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ABSTRACT 

 

This dissertation documents the measurements, analytical modeling, and numerical 

modeling of electromagnetic transfer functions to quantify the ability of cloud-to-ground 

lightning strokes (including horizontal arc-channel components) to couple 

electromagnetic energy onto multiconductor cables in an underground cavity.  

Measurements were performed at the Sago coal mine located near Buckhannon, WV.  

These transfer functions, coupled with mathematical representations of lightning strokes, 

are then used to predict electric fields within the mine and induced voltages on a cable 

that was left abandoned in the sealed area of the Sago mine.  If voltages reached high 

enough levels, electrical arcing could have occurred from the abandoned cable.  Electrical 

arcing is known to be an effective ignition source for explosive gas mixtures.   

 



ix 

Two coupling mechanisms were measured: direct and indirect drive.  Direct coupling 

results from the injection or induction of lightning current onto metallic conductors such 

as the conveyors, rails, trolley communications cable, and AC power shields that connect 

from the outside of the mine to locations deep within the mine.  Indirect coupling results 

from electromagnetic field propagation through the earth as a result of a cloud-to-ground 

lightning stroke or a long, low-altitude horizontal current channel from a cloud-to-ground 

stroke.  Unlike direct coupling, indirect coupling does not require metallic conductors in 

a continuous path from the surface to areas internal to the mine.   

 

Results from the indirect coupling measurements and analysis are of great concern.  The 

field measurements, modeling, and analysis indicate that significant energy can be 

coupled directly into the sealed area of the mine.  Due to the relatively low frequency 

content of lightning (< 100 kHz), electromagnetic energy can readily propagate through 

hundreds of feet of earth.   Indirect transfer function measurements compare extremely 

well with analytical and computational models developed for the Sago site which take 

into account measured soil properties.   
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Chapter 1 Introduction 

On January 2, 2006, an explosion was initiated in a methane-air mixture within a sealed 

area at the Sago underground coal mine near Buckhannon, WV that resulted in the deaths 

of twelve miners.  The approximate location of the initiation of the explosion is shown in 

Figure 1-1.   

 

 
Figure 1-1 Approximate location of initiation of explosion in sealed area of Sago Mine. 

 

Because of the fraction of a second simultaneity of the explosion and nearby lightning 

strokes recorded by the National Lightning Detection Network (NLDN) and the United 

States Precision Lightning Network (USPLN), lightning is strongly suspected to have 
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caused the explosion.  Additional eyewitness reports of other lightning not recorded by 

NLDN and USPLN further these suspicions [1].  If the timing of the recorded lightning 

strokes and the underground mine explosion are considered independent statistical 

events, then the probability that such a combined event would occur at random in a given 

year is extremely low.  When this highly improbable event is coupled with the fact that at 

least eleven underground coal mine explosions have occurred since 1990 (see Appendix 

D) in which lightning is suspected of being the cause, it further supports the need to 

understand the potential role of lightning in the Sago disaster [2-5].  The coupling 

mechanisms that may have brought lightning energy into the sealed area at Sago were 

unclear and complicated by the fact that there were no known metallic penetrations into 

the sealed area of the Sago mine, unlike other sealed area explosions.  Prior to 1990, 

lightning location and timing data was unavailable, leaving the possibility that many 

earlier mine explosions could also be correlated to lightning events.   

 

The goal of this work was to perform field measurements at the Sago site and to develop 

analytical models to quantify potential lightning coupling mechanisms that are capable of 

delivering significant energy into the sealed area of the Sago mine.   

 

1.1 Motivation for Research and Measurements 

Over the last decade research labs, such as Sandia National Laboratories, have developed 

unique capabilities to characterize and mitigate lightning effects on high value assets 

within the Department of Energy (DOE) and other agencies as part of a national security 

mission in nuclear weapons stockpile stewardship.  Additionally, the history of potential 
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lightning induced mine explosions suggested that using modern electromagnetic 

measurement techniques and analysis could be valuable during the investigation at the 

Sago mine.  These modern lightning coupling measurement techniques were developed 

by DOE/NNSA specifically for the evaluation of the performance of lightning protection 

systems on buried, explosive storage structures, nuclear weapons assembly and 

dismantlement facilities, and at tunneling systems at the DOE Nevada Test Site.  Some of 

the national labs’ developed techniques have been compared and validated using rocket-

triggered lightning measurements [6-8] and have undergone significant technical review 

within the DOE and by the Defense Nuclear Facility Safety Board, an independent 

federal agency established by Congress in 1988.  These direct injection measurement 

techniques are supplemented with novel indirect measurement techniques developed 

specifically for this work.   

 

The author is not only a Ph.D. candidate at the University of New Mexico, but also a 

Senior Member of Technical Staff at Sandia National Laboratories.  This dissertation is 

an extension of the initial investigation of lightning coupling into the Sago coal mine led 

by the author.  The author’s work for the initial investigation used in this dissertation 

includes the development of novel experimental measurement techniques, data collection 

and analysis, and coupling measured data with analytical models and lightning data to 

produce estimations of voltages on cables in the sealed area of the mine.  The work done 

solely for this dissertation includes investigation and development of analytical and 

numerical coupling models to validate the measurement techniques and extend the 

usefulness of the direct coupling results.   
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1.2 Objectives of Measurements  

The principal objectives of this work were to identify, characterize, and quantify the 

electromagnetic paths of lightning electrical energy into the sealed area of the Sago 

underground coal mine.  These paths include direct coupling through metallic 

penetrations into the operating area of the mine and indirect coupling through the earth 

overburden to conductors in the sealed area.  Measurement results were compared with 

basic analytical models to confirm the validity of proposed lightning coupling 

mechanisms.  The measured transfer functions were then used to predict the voltages 

generated on a cable left abandoned within the sealed area from the lightning stroke 

locations and amplitudes determined by the NLDN and the USPLN.   

1.3 Measurement Method and Analysis  

The coupling mechanisms of lightning energy into the Sago mine have been divided into 

(1) direct coupling via metallic penetrations from the outside of the mine that are 

terminated immediately outside the sealed area, and (2) indirect coupling through the soil 

and rock overburden above the sealed area.  The metallic penetrations analyzed, modeled, 

and measured were the AC power shields, the coal conveyer system, the transportation 

rail system, and the mine trolley communication cable.  The primary focus of this study 

was to determine electric fields within the mine and the resulting induced voltage on a 

cable within the sealed area due to both the direct and indirect coupling mechanisms.  

Electrical arcing is known to be an effective ignition source for explosive gas mixtures, 

and corona discharge has been postulated to be so as well.  However, given the timescale 
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of lightning (~100 μs) it is unlikely that corona would develop before an electrical arc.  

Corona is due to ionization of surrounding air and usually a precursor to arcing, given 

sufficient voltage.   

 

Lightning coupling mechanisms were characterized by driving potential pathways with 

low-level, continuous sinusoidal signals and measuring the resultant signals at distant 

locations.  The resultant data, when divided by the input signal, produces a transfer 

function that can be coupled with a mathematical representation of lightning strokes to 

calculate a resultant signal at points inside the mine.  The advantages of using this 

technique are as follows: 

 

• Measurements can be made without waiting for a natural or triggered lightning in 

the vicinity. 

• Safety is not compromised due to use of low-level signals and interference with 

ongoing mine operations is minimized. 

• The frequency content of the low-level drive signal can be tailored to that of 

natural lightning.  

• Many data points can be taken with this method which enhances the precision of 

the transfer functions.  

 

The disadvantage is that the nonlinear effects of high-voltage arcing cannot be taken into 

account.  
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1.3.1 Direct Coupling Transfer Function Measurements and Analysis  

Because all metallic conductors into the Sago mine were terminated outside the sealed 

area of the mine, current cannot be injected from outside the sealed area directly into the 

sealed area.  However, currents flowing on conductors inside the mine, but outside of the 

sealed area, may be able to induce voltage on a cable inside the sealed area through 

electromagnetic coupling.  To determine the amplitude of these currents, attenuation on 

each conductor entering the mine was measured using transfer function techniques.  Low-

level direct coupling transfer function measurements were made by injecting current onto 

metallic penetrations at the entrance to the mine and then measuring the voltage and 

current levels on these penetrations at various points within the mine, up to immediately 

outside the sealed area.  The voltage induced on conductors inside the sealed area could 

then be calculated based on the projected current level on conductors outside the sealed 

area and an analytical estimate of the electromagnetic coupling between this current and 

the conductors inside the sealed area.  The measurements were made over a frequency 

range from 10 Hz to 100 kHz, corresponding to wavelengths in air of 3x107 meters to 

3000 meters respectively.  We are able to use very small signals because our 

instrumentation is very sensitive and has a large dynamic range.  We demonstrated that 

we could measure induced currents at a very large distance from the source even with 

significant attenuation.  The metallic penetrations were also modeled as canonical 

transmission lines to better understand their responses.   

 

Because the direct-drive measurements are taken as a function of frequency, the 

mathematical representation of a lightning stroke is transformed as a function of 
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frequency.  To use the data, the direct-drive transfer functions were multiplied by the 

frequency representation of a lightning stroke. The product was inverse Fourier 

transformed to represent the resultant signals inside the mine from a lightning event 

outside the mine, as a function of time.  To represent the worst-case scenario input for the 

purpose of these calculations, an assumption was made that the lightning stroke attached 

to the metallic penetrations at the entrance of the mine.   

 

1.3.2 Indirect Coupling Transfer Function Measurements and 

Analysis 

The large currents in a lightning stroke have an associated magnetic field.  When a 

lightning stroke attaches to the earth, this creates a magnetic field tangential to the 

ground.  For a fully developed lightning stroke, it is reasonable to approximate this 

magnetic field as  

( )
2

IH r
rπ

=  

over a distance of 30 m – 1000 m, where I = lightning current and r = distance from 

stroke attachment.  For distances within 30 m of the attachment, magnetic field 

calculations are more complex and this approximation is incomplete.  To a first order of 

approximation and as a bound, the magnetic field is calculated above a perfectly 

conducting ground plane, as above.  This approximate tangential magnetic field is used as 

a drive to generate current in the finitely conducting earth.  The calculations in this 

dissertation do not deal with magnetic fields generated in the immediate vicinity of 

lightning strokes; therefore, these interactions will not be evaluated here.  For distances 
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greater than 1000 m from the attachment, the approximation for the magnetic field at the 

surface may be an overestimation, but can be considered a reasonable upper bound.   

 

When lightning attaches to the ground, the magnetic field tangential to the ground creates 

currents not only on the surface, but deeper in the earth as well.  It is a fundamental 

principle of electromagnetics that magnetic fields on the surface of a conductor can 

generate currents within the conductor of some depth.  For frequencies sufficiently low 

that displacement currents can be neglected, this is called the skin effect and is dependent 

upon the resistivity of the conductor.  When displacement currents are neglected, the 

electromagnetic coupling phenomena are called diffusion coupling or, equivalently, eddy 

current coupling.  The skin depth characterizes the exponential decay of these currents in 

planar geometries.  Resistivity measurements have shown the soil in the vicinity of the 

sealed area of the Sago mine to be a fairly good conductor; therefore, it is reasonable to 

assume that some electromagnetic energy can propagate from the surface of the earth into 

the sealed area of the mine.  This effect is similar to propagating radio waves through 

seawater, also a fairly good conductor, and communicating with submarines. 

