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Abstract:

Health and safety are an integral part of any mining operéatisurface or undergrounVhen
deficiencies are identified, they usudlily with the factors that contribute to unsafed unhealthyorking
conditions.The health and safetfjocus br modernunderground minemvolves improving the subsurface
thermal climate through modeling attte useof waste heat. The health and safety focus for surface mines
canrelate to the slope stability and highwall management utilisloge modeling and dta analysis to

develop improved blasting criteria.

Section I.Improving the SubsurfaceThermal Climate

Understanding the effects of various ventilation and climatic parameters on thagwmhditions
and comfort in underground mines is critical for efficient ventilation system design, cost savings, and
ensuringthe health and safety of mine workers. To understand the effects that the thermal flywheel effect
(TFE) hason the ventilation systn design anthe need for @otential cooling systeng comparison and
analysis othe wetbulb temperaturandthedry-bulbtemperaturesf the ventilating aiat the bottom of an
intake shaft using two modeling software packages, Veftsimd Climsini™is completedThe 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
implementedin order to povide adequate climatic conditions in the production stopes,-alahd
development headings, and throughout the mine. Vehfsisrable to account faspects ofthe TFE, while
Climsim™ does notDuring summeryentsim™ predicts the mine air wet bulb t@erature to be 13.33°C
andClimsim™ 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 indaosteyer Ventsim™

and Climsimi™ camottake advantage of large volumesvehtilation and climaticlat.

Large volumes of ventilation and climatic datecluding air volume, barometric pressure, dry bulb
temperatureandrelative humidity vere collected at active underground precious metal mines in Nevada,

which allows for the determination of witilb temperaturéT,,) and other key parameters. Through the



utilization of neural networks, the wbtilb temperatureat the bottom of the intake dteare predicted,

whil e taking into account the fithermal flywheel ef f

The wetbulb temperature is one of the most important climatic parameters to model and understand
because it significantly affects the warg conditions and the cooling cagity of the ventilating air. The
accurate prediction of the wbtilb 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
ersure sgde working conditions throughout the mine. By utilizing accurate predictions ofbulbt
temperatures and other climatic parameters, mine personnel will be safer, and a more accurate ventilation

design can be achievg®sulting in major cost savings fonderground mines.

The utilization of Nonlinear Autoregressive with Exogenous Input Neural Networks (NARXNN)
makes it possible to accurately predict thetbulb temperaturelf,) of the mine air at the bottom of intake
shafts at various Nevada mines basedwface,. Thr ee data sets for differeil
underground mines were analyzed using NARK The results for the predicted data using closed loop step
ahead prediction showed acceptable error as well as definitives fadtoaving of the collected data. The
rooomean squared errors (-RideB5780)8.83)°C dnab (.61 Shraspectisely# 1
These errors are low and are good predictions of the actual underground environment. Without the accurate
prediction using NARXIN it has been shown that when the thermal flywheel effect is not account&tdor
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 camgal toVentsim™ and Climsim™.,
When compared to the climatic data the NARXNN had an error of only 0.46°C wilesim™ and

Climsim™ 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 dkeabiucooling 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 advattegaaf



systems are theittilization of mine waste heat, flexibility and ability to be utilized on a large scale. GSHP

and geothermal systems have yet tanbegrated into mines on a smatlale as presented within this work,

but these systentsgve the ability to be integrated as coenmnts to iAplace cooling systemshus reducing

energy consumptiormhe cost for industrial electricity in Nevada for Fedoyuof 2019 was 5.16 cents/kWh

(U.S. Energy Information Administration, 2019). The tewd 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 implemnted, 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 associatedesiucing 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 environmerand the performance in unknown

Section Il. 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 instanceghe back analyses cdre 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-tiomsuming. This paper introduces evbated back analysewhich
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 &ound 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 blastg 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 utilizingsgiigfic criteria, such as peak

particle velocity and dominant frequency to rank the quality of the blast. This study compiles a combination



of geophone data, which obtain peak particle velocity and dominant frequency of ground motions, radar,
which observeslope 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 producbtasting. 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 soule¢s tuf

improve current blasting criteria, a safer geotechnical environment is credtieth contributes to less
downtime and more cost savings for Round MountBiire result®f this work describe a new integration of

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

locations.
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Chapter 1. Introduction

1.1Background

The safety of mineshoth surface and undergrourdive improved dratically throughoutrecent
history (1911:2019) as seen in Fid; however mining remains one of the most hazardous industries

(Coleman & Kerkering, 2007)

Mining Fatalities (191422019)

1200 350000
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0 £
g 200000 =
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Fig. | Mining Fatalities (1912019). Data fron{fMine 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 tancreasedeguations as welascommitment 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 edeghd will likely be an ongoing proceddine
fatalitiesare not the onlymportantstatisticwhenconsidering health and safgigrformanceAccidentsand

nonfatal injuriesare dso significant because theyre events that could have endedfatality. In 2015, Fig.

| shows 17 deaths, but the number of nonfatattlost injuries totaled 4,51¢The National Institute of



Occupational Safety and Health (NIOSH), 2018)proving the working environment is not omdicing

the number ofatalities butalso the number afhjuries

Heatrelated illnescan be considered a néatal injury that can have lasting impacts depending
upon the severity of the thermal climate the individual is expos&ludies have shown thabrkers in hot,
humid environments have difficulty concentratirdgxterity and coordinatiomare reducedthe ability to
remain alert during lengthand monotonous tasks, and the ability to make qdéslisions are adversely
affected by the hedMine Safety and Health Administration (MSHA), 201Reat exhaustion in miners can
begin at webulb temperatures of 25°(onoghue, Sinclair, & Bates, 200@orrect maintenance dfie
thermal climateshoud ensurethatami ner 6 s b o dy estna exgesd 36fCwhioh is dhe
temperature at which the human body gains heat from the enviror(idepartment of Industry and

Resources, 1997)

Improving the thermal climatia underground minesreatessafe working conditions for miners.
The main methods to manage the thermal environment are ventilation and cooling.ssteher method
to improve the subsurface thermal climate is to utilize the waste (bieata heat auto-compression,
machinery before it enters the ventilating aifo begin improving thehermal climatea comprehensive
understanding of the conditions of the mimeluding barometric pressure, watlb temperaturedry-bulb
temperature and relative hidity, are necessaryWetbulb temperature is extremely important to understand
because it is dependent on relative humidity and generally, the higher the hunvialiky comfort
significantly declines, as the cooling capacity of the ventilation air desettmigthe more dangerous the

mining environment becomébline Safety and Health Administration (MSHA), 2012)

A 5-year studyfrom 20002004 conducted by The National Institute of Occupational Safety and
Health (NIOSH)2012)listedone of theopf i ve | eadi ng causes of surface mi
or highwal |l 6 atTheahigh f&dity gemantage shown inrtree NKOSH study gives the full
explanation as to why improving the safety of mine slopes and highwalls is ngcédsetter understanding
of soil and rock mechanics by meanslaipe modeling ansnprovements irblast criteriacan helpenhance
t he mi ne ynderstandingnotthedsiopand in turn make educated decisions to mitigate unsafe

situations.



To improve the safety associated with failure of rock and highwall in -gitemines, 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 uhstable 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 fatal i tlegeelmmmaionci at ed
of fatalitiesis difficult to obtain this would be the ultimate goallthoughany reduction irfatality ratecan

be seen as an improvement.

1.2 Purpose

The goal of this dissertation is to model and analyze the underground therritahement as well
as the stability of open pit highwalls to improtree overall health and safesy surface and underground
mines This is accomplished by assessing the use of emerging technologies, applying new modeling

techniques and developing new metblmgies all while maintaing a practical mindset.

1.3 Structure

This dissertation containsight(8) chapters divided into tw(2) sectionsas follows.

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

1 Sectionl contains Chapters-2andi s ti tl ed Al mproving t.dSectoBubsur f a
incorporates work related to improving the thermal climate in underground mieekancdrealth and

safetywhile reducing energy consumption.

1 Sectonllontains Chapters 5 and 6 and is titled ASIop
Il incorporates health and safety work related to surfacesyspecifically open pijtslope stability and

highwall management of blast vibrations

1 Chapters b arecomprised ofive (5) journal papers with introduction and conclusion sections before
and after the main body of the submitted papée introduction and conclusion section within the

Chapters serve to describe the significance of each submitted pdpée dre papers together within



the dissertationThe five journal papers alisted belowand include information about tlaathors, title,

journal submitted and publication status:

1. Scalise, K.A., Teixeira, M. B., Kocsis, K. @Managing Heat in Underground Mines: The
Importance of Incorporating the Thermal Flywheel Effect into Climatic Model{dgurnal:

Mining, Metallurgy & Exploration) Status: Under Review

2. Scalise, K.A., KocsisK. C fiutilizing Nonlinear Autoregressive with Exogenous Input Neural
Networks to Evaluate the Thermal Flywheel Effect Along Intake Shafts at NevadadMines

(Journal: Mining, Metallurgy & Explorationptatus: Under Review

3. Scalise, K. A., Teixeira, M. B., Kos i s, K. c.., Robertson, K., iUt
of Geot her mal Systems and Ground Source Heat
Canadian Institute of Mining, Metallurgy and Petroleum (CI&)North American Mine

Ventilation Symposium2019 Status: Published

4. *Scalise, K.A., Keefner, J., Kocsis, KC. |, iGeotechnicali Rdondel i ng ¢
Mountaind (Journal: I nternational Stafus unr nal of
Review

5. Scali se, K. A., Ke e f ner ssingBlastingATledhniqueb in Vibradtionc s i s

Sensitive Areas at KinrodgsRound Mountain to Enhance Bl asti ng

Metallurgy & Exploration) Status: Under Review

1 Chapters 7 and 8 discuss the conclusions and contribttidm®wledgeresgectively.

The structure is represented as follows:

Chapter 1. Introduction

1.1 Background
1.2 Purpose
1.3 Structure

1.4 Objectives



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 Effectalong 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 Modelingat the Round Mountain Mine, Kinross

5.1 Introduction
5.2Paper

5.3 Conclusion



Chapter 6. Assessing Blasting Techniques in Vibration Sensitive Areas at Kinro$s Round

Mountain to Enhance Blasting Criteria

6.1 Introduction
6.2 Paper
6.3 Conclusion

T_END OF SECTION lIi

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@

1. Assessing the capability ot ur rent mining ventilation softwareo:¢
flywheel effectas well as understanding the magnitude of error if the thermal flywheel is not
incorporated
1 The thermal flywheel effect is a complex parameter veitth damping and thentie lag
componerg. An error in design andnincorrect predictiorof wetbulb temperaturean mean
large unnecessargxpenses or unsafe mine conditioAdetter understanding of the need for
a more accurate wétulb prediction leads to the search foreitér 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.



