure 15) is the assumed failure plane used for the analyses. 














































