 

The methodology used to measure the electromagnetic coupling through the earth is to 

simulate magnetic fields in the earth by connecting a frequency variable voltage source 

via straight wires on the surface between ground rods at either end of the wires.  The 

ground rods are placed a significant distance from each other, approximately 100 m on 

either side of the region where the electric fields are measured, or where voltage is 

induced on an insulated wire.  The electric field and the voltage on a cable are measured 
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over a frequency range from 10 Hz to 100 kHz.  At this point we have the electric field 

and voltage response on the pump cable in the sealed area from a known linear current 

distribution on the surface.  A great deal of effort was put into validating these novel 

measurement techniques using analytical and numerical models.   

 

Two steps are involved in calculating the response of a lightning stroke attachment at a 

distance from the sealed area.  The first step involves estimating the magnetic field (or 

surface current) above the sealed area from a lightning attachment to the ground at a 

distance from the sealed area.  The second step involves calculating the electric field in 

the sealed area of the mine due to the uniform magnetic field (or surface current) on the 

surface using the parameters determined from the coupling measurements.  Once these 

connections are made with data in the frequency domain, then the Fourier transform of 

the lightning stroke can be multiplied by the transfer function.  The inverse Fourier 

transform of the product can be taken to determine the peak electric field and peak 

voltages that would be caused by a lightning attachment of a given amplitude at a given 

location with respect to the sealed area.  If the peak induced voltages are significant, 

arcing between conductors could occur.  A few tenths of a milliJoule of energy in the arc 

would be a sufficient ignition source for a combustible methane-air mixture [9].  This 

amount of energy is readily available from almost any arcing process envisioned in a 

lightning induced event.  Bulk air breakdown in small gaps (several millimeters) occurs 

at average electric field values of approximately 10 kV/cm with standard lightning 

waveforms [10].  Surface arcing can occur at electric field values in the 5 kV/cm range.   
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1.4 Soil and Rock Site Data 

The soil and rock resistivity play a major role in determining the amplitude and frequency 

dependence of indirect coupling into the sealed mine area.  Several studies provide 

resistivities measured with different techniques and equipment.  The resistivities 

determined by the different measurements appear to be somewhat inconsistent.  

However, resistivities in [11] match the numbers that give us the best results for our 

analysis of electromagnetic coupling through the ground.  The resistivities in [11], using 

a best fit to electromagnetic sounding data, are 100 Ω-m from 0 to 40 feet, 10 Ω-m from 

40 to 120 feet, and 100 Ω-m from 120 to 350 feet deep, yielding an average of 77.3 Ω-m 

above the sealed area at the borehole. In this study an average resistivity of 80 Ω-m is 

used to characterize the soil and rock overburden atop the sealed area of the Sago mine. 

 

1.5 Lightning Event Information 

Three positive polarity lightning strokes were identified by the NLDN and the USPLN 

that were coincident with the Sago underground coal mine sealed area explosion.  Their 

location, polarity, and amplitude are shown in Figure 1-2.   
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Figure 1-2  Location of lightning strokes at Sago Mine near simultaneous with sealed area explosion. 
 

Table 1-1 gives the location, polarity, and amplitude of the identified strokes.  Also 

provided in the table are the distances from the stroke locations to the sealed area, and the 

angle that a line between the stroke location and the borehole above the sealed area 

makes with the pump cable in the sealed area.  It should be noted that physical evidence 

of only stroke number 3 was found after several searches of each attachment area.  An 

analysis of the USPLN and NLDN data strongly suggest that stroke number 1 and 2 in 

Table 1-1 represent a single stroke, and not two separate events [1,12]. 
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Table 1-1  Lightning detection network data, January 2, 2006 

Stroke 
No. 

Time Longitude/ 
Latitude 

Polarity Amplitude 
 
 

(kA) 

Distance 
to 

Borehole 
(km) 

Angle 
with 

Cable 
(Degrees) 

Detection 
System 

1 6:26:35.522am N38.897/ 
W80.231 Positive 38.8 5.44 52.8 NLDN 

2 6:26:35.522am N38.9071693/ 
W80.2201 Positive 35 4.02 49.3 USPLN 

3 6:26:35.680am N38.926/ 
W80.233 Positive 101 2.91 85.5 NLDN 

 

The accuracy of the NLDN is shown in general by the confidence ellipses drawn around 

the most probable locations. The ellipses give the probability that the lightning is actually 

inside the ellipse. The estimated 99% location uncertainty for both strokes detected by 

NLDN was better than 1.1 km (0.7 miles). The fact that the tree was found damaged 

approximately 197 feet (59 m) from the most probable location of the 101 kA stroke 

further demonstrates the NLDN location accuracy near the Sago mine [1,12,13].  Recent 

validation experiments on the NLDN have shown stroke detection efficiencies between 

70 – 85% and flash detection efficiencies of 90 – 95% [14].  (Lightning flashes are 

typically comprised of multiple strokes.)  It is believed that the two strokes (1 and 3 from 

Table 1-1) at Sago were part of the same flash [13].    

 

Several other possibilities exist that were not, or could not, be confirmed by the lightning 

detection network data.  Although quite reliable and accurate, the possibility exists of 

strokes not being detected. Simultaneous thunder and flash were reported by residents 

living on top of or nearby the sealed area [1].  In addition, the lightning detection 

networks are designed to locate the ground strike points of cloud-to-ground strokes and 

do not provide information about the channel geometry above those points, such as if a 

stroke had a long, low horizontal component that could be important in radiating fields 
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into the mine. Also, upward discharges that are initiated by tall vertical structures will not 

be detected by the systems unless the initial continuous current phase is followed by at 

least one leader-return stroke sequence [12,13].  There were several tall communication 

towers (the tallest being ~ 200 ft.) within a mile of the sealed area, the closest being 

approximately 0.5 miles. 

 

1.6 Other Site Information 

Measurements discussed in this dissertation were made on the most likely coupling paths 

into the sealed area.  Other potential conduits of lightning energy are mentioned in this 

section, but were not characterized due to the limited budget and schedule of this work.  

While they are mentioned here for completeness, the lack of measured data on them does 

not change the conclusions.   

 

All vertical pipes in the vicinity of the sealed area are shown in Figure 1-3.  The vertical 

pipe closest to the sealed area of the mine is the gas well pointed out in Figure 1-3.  It is 

unlikely that any field enhancements due to the vertical pipes would induce a significant 

amount of voltage onto the pump cable in the sealed area because the cable is orthogonal 

to the pipes.  However, as potential conduits for lightning energy, they are mentioned 

here for completeness.  Computational simulations calculating the fields induced by 

estimated current on the closest vertical gas well are shown in Section 3.4. 

 

The horizontal gas pipes that are in the vicinity of the sealed area are also shown in 

Figure 1-3.  These pipes are in general buried at a depth of 2 feet from the surface.  The 
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response on the pump cable, or electric fields in the sealed area, due to the current drive 

of the horizontal gas pipes was not characterized because it was not planned for and was 

not characterized because of liability issues.  The gas pipes, if driven locally to the sealed 

area, would have similar coupling characteristics to the pump cable as that of the indirect 

drive experimental setup.  If the gas pipes were driven remotely, the amount of 

attenuation from one point on the pipes to another point is mostly dependent upon the 

resistivity of the soil surrounding the pipes.  If the soil surrounding the pipes has low 

resistivity, a majority of current injected onto the pipes would attenuate in a short 

distance.  However, if the pipes are either not in contact with the soil or the resistivity of 

the soil is large, then the pipes would act as insulated conductors.  Attenuation on the 

pipes in this case would be much less.   
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Figure 1-3  Vertical pipes in vicinity of sealed area of Sago Mine. 
 

Both telephone wires and AC power lines were in the vicinity of the 101 kA positive 

stroke and could have provided metallic conduction paths into the Sago mine AC power 

system, or the telephone communication system, or to other metallic penetrations into the 

mine.  The location and routing of this wiring with respect to the stroke are shown in 

Figure 1-4.  The direct-drive measurements discussed in Section 2.1 lead to the 

conclusion that even if the power and telephone lines were conduits of the lightning 

energy, they would not be a plausible source of energy to cause high voltage in the sealed 

area.   

 

Closest Gas Well 
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Figure 1-4  AC power distribution lines and telephone lines near positive 101 kA stroke. 
 

The presence of metallic roof mesh and pump cabling and its relationship to the 

approximate location of initiation of the explosion are shown in Figure 1-5.  The pump 

cable is shown as the red line and the green shaded area depicts the metallic mesh.  The 

pump cable is noted because indirect coupling measurements are made on it.  With these 

measurements, the voltages induced on the pump cable due to lightning strokes on the 

surface are calculated in this dissertation.   

 

The metallic mesh is noted because it is used in some of the measurements for grounding 

purposes.  It was not considered a plausible receiver or antenna of the electromagnetic 

energy that propagates underground because it appears to be well grounded at regular 
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intervals to the roof of the sealed area, and, therefore, would not support a large voltage 

potential. 

 

Figure 1-5  Roof mesh and cable in sealed area where explosion was initiated.  The red line 
represents a cable from a water pump located at the top of the figure.  The green lines represent 

metallic roof mesh. 
 

1.7 Previous Work on Lightning Induced Mine Explosions 

Recent previous works by Novak and others [15,16] have utilized commercial, numerical 

electromagnetic codes to calculate the voltages on metal-cased boreholes connecting the 

surface with the sealed areas in mines.  They have postulated corona discharge as an 

initiating mechanism based on experimental work by combustion researchers [17,18].  

Berger, Geldenhuys, Golledge, Zeh, and others have analyzed the specific situation of 

lightning-caused explosions in shallow South African underground coal mines [19-23].  
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The Australian, German, and Chinese literature on lightning initiated underground coal 

mine explosions has not been thoroughly explored for this dissertation. 

 

1.8 Fidelity Issues of Study 

To have confidence in the measured results, several fidelity issues were addressed to 

ensure that the measurements could be used to calculate a realistic natural lightning 

response.   

 

1.8.1 Applicability of the Indirect-drive Test Setup  

Nonlinearities at the lightning attachment point often cause arcing either on the surface of 

the soil or into the soil that are not duplicated by the low-level drive current measurement 

method.  Because these arcs are limited to the attachment area, they do not affect the 

overall current flow at large distances to a significant degree.  Therefore the stroke 

attachment region is not considered here.   

 

However, good correlation between the measured results and the homogeneous earth 

models suggest these deviations are negligible for this particular work.  Ground rods were 

needed to establish a return current path for the measurements.  This is a deviation from 

the current flow of natural lightning. 