2. Model development with the capabilityof accurately predicting thethermal flywheel effect

f

To create a better predictor of wailb temperature of the ventilating air downcasting vertical
airwaysa new model must be develop&pecifically,a modelwhich is a time series based
would need to be used predict the webulb temperature at the bottom of the shaft, because
climatic temperaturedatais timedependentAgain, amore accurate model allows for safer
mining conditions because the mine ventilation and cooling systems are able to be designed

moreefficiently.

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

1

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 arining equipment. Utilizing waste heat is
possible using an Organic Rankine Cyahel can be transferred to surface using ground source
heat pumps. These systems have specific operating conditions that must be investigated for
their application within uderground minesManagement of waste heat creates a better mine

climate because the waste heatas contributing to the mine heat load.

4. Development of back analysis technique (evetfitased back analysis) to better understand and

mitigate sensitive areast openpit mines

il

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, evbasedback analysiss developed anditilized. The
modeling scenarios increased the safety of the mine through an improved understanding and by
giving the mine solutions to mitigate or prepare for plssibility offailure of the sensitive

locations



5. Improving blast vibration criteria in geotechnically sensitive locations
1 New vibration criteria is developed to improve the assessment of blasting eVbats.
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.



SECTION I. IMPROVING THE SUBSURFACE THERMAL CLIMATE

The main sources of heat preseimt undergroundmines are @ato-compression drata heat
(geothermalgradient) groundwater machinery human metabolismoxidation and blasting(Carpenter,
Roghanchi, & Kocsis2015; Epstein & Moran, 2008)Vithin the United States, the dominant sources of heat
in underground mines are strata heat, mining equipment angt@uiaression with heat load percentages
equaling, 48%, 20% and 11%, respecti&wgrpenter, Roghanchi, & Kocsis, 2015; Epstein & Moran, 2006)
The remaining 21% is attributed to the other sources listed gl@rpenter, Roghanchi, & Kocsis, 2015;
Epstein & Moran, 2006)Strata lkat is the heat conducting through the rfmrknationsinto the ventilating
air. The heat from mining equipment is due to diesel engines and the byproduct of heiiefeaimust.
Auto-compression is the conversion of the potential energy into enthalpyflol when it flows from a
higher elevation to a lower orflcPherson M. J., 2012)n many underground mines strata heat cahybe
far the largest contributor of heat into the ventilating air. Theretbeemanagement of strata heat and
removal of waste heat from the straifore it is transferred to the ventilation air would reduce ventilation
and cooling requirements, thus egeconsumptionThis can be accomplished through the implementation
of alternative and emerging technologieshesywill be presented andiscussed within the coming chapters.

Waste heat arises from equipment inefficiencies and thermodynamic limitatidpsocessgs).S.
Department of Energy, 2008}, 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 applicatassisechl
processing(Norgate, Jahanshahi, & Haque, 201Bhe heat transferred from strata, mining equipment,
groundwater amh blasting can bemanagedand minimized through new design concepts dhe
implementation oémerging techologies.

Thediurnal variation in surfaceemperature damped by heat exchange with the gtrateneshafts
and intake airways prodwsan effect known as the 'thermal flywhe&itroh, 1979; McPherson & Robinso
1980; McPherson M. J., 1984)he thermal flywheel has components of temperature damping and a time
offset. This is the application and definition used by mining and ventilation engineers. Howéwar,
disciplines such aarchitectire(Baggs & Mortensen, 200@nd energy engineerir{@silingiris, 2003)study
the thermal flywheel effect to utilize the thermal mass of the external walls of buil@mgthermal flywheel
effect, as described by architedBaggs & Mortenser{2006) is the temperature reduction and timg la
associated with the thermal maBbkermal mass is the abilibf a medium to store he@@aggs & Mortensen,
2006) This is a comparable understanding that mining enginserand the description is nearly identical.
Quantifying the thermal flywheel effect is extremely difficult, but accounting for the thermal flywheet effec
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 risiessentigl
but what is the significance if it is not incorporated? Chapter 2 gives valuable iasightvhy the thermal
flywheel is necessary toeincorporate when evaluating the climatic conditions in the production stopes,
development headings, haulage drifted underground facilities by means of mine climate simulakbis
chapter also highlights the improvements thatre®ded when modeling the thermal flywheel effect with
software packagetbat are typically used within the mining industry.

Mine A, the mine mentioned in thetudy, feels the effect of the thermal flywheeliadicatedby
the data collected at the misiée This is a initial test that proves the comparison between the two programs
is necessary. The presence of the thermal flywheetteffeeds to banalyzed and discussed through this
comparison because otherwigeu would only be comparing the errors and assumptions within the software.
Without a comparison of two modeling progradns, one
one not incorporating it (ClimsimE), the necessity
show drastically different outpuis respect to the climatic parameters of the ventilating direabottom of
the intake shaft. Theastdiffererce in temperature outputs is attributed tothe,T&¥ e nt s i miingi s r un
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 hedth 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 wetdagdulb temperatures at the bottom of an intake shaft using two
modeling software packages, VentSthand ClimsiniM. The comparison shows the consequences and
importance of taking into account the TDE/TFE when predicting the climatic conditions in future
undergroad mines, especially when deciding on whether a cooling system should be employed in order to
provide adequate climatic conditions in the production stopes,-aefehddlevelopment headings, and
throughout the mine. Ventsifis able to account for the TFEhile Climsim™ 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 @shgs, 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 accoumhtiie ther
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 pairameters (e.g. wéulb, 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 shaftedieted 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 weigned thus affecting the work
conditionsin the production stopes and throughout the mine.

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

Thethermal flywheel effe¢dFE) and théhermal damping effe¢if DE) 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
heatduring 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 tempg4tiiee 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 (Tq1 dry-bulb temperature, 47 wet-bulb temperature, BP 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 betteamal flywheel effecEor 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 8 to 10°C lower of what a climatic simulator with no ability to account for the
thermalflywheel effect would predidb]. This difference in thdry-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 econoroally unfeasiblg1].

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 andierstand.

The effect of surface temperatures can play a major role in the design of work comfort, ventilation
and refrigeration strategies in underground m[6gsA comparison of two ventilation software packages,
Ventsim™ and ClimsiniM, 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. Ventsif has the capability to take into aceduthe thermal flywheel effect, while
Climsim™ does not. The Ventsiif model used for simulation and analysis is the ncastent 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 @ Tw) when designing mineentilation 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 efft 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 bwtharatmashed lines.
The damping effect can be seen by the reduction in amplitude when comparing the shaft top and bottom for
both Ty and T.
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Thermal Flywheel Effect for Mine A
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Fig. | Thermal Flywheel Effect and Data for Mine A

2.1 Model Development Using VentSim

To model thehermal flywheel and thermal damping effect in Veni$inthe annual flywheel heat
selection mode is used. Table | shows the parameters used for the thermal flywheel calculation for Mine A.
Many of the parameters used were predetermined from the ventitatidel of was provided for our use.

The modeling work was compl eted for one adomatic he mi ne
variance @ry-ldulb maximund dry-ldulb minimund wetibulb maximurd , wegbdlb Minimund® ar e not
used in thecalculation for theannualthermal flywheel, as they are only used éaily thermal flywheel

cal cul at i ons . sufirhedry-subd e @suminElOwetmbd o6wer e established b

average temperature for the summer (e.g. June, July, andthtaken from the National Weather Service

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

s e | e c twinterry-lwbd OSawinder wetbulkd wer e est abli shed based on th
the wirter (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, ashe model validation work was performed using ventilation and climatic data provided

in Imperial units. However, all comparison results were converted into the System International (Sl) units.
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Table | Thermal flywheel parameters for Mine A for inputan¢entsini™

Thermal Flywheel

[RESET]

No

Automatic Variance

30.00 °F

Copy Standard Heat

No

Diurnal Cycle Time Hourg

24

Dry-bulb Maximum

80.0 °F

Dry-bulb Minimum

50.0 °F

Summerry-bulb

71.0 °F

Summer Webulb

53.6 °F

Warmest Month

August

Wetbulb Maximum

77.0 °F

Wet-bulb Minimum

40.6 °F

Winter Dry-bulb

30.8 °F

Winter Wetbulb

27.6 °F

Fig. Il shows the simulation results from model runs with thermal flywheel effect incorporated. The
solid red and blue lines shown in Fig. Il are timg-bulb temperature and wdtulb temperature of the mine
air, respectively. The dashed red and blue lareghedry-bulb temperature and the witilb 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 thegooégamase shift
would require the input of thermal history data into a ventilatiemmathumidity (V-T-H) model using an
adequate software package. The vertical length of the shaft is approximately 539 meters.
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Fig. Il Thermal FlywheeModeling output for Mine A from Ventsif

2.2 Model development using Clim$in

To highlight the importance of taking into account the effect of thermal flywheel when predicting
the climatic conditions in future underground mines,dhebulb temperaturend the webulb temperature
generated by Ventsiff and Climsimi™ at the bottom of the intake shaft was compared and analyzed. Again,
it is mentioned that the Climsi program does not have the ability to take into account the effects of
thermal flywheelor thermal damping. Two seasons were considered for comparison, namely: (1) summer,

and (2) winter. Table 1|1
were entered into the Climsit software package.

shows

the geometrical

el em
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Table Il Input Parameters for Mine A into Climsith

Pressure (kPa) 101.60
Quantity (ni/s) 261.00
Length (m) 539.00
Area (nf) 23.60
Perimeter (m) 17.24
Friction (kg/n¥) 0.0417
Wetness 0.50
VRT In (°C) 10.00
Geothermal Step (m/°C) 16.00
Conductivity (W/m °C) 4.00
Diffusivity (m?/s x 10°) 1.75

Table 1ll and Table IV show the simulation results generated by running the Clithsiwdel. During
summer, thalry-bulb temperature and the wbulb temperature at the bottom of the intake shaft are 33.81
°C and 29.10 °C, respectively. During winter, thrg-bulb temperature and the wbulb temperature at the
bottom of the intake shaft are 31.44 °C and 28.10 °C, respBctiv

Tablell Results for Mi-slenmé&ds i ntake shaft
Summer
Parameter Top Bottom
Dry-bulb (°C) 21.70 33.81
Wetbulb (°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
TableVResul ts for Mi-nieterAds i ntake shaft
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 Ventsif and Climsimi™ Comparison

Simulation resultgenerated through model runs developed by means of Clithsind Ventsini“
are shown in Table V. This table shows the-tugdb temperature and tloey-bulb temperature at the top and
at the bottom of the intake shaft generated by Clifi$iamd VentsimV,

Table V Comparison of results for wéiulb anddry-bulb temperatures generated by Clim&hand

Ventsim™
L Climsim™ Ventsim™
. Climatic - - - -
Location Parametel Mine A | Mine A | MineA | Mine A

Summer | Winter | Summer| Winter
Wet-bulb 12.00 0.00 12.00 0.00
Dry-bulb 21.72 0.00 21.67 0.00
Wet-bulb 29.11 28.11 13.33 3.56
Dry-bulb 33.83 31.44 17.06 5.50
*Temperatures in °C

Top

Bottom

Table V shows that théry-bulb temperature and the whtilb temperature at the bottom of the production
shaft predicted by Climsiff are significantly different than those predicted by Vent¥inwhich are
attributed to the effects of thermal damping. During summer, the differeneedretthedry-bulb
temperature at the bottom of the shaft anddhebulb temperature at the top of the shaft predicted by
Climsim™ is approximately 12°C, while Ventsit estimated a difference e#.6°C. The negative value
means that the temperatureta bottom will be lower than the air temperature at the top of the shaft, as heat
is transferred to strata. During winter, the difference betweedryHeulbtemperature of the air at the bottom

of the shaft and thdry-bulb temperature of the air on $ace predicted by Climsiff is approximately
31.4°C, while Ventsirt! estimates a difference of only 5.50°C, as heat is transferred from strata to the
ventilating air.

This large discrepancy between VentSirand Climsini™ output data is largely due to theermal
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 bg@ufression. Because the air temperature on
surface is higher than the stratanperature, 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 temperatuhe gtitata 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 temperatureatd thecsimes
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 undergro
be designed on the outpdata generated by Climslt, the cooling system would be significantly
overdesigned, which would Iikely r esuthamalflywhdelar ge <c a
effecb must be taken i nto accoundystem wether thstalied gnrsurfacg a n d
or underground. While Ventsitl 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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3.0Conclusion

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 undergrod mines and therefore a correct estimation of the mine air temperature
is necessary. To accurately predict ¢timg-bulb temperature and the witlb temperature at the bottom if
vertical intake airways (e.g. production & ventilation shafts), the theldgvalhéel 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
conditio n s for mi ne wor ker s. Bot h softwarebs ment i
environment, but they both have their limitations. While Vent¥ioan account for the TFE, it is still only a
temperature prediction model. More up to date and camtimtemperature data from the surface and bottom
of the shaft would be useful to keep the Vent¥imodel up to date and validated. The future of climatic

modeling will likely depend on analyzing large datasets and integrate the ability to predict dondttons
from measured data.
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2.3 Conclusions

This papershowsthe necessity for incorporating the thermal flywheel effect into modeling the
t her mal environment of wunderground mines. The util
difference in climatic parameteroutputs wha the thermal flywheel is integrated into a modeling
environment. The drastic difference femperatureoutput can significantly impact the design for the
ventilation and cooling systems. The design of ventilation and cooling systems is rel@eduselements
including the mine layouts, the applied mining method, equipment fleet and the heat loadnofeh®
ventilation engineer must maintain underground conditions that are safe for mine workers. To maintain a safe
design from a heat perspectia,many underground mineth)e parameters dinmediateconcern areghe
wet-bulb temperaturand 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 cliesaare 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 methodol ogy compar i negssetdforanyout put s
mine where understanding the magnitude of the thermal flywheel effect is necessary.

Engineers use modeling tdbtainan updated understanding of the mine as well as plan for future
needs. If the values that the enginasesareincorrect, itcan 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 thaa the
value undergroundhe coolingsystemandthe ventilation system will be ovedesigned. This is detrimental
from a financial perspective because energy and infrastructure are being useehibianecessanA study
by Reddy(2009)mentions mine ventilation costs can account for 60% of operetistg(Kurnia, Sasmito,

& Mujumdar, 2014) For context, Nevada GaopkeratingMosts ef $I peGtod d st r i |
minedin 2017 (Barrick Gold Corporation, 201/neaning that the opemag costs attributed to ventilation

could be around $59.40 per ton mindgdhe modeling program displays an output that is lower thatrtlee

value undergroundthe mine may be unsafe. The goal is to baldhtanceswith health and safety
requirementsbuttheloss of life and injury takeprecedence. Therefore, an overdesigned system is ideal for

the health and safety of worketsutthe viability of the operatioshould 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 presentvhenthe mne is modeledThe TFE is mentioned as a heat issue within mines but is very hard to
understand because it is dependent on many factors suttie asck thermalproperties geological
characteristics, air temperature on surfdbe wetness factor alongstical and horizontal airwaysjrgin
rock temperature and many othérbe TFE is able to be quantifi@dthe importance of incorporating the
TFE tomaintain a safe thermal climate can be seen when comparing the two modeling software packages.

This studyalso proves that other means of modeling are necessary to hethevjtiantification of
the TFE. While Ventsi mE has made drastic i mprovemen
and account for the phase shift of the TFE. Thesprshift and damping components are equally important
when considering the TFE. The phase shift component is important because it is the de&yim
temperature from the surface when compareith¢oair temperaturanderground. What this means isttha
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 undergroundria environment may not feel the effects for hours, which
plays amajor role in the design of your ventilation and cooling systems. The damping portion of the TFE is
important to model becausieshows that as the air descends it is affected by the eogerature 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 consideaed d Ve nt s i soreersosiiiits digorithan s

Limitations of Study
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While this study shows a new way to express the significance tfi¢henal flywheel effectit has
its limitations. This study relies on modeling programs and the assumptions contained within them to
compare a complex parameter. Given the widespread use ofrtbbesting softwargackagesit is still a
valid comparison, but it needs to be noted thatghidycompareghe output fromtwo modek. 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 icompleted
regard tahe TFE does shed light and piges a solution to the problelny 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

3.1Introduction

As mentioned in Chapter 2, tiigermal flywheel effect (TFEp 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 isssieying to predict itChapter 3 discusses the application of Nonlinear Autoregressive
with Exogenous Input (NARX) neural networks (NININ are currently duzzwordand are often applied in
situations when they may not be the ideal choice of modeling.useful aspect afeurd networks is that
the neuron§indpatt erns that humans cannot see. Wi th | arge
neural networks can find patterns in data trati st oc hast i ¢ 0 NNoaretpdwerfudndcaman ey e.
solve problemsenginers may not be able tchowever NN gives no indication as to how or why they
determine the patterns that they Neural networks are described as havidggta|l a cpkr obbodlxe mé t hat |
transparency and interpretability of the proces$éss is an unamfortable idea for engineers who like to
see numbers and analyze how things work.

NARX are timedependent neural networks that are very practically applied to climatic data because
climatic dataare time-dependent. Diurnal temperature variations, weathkasting 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 futurest&pg. This is
significant becausk allows for a better understanding of the mine thermal climate, ifhisrn, allows for
a more accurate design of the ventilation and cooling systems because the inputs are also moré&laecurate.
goal for model accuracy is to be as close to the diimata as possiblé.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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1.0 Introduction

Maintaining safe and comfortable working conditions underground can be difficult because
there are many parameters thdfiect 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), baiorpetssures (BP), dry
bulb temperatures ¢J; relative humidity readings (RH) ameet-bulb temperatures (J). These parameters
are necessary to assess work comfort and understand the underground mine environment. However,
collecting the data in the prodian workings, dea@nd developments, along haulage drifts, and throughout
the mine can be timeonsuming.