 



19 

Chapter 2 Measurement Methods 

2.1 Direct Drive 

The goal of direct drive measurements is to characterize the attenuation or decrease in 

signal from the entrance of the mine to various distances into the mine.  This is 

accomplished by directly injecting a current on various conductive lines going into the 

mine and measuring the current at points further in the mine. 

 

Ideally, the transfer functions of each conductive line going into the mine would be 

measured in the same configuration as it was during the time of the explosion.  However, 

the grounding at the entrance of the mine was changed following the explosion.  

Changing back to the old grounding state required the power to the mine be removed, 

thus stopping all mining operations.  A small set of measurements were made while 

power was disconnected.  It was not possible to conduct all measurements in the one day 

when the power was disconnected, and stopping mine operations for three days was not 

feasible.  Therefore, the rail, trolley communication line, and conveyor belt structure 

were measured at six locations at a later time, with the mine grounding system in its 

current state.  The transfer function of the shield on the power cables could not be 

measured while power was energized.   

 

The main differences between the current and previous state of the grounding system are 

which conductors are grounded together and lightning arrestors installed.  The previous 

state of the grounding system had all four conductive penetrations grounded together at 
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the mine entrance with no lightning arrestors in place.  The current state of the grounding 

system has only the rail, trolley communication line, and the shield of the power cables 

grounded together.  The conveyor belt structure is grounded separately and both systems 

have lightning arrestors installed.  Since lightning arrestors only are activated when there 

is a voltage with sufficient amplitude to arc across a spark gap, there is no effect to the 

measurements due to their introduction into the grounding system.  The effect of separate 

grounding of the conveyor structure is very minimal, due to the conveyor structure being 

contained in a separate tunnel and having a separation from the other conductors of ~ 70 

feet.  The largest difference that will be noticeable in the data between the measurements 

of the previous and current configuration is that the electrical AC power was 

disconnected on the first measurement day.  The measurements taken while AC power 

was not present have much less 60 Hz (and harmonics of 60 Hz) clutter visible in the 

transfer functions and are thus much cleaner.  The measurements taken with the AC 

power present (even though all instrumentation was isolated and powered from batteries) 

show significant clutter contamination at 60 Hz and the harmonics of 60 Hz.   

 

2.1.1 The Differences and Similarities between Conductive 

Penetrations 

The four conductive penetrations going into the entrance of the mine that were measured 

were 1) the shield on the power cable, 2) the rail, 3) the trolley communication line, and 

4) the metallic structure of the belt conveyor.  The conveyor structure and the rail both 

appeared to be grounded frequently (the rail by surface contact with the ground and 

periodic bolts), and the conveyor structure by periodic legs bolted to the ground.  The 
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shield on the power conductor appeared to be grounded at each power center.  The trolley 

communication cable was an isolated wire running the length of the mine and was only 

grounded at the entrance.  Because of this, at low frequencies the attenuation on the 

trolley communication line is quite small.   

 

2.1.2 Setup/Equipment Layout with Photos 

The principal measurement method used to characterize the coupling through metallic 

penetrations into the mine is shown in Figure 2-1.  This is a novel new technique that 

utilizes the dynamic range and speed of a network analyzer over a distance of > 2 miles.  

Current is driven onto the metallic penetration with an audio amplifier and is returned 

through either a local ground or a "fence" ground.  The local ground consisted of three 

18-inch long conductive ground rods driven into the top soil.  Each rod was 

approximately five feet from the other rods and 20 feet away from the driving point.  The 

"fence" ground was long wire attached to the chain link fence that runs along the hillside 

above the entrance of the mine, as shown in Figure 2-2.   
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Figure 2-1  Direct drive conceptual drawing. 
 

 
Figure 2-2  Sago Mine with fence ground example. 
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The reasoning for the two grounding techniques was to help show the difference between 

a local point source drive and a distributed current source drive.  A lightning stroke drive 

could be considered a distributed current source.  The fence drive provided a distributed 

source for at least several hundred meters.  The fence ground also provided a lower 

ground resistance, which in turn allowed more current to be driven on the lines.  By 

driving more current on the line, the dynamic range of the measurement system was 

increased.  The resistance of the local ground with respect to the rail was 90.2 Ω and the 

resistance of the fence ground with respect to the rail was 3.68 Ω.  It is easy to see from 

this DC measurement that 20 to 30 times the amount of current could be driven on the 

fence ground than the local ground.  The resistance of the local ground with respect to the 

conveyor structure was 97.5 Ω, and the resistance of the fence ground with respect to the 

conveyor structure was 10.08 Ω.  All DC ground measurements were made with a 

Megger DET 5/2 Earth Tester.   

 

The direct-drive system is broken into two parts, the drive end and the measurement end.  

The drive end consists of a 12 V marine battery and a 120 VAC inverter to provide 

isolated power for the measurement equipment, a fiber optic receiver, an audio amplifier 

driven by a network analyzer, connecting wires to the conductor being driven, and wires 

to a ground (local or fence).  The drive signal produced by the network analyzer is 

optically coupled to the audio amplifier allowing the signals to be phase-locked to 

increase the sensitivity of the measurements and allow for phase measurements.  The 

technique of phase-locked detection allows measurement of voltages as low as tens of 

nanoVolts. The measurement end consists of a 12 V battery and a 120 VAC inverter for 
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isolated power for the measurement equipment, a fiber optic transmitter, a network 

analyzer, and current and voltage measurement probes.  The voltage measurements on the 

rail, power, and conveyor were made with respect to the roof mesh.  Voltage 

measurements were not made on the trolley communication line because it was isolated 

without an exposed conductor.   

 

Previous methods used to measure voltage and current transfer functions of large metallic 

structures over a large distance have been developed at Sandia [7].  The method utilized a 

function generator on the drive side and a spectrum analyzer on the measurement side.  

The frequency and amplitude were set by hand and then the drive operator would contact 

the measurement operator by radio (or mine communication phone) to set the frequency 

of the spectrum analyzer and record the amplitude by hand.  Each frequency for each 

conductor at a given location could take between 1 to 3 minutes.  This method only 

provided an amplitude transfer function with very sparse frequency spacing.   

 

The method developed in this dissertation utilizes the dynamic range and frequency 

sweep speed of a network analyzer.  In addition, the transfer function has both amplitude 

and phase information, which is important to ensure causality in an inverse Fourier 

transform.  The key to this method is the use of a fiber optic transmitter/receiver pair with 

an operational frequency band from DC to ~10 MHz.  By placing the fiber optics on the 

drive signal of the network analyzer, instead of the measure side, there is no degradation 

to the dynamic range of the measurement.  Being able to take an S21 measurement over a 

distance of 2 miles, without line of sight, is truly unique.  Also, the data acquisition for 
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the entire system was automated using the LabView programming language.  With the 

automation, the transfer function of a conductor at 201 frequencies can be measured in 

approximately the same amount of time as a single frequency was measured using the 

previous technique, a 200 times improvement in speed.  Also, the inclusion of a car audio 

amplifier allowed for an increase in the current driven on the conductors, increasing the 

overall dynamic range.  The audio amplifier served two purposes, it increased the drive 

signal and it transformed the output impedance to 4 ohms (which was much closer to the 

input impedance of the various conductors with the fence ground).  The audio amplifier 

did limit the measurements in terms of frequency response.  The amplifier was only 

useable up to ~100 kHz, where it would have been instructive to have measurements up 

to 1 MHz in frequency.   

 

The measurements were conducted at seven locations along the left rail, trolley 

communication line, and the conveyor belt structure as they proceeded into the mine.  

The first three locations correspond to the first three power centers in the mine, where 

there would be access to the shield of the power cables.  The last two locations 

correspond to the branching of the rails to the 1st and 2nd left switch (major branches of 

the mine).  Also the last location is the closest point to the entrance to the sealed area, 

where the explosion occurred.  The 4th and 5th locations were chosen for the convenience 

of the man-trip (or trolley) being able to be moved off of the main tracks and allow 

workers to pass the measurement operation.  Hence, the 1st and 2nd right spurs were 

chosen.  The total number of measurement points chosen was somewhat random, but the 

purpose of covering the major features of the entire mine was accomplished.   
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Measurements were conducted at the first three locations for the power cable shield.  The 

power cable shield measurements were completed while the power was turned off.  The 

power cable shield was not measured during regular mine operation due to safety 

concerns.  Table 2-1 lists mine features at each measurement location, the approximate 

distance to the entrance (drive location), and the conductors measured.  The measurement 

locations are also shown on the map of the mine in Figure 2-3. 

Table 2-1  Direct drive measurement locations 
    Conductors Measured: Voltage (V) & Current (I) 

Location Mine 
Feature 

Break 
Number 

Approximate 
Distance from 

Entrance 

Grounding System in 
Configuration 11 

Grounding System in 
Configuration 22 

1 #1 Power 
Center 

Belt 1, 
Break 1 

30 m  
(98 ft.) 

Power Cable Shield (V&I) 
 

 
Trolley Comm Line (I) 

Rail (V&I) 
Conveyor (V&I) 

2 #2 Power 
Center 

Belt 2, 
Break 1 

459 m  
(1506 ft.) 

Power Cable Shield (V&I) 
Trolley Comm Line (I) 

Rail (V&I) 

 
Trolley Comm Line (I) 

Rail (V&I) 
Conveyor (V&I) 

3 #3 Power 
Center 

Belt 3, 
Break 1 

669 m  
(2195 ft.) 

Power Cable (V&I) 
Trolley Comm Line (I) 

Rail (V&I) 

 
Trolley Comm Line (I) 

Rail (V&I) 
Conveyor (V&I) 

4 1st Right 
Spur 

Belt 3, 
Break 16 

1076 m  
(3530 ft.) 

 Trolley Comm Line (I) 
Rail (V&I) 

Conveyor (V&I) 

5 2nd Right 
Spur 

Belt 4, 
Break 11 

2178 m  
(1.35 miles) 

 Trolley Comm Line (I) 
Rail (V&I) 

Conveyor (V&I) 

6 1st Left 
Switch 

Belt 4, 
Break 50 

3255 m  
(2.02 miles) 

 Trolley Comm Line (I) 
Rail (V&I) 

Conveyor (V&I) 

7 2nd Left 
Switch 

Belt 4, 
Break 59 

3491 m  
(2.17 miles) 

 Trolley Comm Line (I) 
Rail (V&I) 

Conveyor (V&I) 

 

                                                 

1 Mine grounding system similar to the grounding scheme in place during explosion. 
2 Mine grounding system in current state. 
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Figure 2-3  Direct drive measurement locations. 

 

Three current probes were used for the various measurements:  a Pearson model 110A; a 

Pearson model 4688; and a LEM-flex model RR3035 current probe.  The voltage was 

measured with a high-impedance voltage probe model P601 made by Nanofast.  The 

current and voltage probes are shown on the various conductive penetrations in Figure 

2-4.The calibration curves for each probe versus frequency are located in Appendix A. 
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Figure 2-4  (A.) Current probe on trolley communication cable.  (B.) Current probe and voltage 

connection on conveyor belt structure.  (C.) Voltage probe on power cable.  (D.) Current probe and 
voltage connection on rail. 