The ACR monitoring units have the ability to collect continuous readings for barometric
pressure, dry bulb temperature and relative humidity famield period of time. The length of time and
amount of data that can be stored is |Iimited by t h
collection include dminute time steps collected for 2 weeks, andifute time steps collected fomkeks.
Thewetbulbtemperature can then be calculated from barometric pressure, RHraadifgs. This method
of data collection is an improvement over sporadic handheld measurements, but it still has its disadvantages.
The ACR sensors can collect dabait 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 willlbeted 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 predic} &t the bottom of intake shafts by using surface climatic data. In addiion,
future underground mines, the only way to accurately predict the dry bulb temperataed Thevet-bulb
temperature (4) at the bottom of a vertical airway (e.mtake shaft) is by means of a ventilation software
package, which takes into accouhe 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 temperatufeafid thewet-bulb temperature () at the
bottom of an intake shaft by means of neural networks based on the surface air temperatudeaid
relative humidity (RH) readings becomes extremely important when trying to assess whether a cooling
system would beecessary to provide adequate work conditions in the production stopes and throughout the
future underground mine.

The necessity for J 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 theadtiwg air into a subsurface
facility (McPherson, 2012)The TFE can be witnessed through a comparison of dlas $een in Figure .
However, Ty is a more important parameter thaniff mine ventilation and cooling system agsbecause
workercooling-capability and cooling system reject temperatures are based @luhm, von Glehn, &

Smit, 2003) Figure | shows the fluctuation of both, &nd Ty at the shaft intake and the shaft bottom. A
dampingeffect and phase shift can be seen in the comparisap 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 predictionTofat the shaft bottom by using the data collected at the top of the
intake shaft.
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Thermal Flywheel Effect: Shaft Intake vs. Shaft Bottom
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Figurel. Thermal Flywheel Effect: Shaft Intake vs. Shaft Bottom comparing wet by)ka@d dry bulb
(Tq) temperatures

The ability to predict T 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 ghaft existing mine, the only way to predictthe T

and T, 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 prisdictiferful

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 tedict Ty, 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 Aaregressive 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
connectionsenclosing several layers of the network and is based on the linear ARX model, which is
commonly used in timseries modelindMATLAB, 2019b). The NARX is a variant of artificial neural
networks (ANN) called a recurreneunral network that can be considered a form of machine learning
(Siegelmann, Horne, & Giles, 199Mhe equation used for the NARX model can be seen in Equation 1:

WO Qo phoo ¢MBhHo & hodo phoo ¢MBhvo & (1)
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where the dependent output is y(t), X(t) is the independent exogenous inputs, t is the timeustep ane

the input and output order aftds a nonlinear function that is approximated by a Multilayer Perceptron using
the feedforward network IMATLAB® to approximate this functiorfNarendra & Parthasarathy, 1990;
Chen, Billings, & Grant, 1990; Siegeémn, 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 an®). 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 networkduhe training procegRoghanchi & Kocsis, 2018;

MacKay, 1992; Khodabandehlou & Fadali, 2016) Tr ai ni ng i s the Al earningo
which weights and biases are assigned to neuronstemtjed by the network to limit loss or erfdorres,

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 asouglgr as the stephead testing which
eliminates data feedback.

All of the training is completed in open loop (also called sgy@sllel architecture) as well as the
validation and testing steps. Figure Il shows the structure of the open loopisealked) network.

)t(l] Hidden

1 30
Figurell. Open Loop (SerieRarallel) 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 stgpead prediction. Figure Il shows the network in closed loop
(parallel architecture).

Hidden

Figurelll. 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 sergarallel configuration (stephead prediction) are very sméWATLAB,
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20191. The performance of the network using séyead prediction in closed loop determines the usefulness
of the NARXNN in predicting T at the bottom of the intake shatft.

3.0 Methods

The data sets were collected using ACR Smart Reader Plusldgises 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 | have varied diameters and deal with various quantities of air. The three shafts give a good variety
to test the NARXNN.

Tablel. Shaft Parameters

Shaft Airflow
diameter | Shaft area Shaft Quantity
(m) (md) depth (m) | (m%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 particulartysy. The Bayesian regularized artificial neural networks typically
require more time, but result in a robust generalization for difficult, small or noisy daiislzet$AB,

2019b)

The NARXNNSs 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 NARXNNSs was 20 aisdvilue 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 NARXNBkale, Hagan, & Demuth, 2010The 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 NARXNNSs, the coefficient of determinali@m@Rhe
mean squared error (MSE) are used. The equafion R and MSE are shown in equations 2 and 3,
respectively.
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In equations 2 and 3; ks the measured dat@, 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 imporasfcanalyzing 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 measurechate intervals for 2 mdhs, Shaft #2
corresponds to data measure-atiute intervals for 1 month and Shaft #3 corresponds to data measured at



1-minute intervals for 2 weeks. The difference in the data collected does not affect the NARXNNs because

the timestep is consistent iall 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 eddiptetel
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testingof the neural network also run in epkop. Thisadditional testings a preliminary test of the neural
network that still relies on the feedback loop. Finally, the NARXNN is run in closed loop and Hadstep
testing is performed, which is a prediction of thedf the bottom of the shtaf 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

prediding unknown values. The important parameters for this study are the outputs of thieestdpiesting
prediction. A flow chart of the stages can be seen in Figure IV.
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FigurelV. NARX Methods Flow Chart
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In addition to using Rand MSE to compare the efteaveness of the NARXNN models, the neural
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stage as well as the additional testing stage. An error autocorrelation plot shows how time seriesaiemen
related or correlated with one another with the graph showing lag vs. corréfatiderson & Semmelroth,

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

tha there is some correlation between the datalerson & Semmelroth, n.dAny bars that fall within the

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

statistically for manyiine series statistical tegtdnderson & Semmelroth, n.d.Jhe 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. leaegrors 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 ofingisons

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 Il. The three shafts with

their respective Rand MSE values are shown in Table Il for an effective comparison.

day

autocorr el
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Tablell. NARX Results

Step
Additional Ahead
Training Testing Testing Testing
2 2 2 2

MSE R MSE] R MSE R MSE ] R

Shaft #] 0.019] 0.994] 0.053] 0.984] 0.014] 0.983 ] 0.323] 0.750
Shaft #3 0.004] 1.000§ 0.014§ 0.999] 0.003] 0.990 ] 0.112} 0.831
Shaft #] 0.004] 0.999] 0.018] 0.998] 0.002 ] 0.9997] 0.372] 0.820

The following subsections show the outputs for the NARXNN for the three shafts and indicate how the values
in Table Il were obtained.

4.1 Shaft #1
4.1.1 Trainingand 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 validatidredatese Bayesian Regularization
does not rely on validation steps like LevenbBtgrquardt 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 forthe training data are an MSE of 0.019 and Anff.994 and for the testing data an MSE of 0.053
and an Rof 0.984 (seen in Table Il). This means that there is very low error and a good fit of the data. The
error plot seen in Figure V shows the differeetween the output and target values. Overall, the NARXNN
did an excellent jolof understanding the data in the training and testing stage for Shaft #1.

Response of O 1 for Time-Series 1

Output and Target
.

1

FigureV. Shaft #1 Training and Testingtage

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 term
of autocorrelatiofAnderson & Semmelroth, n.d.; Beale, Hagan, & Demuth, 201 autocorrelation with
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zero lag will always be large because this represents the correlation between each data point and itself
(Anderson & Semmelrotim.d.).

Autocorrelation of Error 1

0025

0015 —

Correlation
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FigureVI. 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. Basefigure VI, there are many instances of errors, but
the errors are small.
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FigureVIl. Shaft #1: Training and Testing Stage, Error Histogram
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Based on the analysis from FiguresAl, the NARXNN works well at representing the data in the training
and tedng stages. As a result, the additional testing stage can be completed to test the model further.

4.1.2 Additional Testing Stage

Figure VIl shows the additional testing stage of the NARXNN for Shaft #1. The targets are shown
as points and the outputs at@own 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 ah®.B83 are still very good,
reflecting representative values of the data.

Response of Output Element 1 for Time-Series 1

Output and Target

Time

FigureVIll . 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 thistahrarge of
errors around 0, but again the error values are small. The NARXNN is workihipreelgh all of the testing
and will now be tested once more in the stbpad prediction stage.
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FigureX. Shaft #1: Additional Testing Stage, Error Histogram
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4.1.3 StepAhead Testing Stage

Figure XI shows the results for the closed lostepahead testing of the NARXNN for Shaft #1.
The collected data is shown in red and the NARX prediction is shown in blue. The MSEfanthRB step
ahead testing stage are 0.323 and 0.750, respectively. These results are not perfect, but thedativelyis r
| ow and the NARX data matched the trends of the st
the data, this is a powerful result.

Shaft #1 NARX Predicted Time Steps
19
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16
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0 200 400 600 800 1000 1200
Predicted time steps-{@inute steps)

—NARX ——Data

FigureXI. Shaft #1: StefAhead Testing Results

4.2 Shaft #2
4.2.1 Training and Testing Stage

Thetraining and testing data for the NARXNN can be seen in Figure XlI. 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 traidatg are an MSE of 0.004 and ahdR0.9999 (near 1) and
for the testing data an MSE of 0.014 and &f0.999 (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 Xll shows the difdretveeen 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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Response of Output Element 1 for Time-Series 1
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FigureXIl. 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 at many spikes that are statistically significant in term of

autocorrelationfAnderson & Semmelroth, n.d.; Beale, Hagan, & Demuth, 2010)
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FigureXIll . Shaft #2: Training and Testing Stage, Evkatocorrelation
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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 Figurel4, there are many instances of errors, but the errors

are small.