(A.) (B.) 

(C.) (D.) 
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2.1.3 Results 

The results from the direct drive measurements were consistent with expectations.  All of 

the processed spectral, or frequency-domain, voltage, and current transfer functions for 

each conductive penetration at each location can be found in Appendix B.  For clarity, 

only a summary of the results is shown here.  The summary tables show the attenuation 

of the peak amplitude of a positive and negative lightning-like pulse attached at the 

entrance of the mine.  This quantity is calculated by multiplying the spectral 

representation of the current of a positive/negative lightning pulse by the current transfer 

function measured of a given conductor at a given location (that was measured in the 

mine).  The spectral representation of the lightning pulses was calculated by transforming 

the temporal pulse using a 220 point fast Fourier transform (FFT) in Matlab.  Additions 

were made to the built-in FFT routine, such as creating a frequency array, automatically 

determining the number of points, and corrections in scaling.   

 

The measured S21 data from each position was read into Matlab along with the calibration 

data for the various current probes, voltage probes, fiber optics, and attenuators.  The S21 

data at position X was compensated as shown in Figure 2-5. 

 

Since the measured transfer functions had only 201 points, interpolation was needed to 

match the frequencies of the spectral representation of the lightning pulse.  The 

magnitude of the transfer function was, in general, slowly varying with frequency; 

therefore a linear interpolation method was used in Matlab.    
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The product of the spectral lightning and current transfer function was then transformed 

to the time-domain by a 221 point inverse fast Fourier transform (IFFT).  The attenuation 

listed in the tables is then simply the peak output divided by the peak input.   
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Figure 2-5  Flow graph of transfer function data processing. 

 

The peak current output to peak current input attenuation, for the various conductors at 

the measured locations, given a positive lightning waveform, are shown in Table 2-2 and 

Table 2-3 and, given a negative lightning waveform, are shown in Table 2-4 and Table 

2-5.  Table 2-2 and Table 2-4 show the attenuation with the mine grounding system in its 

current state, while Table 2-3 and Table 2-5 show the attenuation with the mine 
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grounding system like it was during the explosion.  The darkened cells of the tables 

indicate no measurements were recorded in the given locations. 

 

Table 2-2  Summary of current transfer functions, using positive lightning waveform, for conductive 
penetrations with current mine grounding 

 Trolley Comm Line Conveyor Rail Power Cable 
Shield 

Location Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

1 1.7x10-3 2.9x10-3 2.2x10-2 2.9x10-2 8.9x10-2 1.4x10-1   
2         
3 1.8x10-3 2.8x10-3 3.2x10-3 4.9x10-3 3.6x10-4 9.2x10-5   
4 1.7x10-3 2.8x10-3 5.6x10-4 1.1x10-4 3.8x10-4 9.4x10-5   
5 1.4x10-3 2.2x10-3 7.2x10-4 2.7x10-4 3.9x10-4 3.0x10-4   
6 1.2x10-3 1.9x10-3 4.0x10-4 1.1x10-4 5.5x10-4 4.2x10-4   
7 1.2x10-3 2.0x10-3 3.0x10-4 9.3x10-5 2.3x10-4 3.5x10-4   

 

Table 2-3  Summary of current transfer functions, using positive lightning waveform, for conductive 
penetrations with former mine grounding 

 Trolley Comm Line Conveyor Rail Power Cable 
Shield 

Location Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

1       4.6x10-2 6.2x10-2

2 1.3x10-3 1.6x10-3   2.6x10-4 3.7x10-4 1.8x10-2 2.8x10-2

3 1.3x10-3 1.5x10-3   1.4x10-4 1.7x10-4 1.6x10-2 2.5x10-2

4         
5         
6         
7         

 

Table 2-4  Summary of current transfer functions, using negative lightning waveform, for conductive 
penetrations with current mine grounding 

 Trolley Comm Line Conveyor Rail 
Power Cable 

Shield 

Location 
Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

1 2.4x10-3 4.3x10-3 2.2x10-2 2.9x10-2 8.4x10-2 1.4x10-1   
2         
3 2.7x10-3 4.7x10-3 3.7x10-3 5.2x10-3 3.2x10-4 1.3x10-4   
4 2.4x10-3 4.2x10-3 5.7x10-4 1.4x10-4 3.1x10-4 1.7x10-4   
5 2.0x10-3 3.4x10-3 8.1x10-4 3.1x10-4 4.3x10-4 3.4x10-4   
6 1.8x10-3 3.2x10-3 4.4x10-4 2.9x10-4 5.3x10-4 5.4x10-4   
7 1.7x10-3 3.0x10-3 2.9x10-4 8.7x10-5 2.6x10-4 1.9x10-4   
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Table 2-5  Summary of current transfer functions, using negative lightning waveform, for conductive 
penetrations with former mine grounding 

 Trolley Comm Line Conveyor Rail 
Power Cable 

Shield 

Location 
Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

Local 
Gnd 

Fence 
Gnd 

1       4.7x10-2 6.2x10-2

2 2.2x10-3 3.0x10-3   4.0x10-4 6.0x10-4 1.8x10-2 2.7x10-2

3 2.2x10-3 2.8x10-3   1.6x10-4 2.2x10-4 1.6x10-2 2.4x10-2

4         
5         
6         
7         
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2.2 Indirect Drive 

2.2.1 Setup/Equipment Layout with Photos 

The method used to characterize indirect electromagnetic coupling into the sealed area is 

shown in Figure 2-6 and Figure 2-7.  This is also novel new technique that utilizes the 

dynamic range and speed of a network analyzer to simulate a very basic phenomenon of a 

line current source at a ground interface.  The current from the audio amplifier (which is 

driven by the output from the network analyzer) is driven on to a long wire above the 

ground which is terminated at each end with ground rods.  The ground rods are placed so 

as to produce a current distribution in the ground that simulates a linear current drive.   

 

In order to account for all angles of current source orientation, two orthogonal cable 

configurations were needed for the indirect drive measurements.  One configuration was 

through ground rods placed so as to drive the current parallel to the sealed area of the 

mine and over the area where the explosion occurred as shown in Figure 2-7A.  The 

surface drive wire was approximately 500 m long.  A second configuration was through 

ground rods placed so as to drive the current perpendicular to the sealed area of the mine 

and over the area where the explosion occurred as shown in Figure 2-7B.  In this case the 

surface drive wire was only 200 m long.  Using the results from these two configurations 

the fields due to an arbitrarily oriented current source drive above the sealed area can be 

calculated using trigonometric functions.   
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There were no previous methods to measure this situation, but a function generator and 

spectrum analyzer would have been the logical pair.  The method developed in this 

dissertation again utilizes the dynamic range and frequency sweep speed of a network 

analyzer and captures the amplitude and phase information needed for accurate inverse 

Fourier transforms.  This time the fiber optic units were used to bring the measured 

signals to the surface through a non-conductive bore hole.  It would increase the dynamic 

range of the measurement system to place the fiber optics on the drive side, however the 

logistics of transporting the network analyzer deep into the previously seal area made the 

choice clear.  So a reduction in dynamic range was traded for speed of equipment setup 

and a reduction in the risk of expensive equipment damage.  The audio amplifier with an 

output impedance to 4 ohms matched the impedance of the two grounded wire drive very 

well and allowed a fair amount of current to be driven.  Communication with the team 

positioned in the previously sealed area of the mine was accomplished using a fiber optic 

Ethernet link with a voice over IP program on two laptops.   

 

Two types of measurements were made to characterize the indirect coupling into the 

sealed area.  The more time consuming of the two was the electric field mapping 

measurements made in the vicinity of the explosion ignition area, where the core hole is 

located.  The other measurement was the induced voltage on a spliced intact pump cable 

going from the back of the sealed area to the location of the core hole.  The pump cable 

was spliced with 12-gauge wire to recreate the length of pump cable believed to have 
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been there during the explosion3.  The end of the pump cable at the back of the mine was 

originally attached to the pump which was submerged underwater and chained to the 

ceiling mesh.  For the measurements, the pump cable was connected with 12-gauge wire 

to the ceiling mesh and the exposed conductors were placed under water approximately 

four crosscuts from the back of the sealed area4.  The approximate total length of the 

recreated cable was 300 m (984 ft).   

 

The electric field at various locations in the sealed area of the mine was measured with an 

active dipole antenna connected to a receiver via fiber optics.  The fiber-optic receiver is 

connected to the network analyzer measurement port so that the signals are phase-locked 

in order to measure very small signals in the microVolt/meter range.  The three 

polarizations of the electric field were measured at a total of 15 locations for both the 

parallel and perpendicular wire current drives.  The three polarizations measured were the 

vertical, P-directed (parallel to the length of the sealed area), and X-directed (transverse 

to the length of the sealed area).  A photo of the dipole antenna in horizontal and vertical 

polarization is shown in Figure 2-9.  The exact locations of the measured electric field are 

shown in Figure 2-8 where the distance between locations was approximately 10 m.  The 

figure shows 17 total locations; however, positions P1 and P9 were not measured due to 

water hazards.  Because of the amount of data taken and the spacing between 

measurement points, the lack of these two points does not impact the results.  

                                                 

3 As a note, there is some disagreement as to the length and positioning of the pump cable at the time of the 
explosion.  The test team used information provided at the time of the measurements, which was that the 
pump cable was intact and the cable shield was grounded to the submerged pump.  
4 Test team was unable to reach the back of the sealed area where the pump would have been (it was 
removed after the explosion) due to water.   
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The induced voltage measurements were taken on the pump cable with both a parallel 

and perpendicular surface wire drive.  These measurements were also conducted using 

the instrumentation system shown in Figure 2-6.  The induced cable voltage was 

measured with a Nanofast high-impedance probe in the vicinity of the core hole, and 

transmitted to the surface with fiber optics. 

 

 
Figure 2-6 Indirect drive conceptual drawing. 
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Figure 2-7  Parallel (A.) and perpendicular (B.) surface current drive for indirect drive 

measurements. 
 

 
Figure 2-8  Electric field measurement locations. 

(A.) (B.) 
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Figure 2-9  Active dipole antenna in horizontal and vertical polarizations inside previously sealed 

area. 

2.2.2 Results 

The purpose of the electric field mapping of the explosion area was to first look for any 

field inhomogeneities due to geological features, and second to compare to the analytical 

model.  An added benefit was the ability to verify the induced voltage on the pump cable 

by integrating the parallel component of the electric field across it.  The electric field 

measurements are shown first and then the induced cable voltage is plotted.  The electric 

field results did show an enhanced electric field at the P5 and the X7 locations (this is 

noted for general interest,) but do not impact the cable results.  The cable integrates or 

averages the fields over the cable length to build-up a potential difference or voltage. 
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The data collected for the indirect drive tests from the dipole antenna was only usable 

above 100 Hz.  This was due to a very large 60 Hz clutter signal from surrounding power 

lines and the high noise level from the network analyzer below 40 Hz.  Both of these 

factors were overcome for the long wire voltage measurement by reducing the IF 

bandwidth of the network analyzer from 10 Hz to 2 Hz.  The reduction of the IF 

bandwidth lowered the noise floor considerably and reduced the sensitivity of the transfer 

function to the 60 Hz clutter; however, the time for a single swept measurement increased 

from ~1.5 minutes to ~10 minutes.  With the large number of measurements desired for 

characterizing the electric field in the sealed area, the higher IF bandwidth was used for 

the majority of the data collected.  As a result, only data from frequencies above 100 Hz 

are plotted for the dipole measurements in the body of this dissertation.  The full 

spectrum of the data collected can be found in Appendix B. 