Error Histogram with 20 Bins

16000
I Training
N Validation
14000 I et
Zero Error
12000
7 L
& 10000
7]
c
£ 8000
n
£
6000 -
4000
2000
OII\III\\II+ PR IS I I R N —
— © - ©O O UL AN T — 0O UL NN NOO O D T O
M OO © N MO M 00 OO0 ™M 00 M O N O M © O m
NS NO - W o F - NF A NONOSO N D KN
NaaaoTe T e®o0 o900 g o2 E o
yoa e N | .qulq,goo

Errors = Targets - Outputs

FigureXIV. Shdt #2: Training and Testing Stage, Error Histogram

Based on the analysis from Figures-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 ¢htraining and testing stage, and the MSE at 0.003 and €90 are still very good,

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

Figure XVI shows the autocorrelation plot for the additional testing sta§badt #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.
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FigureXVI. Shaft #2: Additional Testing Stage, Error Autocorrelation
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Figure XVII shows tht 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 theaepdesting stage.
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FigureXVII. Shaft #2: Additional Testing Stage, Error Histogram

4.2.3 StepAhead Testing Stage

Figure XVIII shows the results for the closed loop, stbpad testing of the NARXNN for Shaft
#2. The collected data is shown in radd the NARX prediction is shown in blue. The MSE aAdoRthe
stepahead 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 #ah it did for Shaft #1. Overall, this is another powerful result with
increased accuracy.
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FigureXVIIl . Shaft #2: Stef\head Testing Results

4.3 Shaft #3

4.3.1 Training and Testing Stage

The training and testing data for the NARXNN can be seen ur&i¥IX. The blue points are the
training datawhile 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 &rud 9899 (near 1) and
for the testing datan MSE of 0.018 and ar?Rf 0.998 (seen in Table Il). 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 vaes. Overall, the NARXNN did an excellent jobunderstanding the data in the training and
testing stage for Shaft #3.
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Response of Output Element 1 for Time-Series 1

Output and Target

P

FigureXIX. Shaft #3: Training and Testing Stage

Figure XX shows the error autocorrelation plot for Shaft #3. This graph shows.lagpivelation. 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
autocorrelatiorfAnderson & Semmelroth, n.d.; Beale, Hagan, & Demuth, 2010)
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FigureXX. 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, ticevalidation
when using Bayesian Regularization. Based on Figure XXI, there are many instances of errors, but the errors
are small.
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FigureXXI. Shaft #3: Training and Testing Stage, Error Histogram

4.3.2 Additional Testing Stage

Figure XXII showshe 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 atah@he Rat 0.9997 are still very
good, representative values of the data.
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FigureXXIl . 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 thé®5% confidence interval, therefore there is no statistical significance and the model is adequate.
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FigureXXIIl . Shaft #3: Additional Testing Stage, Error Autocorrelation

Figure XXIV shows that there is a small window of errors but many instances efrthvs. 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 thatstep testing stage.
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4.3.3 StepAhead Testing Stage

Figure XXV shows the results for the closed loop, stkpad testing of the NARXNN for Shaft #3.
The collected data is shown in red and the NARX prediction is shotinén The MSE and Hor 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
predidion 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.
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FigureXXV . Shaft #3: Steff\Ahead Testing Results
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5.0 Recommendations

To make th@redictions 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 a bstew:

1 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 ACRnemory
Compile and keep a large data &kttabase) of all values collected on the ACR for the surface and
for the bottom of the intake shaft.
1 Continuously utilize the NARX network to update theuked for designs if it appears the model is
accurate (this is discussed in detail in previous Ges}i
1 *Once a larger data set is compiled, fewer ACRs will need to be set up at the bottom of the shaft
because J will be able to be predicted from surfacg. T
*Note: An occasional ACR will need to be placed at the bottom of the shaft even if a laaeetdat
is compiled just to keep the NARXNN up to date.

f
f

6.0 Conclusions

Predicting thewetbulb temperature (f) of the intake air at the bottom of intake shafts is very
difficult because of the Thermal Flywheel Effect. Until now, it had been difficulredigt T, accurately
because of the stochastic nature of the data. The utilizatiNordinear Autoregressive with an Exogenous
Input Neural Networks (NARXNNmake it possible to accurately predict theof the mine air at the bottom
of intake shafts atarious Nevada mines based on surface wet bulb temperatwyeTkifee data sets for
di fferent intake shafts at Nevadabs wunderground mi
predicted data using closed loop stead prediction showed accdpéaerror as well as definitive trend
following of the collected data. The reatean squared errors (RMS&MSE) for Shafts #8 were 0.57 °C,
0.33 °C and 0.61 °C, respectively. These errors are low and are good predictions of the actual underground
envirorment. 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(Rbghanchi, 2017; Kocsis & Hardcastle, 2010)e results presented
open up possibilities to used NARXNN to predigt a the bottom of intake shafts at other mines. The
prediction of Ty 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 futureauntbrgines, which
are at the feasibility study stage, if thvetbulb 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. Thisauld lead to overdesigning or unegsigning 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 alsndied that thevet-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 stdyead predictions. Preding thewetbulb temperature (f) with NARX,
while taking into account the thermal flywheel effect (TFE) can eliminate any guesswork in determining
which value of |, should be used for climatic modeling and mine design purposes. NARX increases the
accuracyof air temperature prediction at the bottomveftical intakeairways, 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 undergrourndes
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3.3 Conclusions

NARXNN are very powerful and useful for the assessment and prediction of underground climatic
parameters, namelwetbulb temperatureT). NARX is a type of recurrent neural network, which are
effective for time series data because of their recurrenitectireas well as their robustness to noise in
nonlinear data se{Xie, Tang, & Liao, 2009)NARX were chosen from the class of recurrent neural networks
because they use a nonlinear activation functidrich is useful forstochastic dataChapter 3 creates a
solutionto the problemidentifiedin Chapter 2. NARXNN are able to accurately model stochagtidata
and also predidts future value Being able tcaccurately model and thgmedict Ty is useful for a correct
undestanding of the subsurface thermal climate and planning of future ventilation and cooling requirements.
Tw is a more important parameter to assess thai¢hecause it is the parameter tharéguentlyusedto
designefficient ventilation anccooling systems.

The NARXNN stepahead prediction fahe three shafts showslight lag or advancéetween the
model outputs and the data. Thiifferenceis likely due to the stochastic nature of the data that NARX is
modeling. NARXNN models, like mosheural networks, perform better with large data sets. The data
collected for this study was large, but the NARX would continue to perform better with added datze
error associated with the lag or advance would decrease with added data. The reasorsthee 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
consistentrend oflagging or advaning in the three cases. Although there is some shifting in the data, the
errors were still low withite rooome an squared errors (-ReqEingtB5MSE) f or
0.33°C and 0.61°C, respectively

The NARXNN perforned bettert h a n Ve ar tClimis i Enhen compared to the actual
climatic data for Shaft #3This statemenis supported by the comparison of
ClimsimE and the NARXNN for Mine A (Chapter 2) and
is the intake shaft foMine A. For the Shaft #3 data collected within the date range corresponding to the
NARXNN stepahead prediction, April 18, 2019 to April 19, 2019, the averagebulbttemperature ()
was 13.94°C. Thgyout put for Cl i msi mE on@¥yl1°€an wistel(281HC)ues f or
but the values did not fluctuater the seasons. If we average these outputs to obtain a simple prediction for
April, the Tywould be 28.61°C. TheJo ut put f or Vent s i -l Rinallg, théaketagel ur i ng
NARXX prediction was 13.48°C. The comparison and differences of the models can be seen in Table I.

Tablel Thermal Flywheel Effect Comparison Including NARXNN

Shaft #3
Data | NARXNN | VentsinE | ClimsimE
Tw (°C) | 13.94 13.48 6 28.61
Model )
Error (°C) -0.46 -7.94 14.67
The negative values for O6Model -@esignedrsystem becadsethd e | v

system would be designdxhsedon a lower temperature creating an unsafe thermal climate. The positive
6Model Err€t domshoméEnwbot d be sileadingtoiasystemtHatycosts harger d e s i g
monetary sums. Table | 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 RMSBBf®@discussed above for Shaft

#3, which showsonsistently low error

Significance of Study

The utilization of NARX to predict Jis a new application of neural networks and climatic modeling
within the mining field. It is a practical application of NARX because of the-far@s 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, KBl will not be able to learn from the data and determine connections. The
study hashieadvantage of analyzing three different mim@&akeshafts. This adds a level of robustness to the
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outcome because the results are flexible and can be applied toonatigris. The flexibility of NARXNN
presents a significamtdvantage for application as well as encouraging the stake of multiple mines.

This work is unique and insightful because it is difficultadiect continuouslimatic data for intake
shaftsand b analyze and obtain applicable resuUfRXNN can be applietb any mine in which large data
volumes are collecte@ata is typically collected atbr 2-minute intervals for a total of 1 month. If longer
collection time periods are requiréaround 2 rnths) the sampling rate could be incredise 5-minutes.
Additionally, data could be applied fioture underground operations in order to provide accurate predictions
for mine prefeasibility and feasibilitystudies.The results of NARXNN are site spdcibecause the data is
only being used from one locatiofihe modeling software discussed in Chapter 2 were able to predict the
dampingeffect but not theohase shift of the TFE. The NARXNN incorporates both terms into the output
because the NARXNN is intgreting real climatic data.he utilization of NARXNN has the ability to predict
the subsurface thermal climatehether the TFE is present or ndthile it is useful to know if the TFE is
present within a mine, it is not necessargpplyingNARXNN becaiseNN learn from patterns within the
data regardless of the complexity.

Limitations of Study

The specificity of the NARXNN creasesome limitations for modelingvork. As mentioned,
NARXNN analysesre site specific. This limits the ability to use the NARX model for mines that do not
have similargeological andhermal environments.he network can be retrained with data from a different
mine, but a new thermal climate database would need to beodedednd data would need to be collected
for the new minelf the thermal environment is unknown, say in a new mine, it is a better prediction than
omitting the effects of the thermal flywheeAnother limitation is the complexity of the NN. Mining
enginees rarely have the time or desire to learn a new modeling environment or programming language.
Neur al net works are power ful, but they can be desc
interpret the relationships and patieformed by the N. This is not unique to this NN, but worth mentioning
as a limitationFinally, data collection is a necessity with NAh up-to-date climatic database needs to be
kept up toenablethe NN provide accurate output datdo, even though the model is preitigtfuture data,
data collection will always be necessary. To defend this idea, most modalikgalways requires more
data. This is the unfortunate fact about trying to interpret and peedatural phenomenon



45

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 @arg function of mining depth, the combined heat
load of the mine, and the distance of the active stopes fhe intake fresh airwayBulk air cooling and
spot cooling are used extensively in Nevada u n d emingsr Thasensgstems affective butrequire a
large amount of energy amgbrk by combatting heat. Chapter 4 discusses alternative cooling fes mhiat
not only cools but utilizes waste heat in the mine. So, instead of combatting heat, the systems, specifically
ground source heat pumps a@dyanic Rankine Cyclg©ORC), use waste heat to cableminegd s i airt a k e
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 coolingy#milatingair, you arealsoeliminatingwaste heat
from entering the working area&dditionally, Chater 4 discusses modeliige heat flux anddentifying
the undergroundhines that have the capability of utilizing such systems based on current mining conditions.

Waste heat utilization is studieditside of the mining industrgnd Organic Rankine Cydere a
popular system to utilize waste h€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 facthat underground mines have a large waste heat potdimgak are other applications of utilizing
mine waste heat such as exhaust smoke from a coal gangue brick fBemryVang, Wang, & Yu, 2017)

Chapter 4 ties in wit Section | because obtaining a firm understanding from modelorg
(Chapters 2 and 3) assists with understanding the design temperature of ground source he@rgamips,
Rankine Cycleand established cooling systems. The alternative systems ratcorate climatienodeling
andunderstanding for efficigrperformance.
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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 workig 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 amourtecofaty. 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 ofaeother
and GSHP systems are their renewability, which reduces the carbon footprint of the mine.

KEYWORDS

Ventilation, Renewable, Geothermal, Ground source heat pumps, Cooling systems, Metal mines, Mining

1.0 INTRODUCTION

The western United Statéss abundant alternative energy sourtesuding 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 neair\ateasic activity such as
along plate boundaries, mateanic ridges, rift valleys and hot spRENA, 2017) There is significant
potential to use geothermal energy for many applications. With constantly evolving renétive
technologies being developed, an increasing number of geothermal applications are becoming feasible. The
western United States is an ideal candidate for alternative energy applicitiernt® thegeothermal
availability and the emergence of madézchnology. This paper investigates the incorporation of renewable
methods and the alternative energy possibilitieBafick Goldstrike, located in northern Eureka County,

NV and Rio Tinto/BHP Billitonés Resolution Copper

2.0 RENEWABLE SYSTEMS

2.1 Geothermal Systems

Geothermal temperatures are typically defined as either high or low temperature §3stemggun,
Huaixian, & Tao, 2011) The hightemperature reservoirs (>220°C / 428°F) are feasible for large,
commercial production of electricity with dry stream and flash stream sy§8imaagjun, Huaixian, & Tao,
2011) Low temperature systems, below 2202@8°F)(Shengjun, Huaixian, & Tao, 201,19re much more
difficult to use for energy production. Letemperature reservoir heat can be harnessed through the
implementation of a binary cycle plant. The working fluid for a birtgigte plant is either organic (Organic
Rankine Cycle (ORC)) or an ammoniater mixture (Kalina cycle). Organic fluids and ammemn&er
mixtures have low boiling points that allow for the recovery of heat fromtémaperature sourcégymel
Campos Rodriguez, et al., 2013)he 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 recoverieatperatures 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% G¥d
(Kosmadakis, et al., 2018)ut it can still be a cosffective method for waste heat recovery. The systems
discussed within this paper are considered setalle ORC because they must fit within an underground
mine. Howeer, ORC systems can be scaled up or down depending on the demand and the space available.

r



48

Theoretically, smalbcale ORC machines should be placed at the sump (the underground location where
mine water is collected) to provide the ORC system with seffiovater. 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 sgot coolin
and/or assist in powering a battery charging station for bat@mered 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 poyBarrick 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 demidpdever, 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 Resolutio
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 potentia{Roberts B. , 208). 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 10 km (1.9 6.2 miles). Based on Figure 1, all of Nevada has a highdéfavorability for

geothermal energy with much of Notha st ern Nevada designated as 6Most

Geothermal Resource of the United States
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Figure2. Northern parts of Eureka County, southern parts of Elko County, NV: Barric
Goldstrike and Beowawe Geothermal Poter{tidvada Bureau of Mines and Geology, n.d.)

Figure 2 displays the geothermal potential of Bar@ckdstrike. 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 OHigh Local P oBased oniagielininaaysassessmerkt aesthg data shoven dn.
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 determirgen rock
temperature (VRT).

The forwardin-time, centeredn-space (FTCS) finite difference model for the @limensional heat
diffusion equation was developed to look specifically at the Goldstrike heat flux and geothermal gradient.
The finite dfferent scheme, when compared to other numerical solutions, is relatively simple, yet provides
discrete solutions at specific points in time and sg§&tiegerland & Kump, 2011) The onedimensional
heat diffusion equation cadre seen in Equation 1.

— O— 1 (D
Equation 2 shows the final finite difference solution (FTCS) for the model which was taken from Slingerland
and Kump, 2011, wheneis the time stepTl is temperature (°C),is the iteration value argis the diffusion
number:

YOiY  p ociY 'Y 2

The diffusion numbers, is given in Equation 2a wherptis the change in time (day is the thermal
diffusivity (m?/day) andyd is the change in depth (meters)

c-
'~<=| <

(2a)

The modeMbisplays 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 Beowaevdua
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Bureau of Mines and Geology, 2013Beowawehas 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 adatk @bser to
Goldstrike. The drill hole data is available for depths betweandd 30 meters (26427 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 functiomodeling the seasonal surface temperature fluctuations. The equation for the sinusoidal
surface condition is given in Equation 3 whdakds surface temperature (°C)is mean average surface
temperature (°CYel is change in temperature (°@),is thesine phase period ands time (days):

YUY VY Qi QEzo 3
Table 1 shows the parameters and the equations used to determine the variables for Equations 2, 2a and 3:

Tablel. Equations and Parameters for Equations 2, 2a and 3

Variable Equation and/or value

4 (°C) 9.15
Y4 (°C) 7

Period 365
P

S wgz &

¢ T e BPXC
t (days), 0-1000, 1
Y& (meters) 1
K (m?/day) limestone 0.0864

Some additional complexity is added to the model by setting an initial temperature condition of
25°C (77°F a comfortable dry bulb working temperature for the underground miners) at 687 meters (2,223
feetl relative depth of Goldstrike) and calculating theat 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 calasiateBquation 4,
wheredT is the change in temperature (°C) atzds the change in depth (meters). Equation 4 assumes all
heat is transferred within the rock via conduction.

o vz— (4)

The results of the modeling can be seen in FgyBrand 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 tempematiee atc
Goldstrike at 600 meters (1,969 feet) is 60°C (14Q¥an Der Walt, Pye, Pieterse, & Dionne, 1998pnsed
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 ahvalue of 0.999which 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 (leetw54.4°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 themperatures suitable for ORC will be reached in the future.
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Ri o Tinto/ BHP BCopperiMinends Resol uti on

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 feand the temperature at 2,180 meters (7,152 feet) is 83°C (181.4°F)
(Bluhm, Moreby, von Glehn, & Pascoe, 2014)ith such elevated temperatures, it would be advantageous
to implement an ORC system into tResolution 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 theufR@s@opper
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 ambof heat transferred to the ventilating air.

2.2 Ground source heat pump systems

Many groundsource heat pump (GSHP) systems are suitable in many scenarios including
commercial and residential applications due to their renewable potential and effeciveness. GSHP
systems are proven renewable energy sources for space heating and(8aobog& Sebarchievici, 2014)

The temperature of the ground is relatively constant at certain depths below the frost line. uhkdeiggro
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 dfe several types of heat pumps are given by Sarbu & Sebarchievici (2014):
1 Air-to-air heat pumps These are the most common and are useful for unitary heat pumps.
1 Waterto-air heat pumps These rely on water as the heat source/sink and use air toitraeam
1 Waterto-water heat pumpsThese use water as the heat source/sink for heating and cooling.
1 Groundcoupled heat pumps (GCHPYhese use the ground as a heat source and sink. Pumps

may have a refrigeraiib-water heat exchanger or may besdtrexpansion (DX). In systems with

refrigerantto-water heat exchangers, a water or antifreeze solution is pumped through horizontal,

vertical, or coiled pipes placed in the ground. DX use refrigerant in -dirgetnsion, flooded, or
recirculation evap@tor circuits for the ground pipe coils.