 

The normalized composite electric fields from the dipole antenna at various locations are 

plotted in this section.  The composite electric field is simply the root-sum-square or 

amplitude of the electric field vector.  The measured electric field is normalized by the 

current in the drive wire on the surface, so that the units are V/m/A. 

 

The normalized electric fields due to the wire current drive parallel to the P-direction, 

measured at locations P2 through P8 and X1 through X9, are shown in Figure 2-10 and 

Figure 2-11, respectively.  Similarly, the fields due to the wire current drive 

perpendicular to the P-direction, measured at locations P2 through P8 and X1 through 
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X9, are shown in Figure 2-12 and Figure 2-13, respectively.  This information is 

summarized in Table 2-6. 

 

Table 2-6  Summary of figures for drive configurations 
Drive Configuration Electric Field at P locations Electric Field at X locations
P-directed Current Drive 
(Parallel) Figure 2-10 Figure 2-11 

X-directed Current Drive 
(Perpendicular) Figure 2-12 Figure 2-13 

 

Referring to Figure 2-10, note that the composite electric fields measured in a path 

parallel to and immediately below the drive are about the same amplitude.  The presence 

of metal objects near the antenna affects the local fields somewhat.  The measurement at 

P5 was made in the area between unconnected sections of roof mesh.  The slight 

resonance at about 60 kHz in the P5 measurement was probably caused by a resonance of 

the cable that was attached for the voltage measurements.  This cable was not removed 

for the electric field measurements, and high electric fields may have been induced on the 

disconnected end of the cable at resonance. 

 

Referring to Figure 2-11, note that the low-frequency amplitude tended to decrease as the 

electric field antennas were moved away from the center line immediately below the 

drive line. 

 

Referring to Figure 2-12, the composite electric fields measured in a path perpendicular 

to the drive cable are reduced significantly from the field due to a parallel drive cable.  

Again, a slight resonance was seen at P5. 



41 

 

Referring to Figure 2-13, the fields measured parallel to and below the perpendicular 

drive are comparable in amplitude to those shown in Figure 2-10.  Because of the closer 

spacing of the ground rods on the surface, more variation was shown in the individual 

measurements. 
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Figure 2-10  Composite electric field along P-direction with parallel line drive on surface. 
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Figure 2-11  Composite electric field along X-direction with parallel line drive on surface. 
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Figure 2-12  Composite electric field along P-direction with perpendicular line drive on surface. 
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Figure 2-13  Composite electric field along X-direction with perpendicular line drive on surface. 

 

The voltage on the pump cable was measured with a high-impedance voltage probe and 

the network analyzer set to a 2 Hz IF bandwidth.  The normalized results of the voltage 

amplitude plotted relative to the drive current on the surface wire, with units of Volts per 

Amp (V/A), are shown in Figure 2-14.  There is a spike at 60 Hz due to stray signals 

from power lines.  The data is skewed by noise only below 20 Hz.   
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Figure 2-14  Induced voltage on pump cable (~300 m or 984 ft. long) due to wire current drives on 

surface. 
 

To compare the induced voltage measured on the pump cable with the field 

measurements, we will look only at the parallel surface drive induced fields from P2 to 

P8.  Furthermore, we will only look at the horizontal polarization directed along the P-

axis, parallel to the direction of the drift.  The horizontal polarized electric fields are 

shown in Figure 2-15.  The normalized electric fields are in units of Volts per meter per 

Amp (V/m/A) while the normalized induced voltage on the pump cable are in units of 

Volts per Amp (V/A).  If we integrate the electric fields over the length of the pump 

cable, we should obtain the induced voltage from Figure 2-14.  Assuming a simple 

uniform distribution we can simply multiply the electric field by a length.  The effective 

length of cable (similar to the effective area of an antenna) needed to match the electric 

fields measured with the induced voltage measured was found to be approximately 120 m 
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(394 ft).  With a uniform field distribution, this would mean that only the 120 m (394 ft) 

closest to the measurement end of the cable contribute to the induced voltage.  However, 

a uniform field distribution from the current drive is unrealistic, as discussed in the 

following chapter.  The comparison between the measured induced voltage and the 

electric field multiplied by the effective length of 120 m (394 ft) is shown in Figure 2-16.   
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Figure 2-15  P-directed electric field along P-direction with parallel line drive on surface. 
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Figure 2-16  P-directed electric fields multiplied by an effective cable length of 120 m (394 ft) 

compared with the induced voltage on the pump cable. 
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Chapter 3 Analysis of Electromagnetic Coupling 

Phenomenology Models 

Modeling is an integral part of analyzing and predicting electromagnetic coupling effects.  

Just as computational models need analytic models and careful measurements to perform 

validation and verification, so too do experimental measurements need analytic and 

computational models for validation.  The modeling allows much of the real world clutter 

to be removed and focus on the first order factors of importance.  Thus modeling was 

included in this dissertation to compare the measurements with theoretical calculations.  

One of the main purposes of the indirect modeling is to show that simple propagation 

models from surface to underground are sufficient for these lightning propagation 

calculations.   

 

In this chapter transmission line models will be presented for geometries similar to those 

found in the tunnels of a coal mine.  These models will be compared with experimental 

results collected at the Sago coal mine.  Then coupling models for the indirect 

transmission of energy underground will be developed and presented.  The indirect 

coupling models will also be compared with experimental results from the Sago coal 

mine. 

 

3.1 Direct Coupling via Metallic Penetrations into Mine  

There were four main metallic penetrations considered in the measurement section.  Each 

penetration shall be considered for analysis using transmission line theory, starting with 
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the trolley communication line.  One reason to use transmission line theory is that the 

electrical behavior of the penetration can be predicted over a broad band of frequencies.  

Transmission line theory is applicable for the frequencies of interest (10 Hz to 100 kHz) 

because the length scale of the lines in the mine are on the order of ten kilometers and 

because for the two conductor models the dominant TEM mode has no low frequency 

cutoff.  The transmission line equations for these two conductor models collapse from the 

1-D form to a 0-D form at DC.  The theory of transmission lines has been presented by 

many authors.  The nomenclature used here was drawn from [24].   

 

3.1.1 Generation of Direct EM Coupling Models  

Using the differential circuit representation in Figure 3-1, the equations of transmission-

line theory can be developed [24].  

 

Figure 3-1  Equivalent circuit of a section of transmission line. 
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The transmission-line equations are given by  
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The complex propagation constant is given by 

 ( )( )2 YZ G i C R i Lω ωΓ = = + +  

 

3.1.1.1 Parallel Wires 

Two of the metallic penetrations into the mine are made up of parallel lines:  the rails and 

the conveyor structure.  It then follows that parallel lines seen as a transmission line 

should be considered.  The formulation of the per unit length circuit parameters are given 

by [25]: 
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where ρ0 is the distance between wires of radius a1 and a2 with conductivities σ1 and σ2.   
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3.1.1.2 Coaxial Cable 

The most efficient transmission line in the mine is an isolated wire that operates as a 

trolley communication line.  If this is considered as a center conductor and the walls of 

the mine tunnel as a return, then there is a semblance to a coaxial structure, shown in 

Figure 3-2.   

 

Figure 3-2  Coaxial cable geometry. 
 

For a coaxial cable, we know that the TEM fields contained within are: 
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The transmission line parameters can be found using a field analysis, as follows. 
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where c
S

c

fR π μ
σ

= , b is the radius of the outer conductor, and a is the radius of the 

inner conductor. 

 

3.1.1.3 Eccentric Coaxial Cable 

Then, if the center conductor is moved from a concentric orientation to an offset position, 

as seen in Figure 3-3, the cable begins to become closer to reality.   
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Figure 3-3  Eccentric coaxial cable geometry. 
 

From the capacitance calculations in Smythe [26] between two cylinders, we have: 
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Utilizing Tesche’s formulation of L in terms of C [25], 

L
C
με

= , we can obtain the inductance per unit length for the eccentric coaxial cable. 
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Then, using the similarity relation, 
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, where jε ωσ′′ = , and R is the same as in the 

centered coaxial case above. 

 

3.1.1.4 Tunnel Coaxial Cable 

Others have looked at using transmission line theory in the analysis of wires in tunnels 

[27,28].  Most of these have looked at the transmission of waves at frequencies of 1 MHz 

and above.  Wait also investigated the quasi-static limit [29], which shall be discussed 

here.   

 

With the same geometry as seen in Figure 3-3, the equations have been developed for Z 

and Y as: 
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3.1.2 Comparison of Direct EM Coupling Models to Measured Results 

The complex propagation constant, Γ, was calculated from the measured current at 

location 1 and 7.  It should be noted that the response of the current probe and the fiber 

optic unit have been removed.  The current at location 1 (z1) and location 7 (z7) can be 

written in terms of Γ and a constant current I0.   

1
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Rearranging I(z = z1) and inserting it into I(z = z7) we have 
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Then solving for Γ 
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3.1.2.1 Trolley Communication Cable 

The tunnel going into the Sago coal mine was approximately circular with a diameter of 

~2 m.  The trolley communication cable was a 10 gauge wire (with insulation jacket) 

strung along the roof of the tunnel going into the mine.  The cable was held up by roof 

hangers (~2 inches long) periodically such that the average distance from the roof was ~6 

inches.  At the entrance to the mine the trolley communication cable was grounded to one 

rail of the tracks entering the tunnel, which was also the drive point for the measurements 

performed.   

 

The real part of Γ calculated from the location 1 and 7 data is plotted in Figure 3-4.  

Clutter from the 60 Hz power present in the mine contaminated the data below 100 Hz 

and is not shown in this plot.  The Trolley communication cable structure was modeled 

using the tunnel coaxial formulation with a ground resistivity of 0.1 and 100 Ω-m, both 

of which are plotted with the measured data.  Also, if the rail is considered a parallel 

conductor, which is reasonable, then the structure can be modeled with the parallel wire 

transmission line formulation.  However, the wires are grounded at the entrance of the 

mine.  We can simulate this with an effective conductance, Geff.  If we replace the normal 

conductance, G, which would be zero due to the surrounding material being free space, 

with a Geff ~ 2e-7, then it is like a resistance between rail and trolley communication 

cable of ~1.4 kΩ.  This is a reasonable value given the length of wire and the single point 

ground at the entrance.  The parallel wire model is also overlaid in Figure 3-4.   
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The two tunnel coaxial models bound the measured data for a good part of the frequency 

band.  The parallel wire transmission line model with a constant effective conductance 

does a good job of following an average value of the measured data.   

 

The differences between the current at location 1 and 7 were quite small despite a 

distance of almost 3.5 km.  Due to this small attenuation the measurements are more 

susceptible to noise and setup variations.  The uncertainties due to setup variation, 

although small, are close to the order of the differences between the two measurements.  

These issues make the trolley communication line not the ideal penetration for modeling.   
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Figure 3-4  Real part of propagation factor for the Trolley Communication Line compared with 

various transmission line models. 
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3.1.2.2 Power Shield 

The next conductive penetration considered is the shield of the power cable entering the 

mine.  The power shield surrounds the power cable with an approximate radius of 3 

inches.  The power cable mostly runs along the side wall of the mine, closely secured to 

the wall.  At each power center the power shield was unintentionally grounded by the ~2 

m square power converter sitting on the ground.  If we treat the power converter as a 1 m 

radius plate on a 10 Ω-m ground, then from the resistance calculation R = ρ/4a [30] we 

have ~2.5 Ω to ground.  Location 1 was located next to Power Center 1, location 2 next to 

Power Center 2, and location 3 next to Power Center 3.  Therefore the resistance to 

ground could be between 0.83 and 2.5 Ω, if each power center ground was considered in 

a parallel configuration.  However, while the power converter at Power Center 1 was 

sitting directly on the ground, the power converter at Power Center 3 was sitting partially 

on wooden blocks.  Over the distance of 429 m from location 1 to 2, if we distribute the 

ground resistance between the power shield and the wall of the tunnel we have an 

effective conductance, Geff, present in the transmission line formulations.   

 

The real part of Γ from the measured data collected on the power shield, from location 1 

to 2 and from location 1 to 3, is plotted in Figure 3-5.  Looking at the power shield inside 

the tunnel as an eccentric coaxial cable, an effective conductance of 6.5e-3 S is needed 

for good correlation between measured data between 500 Hz and 30 kHz.  However, if 

we look at the power shield as one wire and the rail as the other, then we can analyze it as 

a system of parallel wires approximately 0.5 m apart.  Using an effective conductance of 

1e-3 S or a resistance of 2.3 Ω at a single point between the power shield and the rail, 
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then the agreement with measured data is quite good between 20 Hz and 30 kHz.  For 

completeness, analyzing the power shield using the tunnel coaxial formulation with an 

added constant effective conductance of 1e-3 S yields fairly good results between 40 Hz 

and 30 kHz.  It should be noted that for the power shield measurements the 60 Hz power 

to the mine was completely shut off.  It is apparent from the data that the measured 

responses are useable from 20 Hz and above in frequency.   
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Figure 3-5  Real part of propagation factor for the Power Shield compared with various transmission 

line models. 
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3.1.2.3 Rail of Tracks for Man-Trip 

The next conductive penetration considered is the left rail of the tracks entering the mine 

for the personnel transportation vehicles (or Man-Trips).  The rail is of the usual rail road 

track cross-section and will be modeled as a cylinder with an approximate radius of 1 

inch.  The rails run along the floor of the tunnel with a separation of ~1 m between them.  

The rails are lying directly on the floor and have bolts securing them to the floor 

periodically.   

 

The real part of Γ from the measured data collected on the rail, from location 1 to 2 and 

from location 1 to 3, is plotted in Figure 3-6.  Looking at the rail inside the tunnel as a 

tunnel coaxial cable, if an effective conductance of 2e-2 S is used (indicating a resistance 

from rail to tunnel wall of 50 Ω every meter) there is good correlation between the model 

and measured data between 10 Hz and 300 Hz.  However, if we look at the left rail as one 

wire and the right rail as the other return wire, then we can analyze it as a system of 

parallel wires approximately 0.5 m apart.  Using an effective conductance of 2e-2 S or a 

resistivity of 50 Ω-m between the two rails (which given a 100 Ω-m rock/ground 

resistivity and a separation of 0.5 m is reasonable), the agreement with measured data is 

quite good between 10 Hz and 1.4 kHz.   
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Figure 3-6  Real part of propagation factor for the Rail compared with various transmission line 

models. 
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3.1.2.4 Conveyor Belt Structure 

The final conductive penetration considered is the conveyor belt structure used to 

transport coal out of the mine.  The conveyor belt structure is a complex metal frame 

work suspended from the ceiling of a tunnel into the mine.  The conveyor belts were 

suspended from the mine roof by metal chains attached to brackets bolted to the roof 

every ~3 to 5 m.  The metal guarding and the metal supports for the guarding were 

anchored firmly against the mine roof and in contact with the wire mesh installed on the 

roof.  The conveyor utilizes a separate tunnel into the mine than the trolley 

communication line, power cable, and rails.  The conveyor structure will be modeled as 

two parallel cylinders with an approximate radius of 3 inches.   

 

The real part of Γ from the measured data collected on the conveyor, from location 1 to 2 

and from location 1 to 3, is plotted in Figure 3-7.  Looking at the conveyor inside the 

tunnel as an eccentric coaxial cable, an effective conductance of 2e-2 S is needed for 

good correlation between measured data between 700 Hz and 5 kHz.  However, if we 

look at the one side of the conveyor structure as one wire and the other side of the 

conveyor structure as a return, then we can analyze it as a system of parallel wires 

approximately 0.5 m apart.  Using an effective conductance of 1e-2 S (or a resistivity of 

100 Ω-m between the sides of the conveyor structure), then the agreement with measured 

data from location 1 to 2 is quite good between 10 Hz and 5 kHz.  Analyzing the 

conveyor structure using the tunnel coaxial formulation with an added constant effective 

conductance of 5e-3 S (or a resistivity of 200 Ω-m between the structure and tunnel wall) 

yields fairly good results between 10 Hz and 3 kHz for the measured data from location 1 
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to 3.  It should be noted that for the conveyor measurements the 60 Hz power to the mine 

was on, the conveyor was running, and coal was being transported on the conveyor out of 

the mine.   
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Figure 3-7  Real part of propagation factor for the Conveyor Structure compared with various 

transmission line models. 
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3.1.2.5 Summary of Direct EM Coupling Model Comparison 

The four conductive penetrations going into the Sago coal mine were modeled as various 

canonical transmission lines and compared with measured current transfer function data.  

Modeling conductors as a transmission line using parallel wire geometry with a constant 

conductance between wires led to the best results.  The trolley communication line had 

very little loss between the first and last measurement points, which made the complex 

propagation constant very susceptible to clutter, measurement setup variations, and 

resonance shifts in the data.  These issues led to the fact that the trolley line was not ideal 

for modeling.  The power shield had very good correlation between the parallel wire 

transmission line model and the measured data from 10 Hz to 30 kHz.  The power shield 

data showed a stable complex propagation constant, making the comparison between 

measured data and models more productive.  The complex propagation constant 

calculated from measured data of the rail was fairly constant over the entire frequency 

range.  The model of the parallel wires (which seems to fit the geometry well), only 

compares well with measured data from 10 Hz to 1 kHz.  A model with very little 

capacitance and inductance may be needed to decrease the frequency dependence of the 

propagation constant.  Finally, the conveyor belt structure showed a good correlation 

between measured data and the parallel wire model from 10 Hz to 5 kHz.  Again, the 

modeled results and measured results diverge at the high end of the frequency spectrum.  

However, the conveyor belt structure was a very complex geometry and the complex 

propagation constant from the measured data was somewhat inconsistent from location to 

location.  Overall, the analytic canonical modeling produced very good results for the 

majority of the frequency band measured.  
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3.2 Indirect Electromagnetic Coupling via Soil and Rock  

Calculating the electric fields below the surface of the earth due to a lightning flash can 

be a difficult task.  To simplify matters, modeling will start with finding the fields in the 

earth due to a linear current source.  This section starts with the simplest case of a DC 

current source injected into a homogeneous half-space.  Then the next subsection 

introduces a time-varying, infinite length current source above the surface of the earth.  

This case will also be very useful in simulating the electric fields underground due to a 

horizontal arc of lightning or cloud-to-cloud lightning.  The development continues as the 

current source is brought to the surface of the earth.  Analytic models are shown for both 

an infinite and finite length current sources in Section 3.2.3.  Computational models using 

Eiger are shown for the finite wire case with various current distributions.  The 

complexity increases as the conductive half-space is stratified into layers of differing 

conductivities.  Analytic infinite line and computational finite line current sources are 

modeled and the results are shown for the stratified media cases in Section 3.2.4.  Finally, 

the various models developed throughout this section are compared with the measured 

electric field data from the indirect drive coupling experiments performed at the Sago 

coal mine.   

 

3.2.1 Static Coupling Model for Current Injected into Homogeneous 

Half-Space  

The geometry for the simplest model for DC current coupling is shown in Figure 3-8 and 

is analyzed in [26].  
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Figure 3-8  DC current drive with homogeneous conducting half-space. 
 

Current I is driven into the conductive half-space at (-b,0,0) and the current is extracted at 

(b,0,0).  The upper half-space, region-0, has infinite resistivity and the lower half-space, 

region-1 has resistivity, 1τ .  From simple considerations, V(x,y,z), the potential at 

Cartesian coordinate (x,y,z) with respect to infinity  is given by 
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The electric field at point (x,y,z) is easily calculated from 

 ( ) ( ), , , ,E x y z V x y z= −∇  

And calculating the x-component of interest 
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The next coupling models to be considered are generalizations where the current is time 

varying ( i te ω ) and the displacement currents are neglected because region-1 is assumed to 

be a good conductor.  Also the current is confined to a line source of infinite length (to 

begin with) and horizontal to the half-space interface for the following models.  This may 

not be a good representation for the path that currents from lightning would travel in the 

earth; however it is a good representation of the experimental setup and any conductors 

that may have lightning currents directly injected onto them.  

 

3.2.2 Infinite Line Source above Homogeneous Half-Space 

This model will be used to simulate the coupling of the horizontal portion of a cloud-to-

ground flash or horizontal cloud-to-cloud lightning to underground as in Section 4.4.  The 

current drive geometry of an infinitely long, horizontal wire placed a distance, h, above a 

conductive half-space is shown in Figure 3-9.  Similar configurations are analyzed in [31-

35]. 
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Figure 3-9  Infinite length, harmonically time varying horizontal current drive over a conductive 
half-space. 

 

The current drive is harmonically time-varying and is directed along the positive x-axis at 

height, h, above it.  Since the current is infinite in extent and constant in amplitude, there 

is no dependence on x.  The upper half-space has infinite resistivity and the lower half-

space has resistivity, τ1.  If one neglects displacement current and relates current density, 

ix(y,z) and electric field, Ex(y,z), in region-1 through Ex(y,z)=τ1ix(y,z) then the current 

density in the lower half-space, region-1, can be determined by  
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Numerical calculations of this integral result in Figure 3-10. 

101 102 103 104 10510-6

10-5

10-4

10-3

10-2

Frequency (Hz)

A
bs

[E
x] (

V
/m

/A
)

 

 

h = 0m
h = 100m
h = 200m
h = 500m
h = 1000m

 
Figure 3-10  Electric field magnitude from an infinite line current source at various heights when 

measured at z = -100 m, y = 0 m, and τ1 = 80 Ω-m. 
 