1 Hybrid groundcoupled heat pumig a variation that uses a cooling tower oraioled 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 dmsedeat 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 trangif@t éinderground in a closddop. A horizontal
and vertical GCHP can be seen in Figure 5.

gl

Wi

Figureb. a) Horizontal ground heat exchanger; b) trench or vertical ground heat exchanger
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Another type of GSHP are heat exchanger piles whichtygrieally 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 theepelyethyl
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 pilegSekine, Ooka, Yokoi, Shiba, & Hwang, 200which adds extra flexibility to the design
and application. The idea is that the exchangers are placed on the outside ofitheopilgernally. A
major advantage of this location is that hiubes are positioned outside the diameter of the pile determined
by the structural design and the core of the piling (and concrete will be placed arountibes)and will
cause no partial loss of area of the piling and no loss in structural st(8egthe, 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 infrastructuas se headframe,

fans, bulk air cooler and other surface construction. They are more expensive than GCHP, but they have the
ability to utilize a | arger heat sink because the |
greater depththan the closelbop system discussed above.

Structure
/|
Il

Heat
Exchanger
Piles u

Figure6. Schematic of heat exchanger pile

2.2.1 Applications of GSHP systems

GSHP are utilized for many commercial and residential applications, but tHetle idiscussion
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 mediunthese 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 processe®(Fjgd he 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
implementaibn 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 ériscaptere
was taken was 2°C (35.6°F). Itis important to note that this cooling system schematic does not show the
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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 coolingstem 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), Pge€ouler (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 aera pumped
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 &6BAC. 6 The 6BACO6
and the O6Refrigerdtrioomn t Ma&c BIBPAeCDH. G s Watndr t o t he O6Re
Dam6é and the 6Production Shaftd once the water is
Damd receives water from the 6PCTO andtiontshaisaddBACO6 an
to Rodeo (another production zone within Goldstrik
and sends water to the 6BAC, 6 6Cold Dam,d6 6CCTOd6 and
load, the higher the numberf cool i ng processes the water must wund
the OPCT6 and the O6Refrigeration Machinesd and se
ORefrigeration Machinesd6 send and r elichindicateswhat er fr
closed |l oop between the ORefrigeration Machines®d an
from the Rodeo 6BACO6 and transfers water to the Gol

After the assessment theiflealdacenkeht ef@ SCHPavouldibebgfore y st e i
the hot water enters the OHot Dam. 6 With the i mpl
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 advantageeotdioling 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 fe@ffice of Energy Efficiency & RenewablEnergy, 2017) At these
depths, the ground temperatures are relatively constant around 10 °C (60gtk), 2015)

3.0 CONCLUSIONS

The integration of geothermal energy via ORC and GSHP systems can be aaN&hkive to
traditional energy sources. The fraction of waste heat that is currently unused can be harnessed using small
scale lowtemperature ORC systems. As mines continue to progress deeper, the temperatures will increase
enabling more mines to plement 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 arermother compmentary 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 determinéattengent 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.

Thetheoretical application of geothermal and GSHP systems investigated within this paper indicates
that alternative, nononventional methods can be integrated with existing infrastructure to diversify the
mi nebs energy portf ol ingalternalive €/stenh iatd theaningseon d lmgde. mp | e me r
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 energyefficient systems described in Chaptehdve the ability to be integrated with
existing mine cooling systems and infrastructure. A good understanding of the geothermal potential is
necessary if OR@s used because they rely on heat sources to drive the sytemumerical modeling
shown is important to portray the potential in heat thetvarious locations have. It is a simple model, but
it describes how much waste heat will enter into a develop®@&(E. would use heated water coming from
strata and cool wat@oming 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 turbmach like geothermal systems use water to
drive large turbinesGSHFs do not require any heat sourcedbweffective. All that is needddr GSHPsis
a designated area to reject the heat into to ground.

The cost for industrial electricity in Nevada for February of 2019 was 5.16 cent$lkWhEnergy
Information Administration, 208). The lowend 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 pizkisfrial 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 systesdyah 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 thetmageeducing 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 tné n beatlsad Most mine waste heat is not used because it is difficult
to harness, butis an untapped source that has the ability to be utilized with alternative cdalutigionally,
the ORC has the ability to create electricityrich can assist in powering assprooler undergroundVhile
the idea of ORC and GSHP are not r{&wsmadakis, et al., 2016; Sarbu & Sebarchievici, 20hi Chapter
describes how ideas used in different disciplines can be applied to miningated rbut innovative way.
These ideas have yet to be integrated mamy mining environments. As mines continue to get deeper and
combatting heat becomes more expensive, these systems will likely become more efficient and desirable.
increase of tempature to 90°C can increase the efficiency to 1B#smadakis, 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 usedvarious 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, aybe 1 or 2 every level, there might be some noticeable rtrattien. 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 iethéred space tmstallthe 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
transportingeturnwater to surface at cooling ponds. The integration of this system at Goldstrike, in theory,
would actually be fairly simplé other mines may not be so easy.

A limitation that is often present in industry is convincing companies to use new syis&stsl
present some riskt makes sense for a mining company to not implement untested systems because it means
loss of money. However, many systems start out as monetary, tinatias the new systems evolve, they can
generate significant savingsaperating cost 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 stabilitg the ratio of the resisting forces over the driving forces on
a slopeandis called thefactor of safety. The main methods of slope stability analysis include the limit
equilibrium technique, probabilistic method and numerical modéth limit equilibrium being the most
popular(SME Mining Engineering HandbooR011, p. 50Q)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 @Kl Mining Engineering Handbook, 2011,
p. 495) T he anal yses compl et ed within this di ssertati
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 dist(BtidiMining
Engineering Handbook, 2011, p. 50By simulating different values of random variables, with measured
distributionsof friction, cohesion etc., a distribution of factor of safety values will be genditéd Mining
Engineering Handbook, 2011, p. 508inally, the results of numerical models are solved by computer
programs that attempgb represent the mechanical response of a rock mass subjected to a set of initial
conditions, boundary conditions and induced cha@@®tE Mining Engineering Handbook, 2011, p. 503)

Types of slope failures are importart understand when interpreting rad&egressive and
progressive failures can be categorized as Type 1 (Regressigition), Type 2 (Progressive condition) and
Type 3 (Regressive/progressieendition) (SME Mining Engineeng Handbook, 2011, p. 523 egressive
slope movement would be an event that becomes more atabtiecelerates through continuous cycles. The
slope has cyclical instabiifyr om s ome external stimuli t habelot empor ai
an FS=1 foperiods of timgSME Mining Engineering Handbook, 2011, p. 528h example of this could
be blasting.Progressive slope movements are those that displae®m accelerating ra@nd increased
displacements until collaps&.regressive/progressive movement of the slope would be a combinatien of
two previously discussed. What is likely to occur, is that a regressivement transitions into a progressive
movement if mitigation is natplemented. The movements discussed within the dissertation are regressive
slope movement because the slope decelerates.

The five most common approaches for blast vibration prediction from Sga€ie) are (Silva-
Castro, 2012)

Historical data review

Charge weight scaling laws
Waveform superposition

Scaled barge weight superposition
Analytical and numerical methods

=A =4 =4 -8 -9

Peak particle velocithas been useeiktensively as aassessment fdylast vibration monitoring prograsn
(Silva-Castro, 2012)Peak particle velocity is used insteafddisplacement or acceleratitblased on many
studies, which was determined to give the best indication of vibration d¢BibgeCastro, 2012; Langefors,
Kihlstrom, & Westerberg, 1958; Edwards Morthwood, 1960; Duvall & Fogelson, 196Ihe scaled
distance methodology has also been widely ushith scales PPV in relation to the square root of the charge
weight and the distanc&his is utilized at Round Mountain as well as other blastatidn criteria such as
dominant frequency.

Another important parameter to assess with PPV is dominant frequelich is determined from
afast Fourier transfornThe dominant frequency is important because it determines the frequency where the
most energis 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 time 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 mofiosiagie response.

In mine blasting, there are two wave types produdsatly and surface waves. The most important
surface waves are Rayleigh waves in mine blag®ME Mining Engineering Handbook, 2011, p. 1692)
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Themine blasts produce mainly body waves at small distances and Rayleigh waves become more important
at further distancg$SME Mining Engineering Handbook, 2011, p. 5Z3he of the main differences between

mine blasts andagthquake ground motions is that in geophysics, you implicitly assume that the motions are
continuous and last many cyalesost blast vibrations only last one or two cyc&ME Mining
Engineering Handbook, 2011, p. 1693)
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Chapter 5. Geotechnical Modeling of Kinrossi 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 failthrese 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 f@abapter 5 discusses RocFaland Slid& analyses at
locations with prior events at Round MountaBoth 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 modelingcarred. The presentation efentbased back analysis presented
within this chapter to describe the approach taken to determine the unknowns within the rBadkls.
analysis is performed to improve knowledge on parameters of a slope stability analysi€Zhang, Tang,
& Zhang, 2010)In back analyses, input data are measured values, such as displacehilnthe output
results are the mechanical parameters of mcdoil, such as cohesion and internal friction ar{§akurai,
2017) This analysis procedure is entirely a reverse calculation of an ordindsgwardanalysis which is
why it is calledfiback analysid(Sakurai, 2017)

This Chaptedescribeghat abetter 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 informmeaddition to thispreventative 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 modelingfamines 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 inéfficigmidata 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 analgs 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 Mourgaiwell 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 EngineeriRgckfall, Slope Stability,
Eventbased

SITE LOCATION: 38.708471;117.103966

1.0INTRODUCTION

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 KoMall 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 includenaftdes 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 pouretbitsillionth ounce of gold (Kinross, 2019). The
Round Mountain Gold deposit is an epithermal,-kifidation, volcaniehosted, hot springs type, precious
metal deposit, interpreted to follow the margin of a buried volcanic caldéw Round Mountain Cdéra
(Kinross - Round Mountain Gold Corporation, 2008). Caldera collapse features and faulting in the
metasedimentary rocks provided the major structural conduits fotbgaldng hydrothermal fluids where
these ascending fluids deposited gold along adbveestnorthwest trend (KinrossRound Mountain Gold
Corporation, 2008).


mailto:kscalise@nevada.unr.edu

63

2.0NEW NORTH WALL FAILURE i ROCKFALL ANALYSIS

A rockfall analysis was completed for the New North Wall Failure area. This area is located on the
north section of the plielow 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 proagate down a slope. Material properties, segidacement and initial conditions are input
by the user. Figuré depicts the crossections used for theckfall analysis. Section 1 is an area with past
rockfall events. Section 1 was used as a calibration for the accuracy of the model parametirigtian
angle of the slope). Section 1 is calibrated usiragkfall 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 bech level. Section 2 is an area with the fewest catch benches (i.e. a&ag@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 sest@#ferent sections are tested because of the high
variahlity of catch benches in the New North Wall Failure area. The ultimate goal is to elimirratk&l|
of all sizes making it to the pit bottom where work is occurring. The idea is to kegpresptiand personnel
safe from any rock that could cause damage.