Note that the skin depth, δ, plays an important role as a parameter in all diffusion 

coupling calculations.  For convenience it is plotted for resistivities of 10, 100, and 1000 

Ω-m in Figure 3-11.  At a given frequency, the lower the resistivity the smaller the skin 

depth, meaning a majority of the current is contained closer to the surface.  Hence, there 
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will be better coupling deeper underground for ground with resistivity of 100 Ω-m than 

for ground with resistivity of 10 Ω-m.   
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Figure 3-11  Skin depth, δ1, as a function of frequency for resistivities of 10, 100, and 1000 Ω-m. 

 

3.2.3 Line Source at Surface of Homogeneous Half-Space  

For this section the line source is brought to the interface between the half-spaces.  Three 

models are compared for a line source at the surface of a homogeneous half-space.  First 

looking at an infinite line source, and then moving to a finite line source using analytic 

solutions.  Finally, computational results are shown for the finite line source. 
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3.2.3.1 Infinite Line Source  

If the line current source is brought to the surface of the conducting homogeneous half-

space, where h=0, integrating Ex from Section 3.2.2 for y=0 to get the horizontal electric 

field immediately below the current source yields [36] 

 ( ) ( )
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where K0 and K1 are modified Bessel functions.  Note that we are now using positive z in 

the downward direction in the formula.  A plot of the electric field at z = 100 m depth for 

resistivities of 10, 100, and 1000 Ω-m are shown in Figure 3-12 and Figure 3-13. 
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Figure 3-12  Amplitude of electric field as a function of frequency at depth of 100m with resistivities 

of 10, 100, and 1000 Ω-m. 
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Figure 3-13  Phase of electric field as a function of frequency at depth of 100m with resistivities of 10, 

100, and 1000 Ω-m. 
 

3.2.3.2 Finite Line Source  

The time-harmonic fields underground due to a finite line current have been studied by 

Hill and Wait [37].   
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Figure 3-14  Finite length, harmonically time varying horizontal current drive at interface of a 
conductive half-space. 

 

Again, displacement currents are neglected due to the low frequency of interest.  The 

field components calculated are as follows: 
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The argument of I0 and I1 is ( )
2

r zγ +
 and the argument of K0 and K1 is ( )

2
r zγ −

.  

Numerically integrating Ex for a depth of 100 m and a conductor length of 500 m (the 

same depth and length as the measurement setup) results in Figure 3-15 and Figure 3-16.  

The inclusion of the finite length of the conductor is clearly seen with the asymptotic 
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behavior to a DC constant value, instead of the decreasing value with decreasing 

frequency seen with the infinite wire model. 
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Figure 3-15  Amplitude of electric field as a function of frequency at depth of 100 m with resistivities 

of 10, 100, and 1000 Ω-m. 
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Figure 3-16  Phase of electric field as a function of frequency at depth of 100 m with resistivities of 

10, 100, and 1000 Ω-m. 
 

3.2.3.3 Numerical Modeling in EIGER  

The geometry of Figure 3-14 was modeled numerically and run on the open source 

EIGER (Electromagnetic Interactions GenERalized) code suite.  The Eiger code suite 

consists of four types of codes:  a geometry translator (I2j); a pre-processor (Jungfrau); a 

physics code (Eiger); and a post-processor (Moench).  The geometry translator takes a 

universal mesh file created from a commercial software package and converts it to a 

standard ascii input file (*.jfg) that is used in the pre-processor.  Jungfrau is used to input 

all the relevant physical parameters and constraints of the problem into a form that can be 

read by Eiger.  The some of the physical parameters include the mesh file, frequency(ies) 

to be solved, definition of layered media (position, size, complex permittivity, and 
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complex permeability), and definition of excitations.  Eiger, the physics code, is used to 

solve for the electric and magnetic currents on boundary elements when the excitations 

are time-harmonic.  Eiger solves for the currents using the method of moments (MOM).  

The method of moments is a procedure for solving a linear operator equation (L(f) = g) by 

transforming it into a system of simultaneous linear equations (or a matrix equation).  

The description of the method of moments was originally presented by Harrington 

[38,39].   

The basic method of moments procedure is:   

1. Get the integral equation 

a. Use equivalence theorems to replace all matter by free space and 

equivalent currents. 

b. Integral equation is an expression of boundary conditions or equivalence 

theorems. 

2. Solve the integral equations by MOM 

a. Expand equivalent current (
1

N

n n
n

I
=

= ∑J J ) to create matrix equation 

b. Enforce N weighted averages of integral equations ([ ]L A G= ) 

c. Solve the matrix equation so that [ ] 1A L G−=  (usually solved by a LU 

decomposition) 

 

Once Eiger solves for the principal unknowns, Moench calculates the secondary 

quantities.  Examples of secondary quantities are the electric and magnetic fields (both 

near and far fields) in the regions surrounding the surfaces of the problem. The reason 
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that secondary quantities are important is that the principal unknowns are difficult to 

measure, so experiments usually measure the secondary quantities. Moench reuses much 

of the software from Eiger.  The near fields are calculated using a pseudo-MOM where 

the fields are calculated at a point (fictious element) from the potentials on the wire.   

 

For the simulations presented in this dissertation, the physics code (Eiger) was not 

actually used.  The currents on the wire were specified, so there were no unknown 

currents to be solved for.  The output file from Eiger (a *.mnh file) was created manually 

for each geometry and case studied.  The needed files were then input into Moench for 

the near field calculation from the wire drive.  Example input and output files are 

contained in Appendix C. 

 

The three models (analytic infinite wire, analytic 500m wire, and numerical 500m wire) 

are compared in Figure 3-17.  All three curves are the x-component of the electric field 

directly below the center of the drive wire, at position (0, 0, -100).  A ground resistivity 

of 80 Ω-m was chosen as representative of the measurement site.   
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Figure 3-17  Comparison of the amplitude of Ex from a computational finite wire model with analytic 

finite and infinite wire models, using τ1 = 80 Ω-m and z = -100 m. 
 

It is unrealistic to think that there would be a constant current along the entire length of 

the 500m long wire.  The resulting amplitude of the x component of the electric field 

from a finite length wire with a triangular and a sinusoidal current distribution are plotted 

in Figure 3-18 with the constant current drive.  Note that the amplitude at the low end of 

the frequency spectrum is enhanced with the non-constant current distribution; these 

values approach the measured fields more closely than the constant drive. 
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Figure 3-18  Comparison of the amplitude of Ex from a constant, triangular, and sinusoidal current 

distribution in a computational finite wire model, using τ1 = 80 Ω-m and z = -100m. 
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3.2.4 Line Source at Surface of Stratified Half-Space  

Two models are compared for a line source at the surface of a stratified (or layered) half-

space. 

3.2.4.1 Infinite Line Source  

The geometry for the infinite current source at the surface of a stratified conductive half-

space is shown in Figure 3-19.  The situation is the same as in Section 3.2.3.1, except the 

half-space has a finite layer of conductive media with τ1 ≠ τ2.   
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Figure 3-19  Infinite length, harmonically time varying horizontal current drive at surface of a 

stratified conductive half-space. 
 

Again we neglect displacement currents and relate the electric field to the current in the 

infinite wire, Ex(y,z) = τ2ix(y,z).  If we let y = 0, then the electric field results in [36]:   
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Equations similar to the above have been published in [31,32,35], however there are no 

closed form solutions to the integral equation.  Carrying out the integration numerically 

allows us to obtain the curves for the electric field for three different cases, shown in 

Figure 3-20.   

The first case represents a somewhat thin layer of higher conductive media over a lower 

conductive rock bed.  This is a common type of situation for the earth in many parts of 

the country.  The second case has a large lower conductivity layer over a higher 

conductive half-space.  Both of these cases have a geometrical average conductivity at a 

depth of 100 m of ~ 80 Ω-m.  The third case shows that if a layer of 80 Ω-m media is on 

top of an 80 Ω-m half-space, the results are identical to that of the 80 Ω-m half-space 

alone.  The resulting electric field curves for case 1 and 2 are very similar to the 80 Ω-m 

half-space results.  In fact at the low end of the frequency spectrum case 1 overlays case 

3.  There is at most a factor of 4 difference in amplitude between the cases.   
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Figure 3-20  Amplitude of Ex at depth of 100 m for three configurations of two layered ground. 
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3.2.4.2 Numerical Models  

The geometry of Figure 3-19, except a finite length wire replaced the infinite current 

drive, was modeled with Eiger and is compared in Figure 3-21.  The numerical results are 

consistant with the analytical results from Figure 3-20. 
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Figure 3-21  Amplitude of Ex at depth of 100 m for three configurations of two layered ground from 

computational model. 
 

Several case studies were performed to analyze the necessity of using a layered earth 

representation.  The thickness and resistivity of the layers were extracted from [11] which 

shows the multiple layered geometry in Figure 3-22 fits their sounding data the best.  

Figure 3-23 shows the resulting x-directed electric field for the multi-layered geometry 

and is overlaid with the two layered half-space results.  A comparison with the measured 

data is discussed in the next section. 
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Figure 3-22  Geometry of three layered stratified media extracted from [11]. 
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Figure 3-23  Amplitude of Ex at depth of 100 m for three configurations of two layered ground from 
computational model with three layered configuration from [11]. 
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3.2.5 Models Compared with Measured Results 

Models for diffusion coupling from an infinite and finite current source above a 

homogeneous half-space were presented in Section 3.2.3.  These models are compared 

with the measured electric field inside the sealed area of the mine.  Using an effective soil 

resistivity of 80 Ω-m, the analytic models plotted in Figure 3-24 match very closely the 

horizontal (P-directed) electric field measured with a parallel current drive.  The 

correlation between model and measured data is extremely good from 10 to 100 kHz.  

This confirms that the major coupling mechanism from the surface to the sealed area is 

field diffusion coupling.  The measured data is contaminated by 60 Hz resonances and 

clutter below 1 kHz for this polarization.  The data deviates from the model of coupling 

beneath an infinite and finite line at frequencies below 1 kHz.  The measured data stays at 

a constant level of approximately 0.0006 V/m/A (this is estimated from the cable voltage 

measurements shown in Chapter 2), whereas the analytical models predict a downward 

slope.  Much of this deviation can be attributed to the field caused by the DC component 

from the finite spacing of the ground rods.  A comparison of the average of the P-directed 

electric field measurements from P2 to P8 with the analytic and computational models 

are shown in Figure 3-25.  The average field is a more meaningful value to compare since 

it has local variations removed.  The amplitude and shape show amazing correlation 

between the measured data and the single layered computational model (with sinusoidal 

current distribution).  The three layered computational model with values extracted from 

[11] did not perform well.  This shows that for the frequencies of interest it is better to 

take the geometric average of the stratified media (~80 Ω-m), than each layer 

individually.   
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Figure 3-24  P-directed electric fields compared with the analytic models with an effective resistivity 

of 80 Ω-m. 
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Figure 3-25  Average of P-directed fields from P2 to P8 compared with various models. 
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3.3 Fields coupling to multi-conductor cable model  

A comparison of the induced voltage on the pump cable and coupling models are now 

presented.  The extreme low frequency allows for simple coupling models to be 

sufficient.  Three models will be presented:  A simple model of multiplying the length of 

the cable by the x-directed electric field at the center of the driving antenna; A model of 

multiplying the average electric field over the length of the receiving antenna by the 

effective height for an antenna of a given length; and a model using transmission line 

theory to couple the spatially varying electric field to the wire. 