Figure 1. Crosssections used for analysis (North is up)

2.1 Calibration

The RocFall model was calibrated for material properties using Section 1 based on poekifalis
events that occurred on March 26, 2019. The model, once calibrated, shouldrpatdizdt near the toe of
the bench as well as larger rock fragments ngakimbout 24.4 m [8@eet] 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 oceuthed @ip the slope.
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Figure 2.Rockfallevents used for calibrationMarch 26, 2019
Section 1 was successfully calibrated to predictrtioifall 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 Ibs]. This mass
mimics the approximate rock sizes from March 26th. The two seeder placements shown in the model also
represent areas where ttloekfall events most likely occurred. The red lines in Figure 3 showattidall

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 multipleckfall shown in Figure 2. The slope material friction angle used for successful
calibration was 30 This angle will be used throughout the subsequent analyses.

112500 112600 112700 112800 112900

112400

Section 1 - Calibration
| 2 Line Seeders

L B B B B B B B B B B B B B B L B R R S B
14800 114700 114800 114200 115000 115100 115200 115300 115400 115500 115800 115700

Figure 3. Section 1 Calibration

. 11z3o0

2.2Model Parameters
The model parameters used in tubsequent analyses are listed in Tabiés Table 1 shows the
analysis method used (lump mag=ach rock is modeled as a very small spherical particle).
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Tablel. Project Settings
Project Settings
Analysis
Method:

Lump Mass

Table 2 shows how many iterations of equally distributed rocks werenthiThis is the maximum number
allowed on RocFall.

Table2. Probability Settings
Probability Settings

10,000
# of Rocks | (distributed from
Thrown: total number of
rocks)

*equal distribution (random
numbers generation) - equal
probability of each line seeder witl
random numbers

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. &'meaterials 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.

Table3. Slope Settings main differences are normal and tangential restitution.uéalfor normal and
tangential restitution were default to describe talus and bedrock.

Slope Settings
Property Distribution Mean | Std. Dev} Rel. Min| Rel. Max|

Normal
Restitution Normal 0.32 0.04 0.12 0.12
Tangential

Talus Cove 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

(I)Bjt((i:rr?)(;)l; Restitution Normal 085 | 004 | 012 | 012

Fricton Angle None 30 0 0 0
Slope
Roughness None 0 0 0 0
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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 distrubutedddr0,000 events).

Table4. Rock Type Library
Rock Type Library
Mass (kN) | Density (kN/ni) | Mass (Ib) Density (Ib/ff)
168.56
168.56

168.56
168.56

Table 5 shows the initial conditions of the rocks throWhe initial conditions represent slight movement for
rotational, vertical and horizontal velocities depicting an event which initiatesirockment such as a blast
(Note: The properties are statistically a uniform distribution of the mea@25%).

Table5. Seeder Propertiesinitial Conditions

Seeder Properties - Initial Conditions
Property | Distribution Mean Std. Dev| Rel. Min| Rel. Max
Horizontal
Velocity Uniform 0.2 0 0.05 0.05
(ft/s)
Vertical
Velocity Uniform 0.2 0 0.05 0.05
(ft/s)
Rotational
Velocity Uniform 30 0 6 6
Cls)
Initial
Rotation None i i i i

2.3 Preliminary Models

The three sections discussed previously were entered into RocFaliitoviith 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 seedes (Red seedédr 0.22 kN [50 Ibs], blue seed&r2.22 kN [500 Ibs], black seedér4.45 kN
[1,000 Ibs], orange seedér44.48 kN [10,000 Ibs]). The line seeders (locations that throw the rocks) are
placed where there is a concernffockfall (this is truein 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, sooekfall does make it to the pit bottom, butdtriot as extensive as
Section 2.
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112500 112500 112700 112800 112900

112400

.y

112300

,
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 seedd.22 kN [50 Ibs], blue seedér2.22 kN [500 Ibs], black seederd.45 kN
[1,000 lbs], orange seeder4.48 kN [D,000 Ibs]). For this model, there is extensiwekfall that makes it
to the bottom of the pit and travels a significant distance.

Mz800 112600

L, mzam

112300

112200
P
/

112100

112000
1

Section 2
2 Line Seeders

Mg

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 se&dér22 kN [50 Ibs], blue seedér2.22 kN [500 Ibs], black seede#.45 kN

[1,000 Ibs], orange seedied4.48 kN[10,000 Ibs]). For this model, similar to the results of Section 1, there

is lessrockfall making it to the bottom of the pit compared to Section 2. Speaékfall 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 necessargkfall mitigation
(optimized distance and height catch the maximum number of rock&jather height sensitivity analysis
(2 parametei height and ®ocation) tool in RocFall was utilized. The barrier height is analogous to the berm
crest height. The berm ight 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 passiograpared. The sensitivity analysis was only
performed on Section 2 because currently it has the highest probabitiigkédll.

Figure 7. Sensitivity Analysis Results

Figure 7 shows the graph for the results of the sensitivity analysis including both the number of
rocks passed andlgcation vs. length. Red indicates a high number of rocks passing and blue a low number.
Based on thesensitivity analysis, the best placement for the berm crest is at 11d88aton. This is
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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 toireguootprint. 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 mefeed][§ives 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 thekfall 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. Figut@sBow
the model rests for Sections -B, 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.

113000
et

112800
P

112600

7

bem

Section 1 (5 foot berm)
2 Line Seeders

11de00 114700 " 4ideoo T Tiddsoo ' Tivsboo ' 44sh06 ' Tifs2oo’ 44200 ' T4vsao0” ' T4dss00 ' 4rsson ' ddsmoe

Figure 8. Section 1 Model (1.52 meter berm)
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Figure 9. Section 2 (1.52 meter berm). Inset shows sensitivity analysis for
section.

117500 117800 112000 118100 118200 118300

Figure 10. Section 3 Model (1.52 meter berm)

2.5Results
Table 6 shows the results armmparison of the preliminary models (without berm) against the final
models (with a 1.52 meter [5 foot] berm).
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Table6. RockfallSeeder Results (out of 10,000 rocks thrown)

Number of
Rocks Berm Size

Passing*
Without Sect!on 1 201 -
Berm Section 2 3,088 -
Section 3 667 -
With Sect!on 1 1 5
Berm Section 2 0 5
Section 3| 7 (1)** 5

*note: rocks passing is approximate and will
change because of random seeding
** 1 rock making it beyond future bench

The preliminary models without the berm, mainly Section 2, have significekfall 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 beri8ection Zockfall 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 tanaiskbeyond the

future bench (the other 6 come to a stop at the current toe). This is a significant deaadalimnd
therefore a significantly safer work environment. Section 2 had the highest poterniiekfat! intially,

but after the 1.52 meter{foot] berm was implemented the hazardous rock failure was reduced below the
other two sections. This can be attributedhe fact that the models randomly seed. After the placement of
a berm, the number obckfall events in all the sections can be described as negligiltas

recommended to implement a 1.52 metdyerm along the entire bench of the New North Wall Faiire

area to increase personnel safety in regards tockfall (see Figure 11).

suggested berm

Figure 11. Suggested Berm Location

The final berm was placed and can be seen in Figure 12.
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R

Figure 12. B

erm in place at suggestiatation

3.0SECONDARY ACCESST SLIDE ANALYSIS

3.1Limit Equilibrium Analysis (SLIDEZ2)

Limit-equilibrium analysis was performed to evaluate mitigation options for a previously
recognized failure. Limiequilibrium modeling is generallgonsidered adequate for deasibility 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 roal that
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 limitequilibrium 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 equilitum 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 roskreragh) over the driving
forces destabilizing the Slide mass. Factors of saf
(Spencer, 1967as implemented in twdimensional limitequilibrium slope stability progranSLIDE2
(Rocscience, 20195M 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) SLI DE2 fisearchesodo the sl ope models to ident
is the critical failure surface and represents the surface most likely to fail under the assumed conditions.

3.2Model Setupand 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 seeRignire 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 necessangéorcas in the
event that the main haul road/ramp is unavailable.
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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 Contglanagement PlafKinross - Round Mountain, 2019)The
exception is the Type-Bltered material. The Typei2altered strengths were inferred based on the behavior

of the material in past events. The friction angle and coheséoa @btained 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





















































































