 

3.3.1 Simple Model  

The simplest model for electric fields coupling to wires is multiplying the length of the 

wire by the x-directed field at the center of the driving antenna.  If we let the center of the 

driving antenna to be at the origin and the receiving antenna to be a distance z away, then  

(0,0, ) (0,0, )xV z LE z= , where L is the length of the receiving wire. 

 

3.3.2 Effective Height Model  

An improvement over the previous model is to treat the receiving wire as an antenna and 

calculate the effective height (or effective length), then multiply it by the average x-

directed incident electric field over its length.  The effective height is defined as  

oc
eff

inc

Vh
E

=  

Then the far-zone field Ea radiated by an antenna with current Ig in the terminals is [40] 
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So by calculating the far-field of the receiving antenna from a test voltage, Vg, the 

effective height can be calculated.  From Balanis [40] 
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Assuming that the Zg = Rg + Xg = 50Ω, the antenna reactance XA is negligible compared 

with the radiation resistance, Rr, and  
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ωμ
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For a long wire antenna [41] 
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The open circuit voltage of the receiving antenna is then 
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3.3.3 Transmission Line Field Coupling Model  

Using transmission line theory and treating the incident electric field as a distributed 

source has been used in previous areas by Vance and Warne and Chen [42,43].  Using a 

transmission line formulation for coupling at extremely low frequencies is acceptable due 

to the extreme thinness of the receiving antenna (pump cable).  If we consider the 

receiving wire in the mine as a wire over a lossy earth ground, where the radius of the 

wire is a and the wire is a distance d above the ground.  Then if we let  

k ZY= −  and c
ZZ
Y

=  

For the admittance we use the usual formulation of a wire over a perfect ground for the 

capacitance, such that 

( )
02

arccosh
iY i C

d a
ω πεω −

= =  

For the impedance the perturbation due to the non-perfect ground is included using 

Sunde’s [30,44] formulation 

1 2Z Z Z= + , where Z1 is the formulation of a wire over a perfect ground and Z2 is the 

correction term 

( )0
1

arccosh
2

i d a
Z

ωμ
π

−
=  

0
2 2

iZ ωμ
π

− Δ
=  

where 1ln d

d

idk
idk

⎛ ⎞−
Δ = ⎜ ⎟−⎝ ⎠

 and ( )0d d dk iωμ σ ωε= + . 

Then, the transmission line equations start as 
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dI YV
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Combining the equations by differentiating (second equation), yields 
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If we let Ex be a constant then solving the second order differential equation, yields 

( )( ) tan( )sin( ) cos( ) 1
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And at x = 0 (where the measurements were made) 

(0) tan( )
inc
xkEV kL

YZ
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If Ex is allowed to be a function of x, then using the method of variation of parameters, 

we find  
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The impedance at x1 (x = 0) is set to be 10 MΩ which is essentially an open circuit and 

the impedance at x2 (x = 300m) is set to be 0, or a short circuit.  These conditions lead to 

P(x1) and Q(x2) equal to zero, ρ1 equal to 1 and ρ2 equal to -1.  The voltage at x1 is 

2
1 2 2

1 1
2

( ) sinh( ) ( )( ) ( )
cosh( )

kx

c
Q x kx P x eV x Z Q x

kx

−⎛ ⎞− −
= −⎜ ⎟

⎝ ⎠
. 

At very low frequencies the transmission line coupling model becomes less reliable, 

because of the finite length of the receiver, the finite depth below ground, and the very 

large skin depth.  The transition point between where it is more accurate to use antenna 

theory [45] and transmission line theory for a 300 m long wire is at ~500 Hz.  The error 

introduced by using transmission line coupling at 10 Hz is only 10% and the error is less 

than 1% at 100 Hz.  Therefore it was determined the error was small enough to use the 

transmission line coupling for the entire frequency regime, so that a single model would 

be utilized.   

 

3.3.4 Measured Wire Voltage compared with models 

The three models for electric field to cable voltage coupling are applied to the horizontal 

component of the electric field from the finite current source.  The fields used are those 

from the computational simulations seen in Figure 3-18.  Fore each current distribution, 

each cable coupling model is compared with the measured cable voltage from the sealed 

area in the Sago coal mine.   
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In Figure 3-26, the constant current drive electric field present at a depth of 100 m was 

applied to each cable coupling model.  It is clear from the data that the current 

distribution on the wire is incorrect to be compared with the measured data.  All of the 

modeled voltages are too high at the 6 kHz peak and over most of the frequency band.  

Also the shapes of the curves do not match.   

 

In Figure 3-27, the triangular current drive electric field present at a depth of 100 m was 

applied to each cable coupling model.  It can be seen that the most simple model does a 

nice job of obtaining the correct shape of the measured voltage curve, but has too high of 

amplitude by a factor of ~2.  The effective height model and the transmission line model 

with constant field both track the measured voltage well from 2 kHz to 70 kHz (100 kHz 

for the effective height model).  But the clear winner is the transmission line model that 

accounts for the spacially varying electric field.  The shape of the curve is correct and the 

amplitude is just a bit low. 

 

Finally, in Figure 3-28, the sinusoidal current drive electric field present at a depth of 100 

m was applied to each cable coupling model.  The same conclusion can be made as from 

the triangular distribution case, in terms of the models comparing with each other.  

Again, the transmission line model that accounts for the spacially varying electric field 

most closely matches the shape and amplitude of the measured cable voltage.  The 

modeled curve overlays the measured data almost perfectly.   
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Figure 3-26  Constant current drive on wire at surface. 
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Figure 3-27  Triangular current drive on wire at surface. 
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Figure 3-28  Sinusoidal current drive on wire at surface. 
 

3.4 Vertical Buried Wire Drive 

An interesting anomaly in the data was that the measured vertical electric field was the 

dominant component.  A short computational study was made to determine the effects of 

current on a vertical gas well (~ 114.3 m or 375 ft away from the measurement locations 

in the sealed area) on the vertical electric field component.  Figure 3-29 shows the x and z 

(vertical) components of the electric field due to a vertical current source 114.3 m away 

in a conductive half-space.  The vertical component dominates and is on the same order 

of magnitude as the measured vertical electric field shown in Chapter 2.  There are 

discrepancies between the measured waveform shape and the computational waveform.  

However, this was a plausibility study to help explain the presence of a large vertical 
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electric field measured from a horizontal drive current.  Actual measurements on the 

current induced on the gas pipes would be helpful in confirming this hypothesis.   
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Figure 3-29  Abs of Ex and Ez due to a vertical current source 114m away in a conductive half-space. 



94 

3.5 Uniform Magnetic Field at Surface above Homogeneous Half-

Space 

The fields produced in the sealed area during the explosion were from natural lightning, 

not linear current sources, except for the case of a horizontal arc channel.  In Section 

1.3.2 the magnetic field from a fully developed vertical lightning stroke was shown.  This 

magnetic field can be calculated at a distance on the surface from the stroke attachment 

point, but we still need to propagate the field to the sealed area below the surface.  This 

section develops the equations that allow a uniform magnetic field to propagate into a 

conductive half-space and calculate the electric field in said half-space.   

 

Assume that a uniform y-directed magnetic field of intensity, H0, is instantaneously 

applied above a conducting half-space (region 1), as shown in Figure 3-30. 

(y,z)

H = H0yy
_

^

x

y

z

-z

region - 0
ε0, μ0, τ0 = Q

region - 1
ε1, μ0, τ1

 
Figure 3-30  Harmonically time-varying magnetic field drive over conductive half-space. 
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For a good conductor [46], 

1
2

1
2

ωμσα
δ

ωμσβ
δ

≈ =

≈ =

 

And the surface impedance is written as 

1

1

(1 )
2SZ j ωμ
σ

= +  

Taking the normal unit vector to be in the z direction, or 

ˆ ˆn z= , 

and applying the boundary condition of surface impedance, yields the tangential electric 

field as 

0ˆ ˆ( )t S S S S yE Z J Z n H xZ H= = × = − . 

Inserting the formula for the surface impedance and skin depth, and rearranging yields 

the electric field just below the surface of the interface, 

1
1 0 0 1 0

1 1 1 1

1 1 (1 )( 0 ) (1 ) (1 )
2x y y y

jE z j H j H Hωμ τ
σ σ δ δ

− +
= = − + = − + = − . 

However, it is more important to know the electric field below the surface at some depth, 

z = -d.  So, for attenuation in the negative z direction  

( )
1( ) ( 0 ) j z

xE z E z e α β− += = . 

Combining the above equations yields the x component of the electric field due to a 

uniform magnetic field at the surface as 

1(1 )
1 1 0

1

(1 )( ) j z
x y

jE z H e δτ
δ

++
= − . 
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Alternatively, starting with Maxwell’s equation and relating an x-directed electric field 

with a y-directed magnetic field, we find 

1 1ˆ xEH E y
j j zωμ ωμ

∂
= − ∇× = −

∂
 

Then, knowing the conduction current is related to electric field as  

1E J
σ

= . 

Then we can rewrite the equation, relating surface current to magnetic field as 

1 x
y

JH
j zωμσ

∂
= −

∂
, or  

x
y

J j H
z

ωμσ∂
= −

∂
. 

From boundary conditions, we see that  

i cH J J j Dω∇× = + +  

If we let the impressed current (Ji) be set equal to zero and the displacement current 

(jωD) be neglected, then 

cH J∇× =  

Now letting H only have a y component 

ˆ ˆy y
c

H H
H x z J

z x
∂ ∂⎛ ⎞ ⎛ ⎞

∇× = − + =⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠
 

Then putting the restriction on Jc to have only a x-directed component, 

y
cx

H
J

z
∂

= −
∂

 

Differentiating the above equation and combining equations yields the second order 

differential equation 
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2
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2 0y
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H
k H
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∂

− =
∂

 

where (1 )(1 )
2

jk j j ωμσωμσ
δ
+

= = + = . 

The general solution to the differential equation is 

( ) kz kz
yH z Ae Be−= +  

If we want the magnetic field to decay to zero as z goes to negative infinity, then B must 

equal zero.  Also at z = 0, the magnetic field is some constant value H0. 

0( ) kz
yH z H e=  

Then since  

1 1 y
x cx

H
E J

zσ σ
∂

= = −
∂

 

The x component of the electric field due to the uniform magnetic field is  

(1 )
0 0

(1 )( ) kz j z
x

k jE z H e H e δτ
σ δ

++
= − = − , 

the same as the previous derivation.  Also note that this formulation describes the electric 

field due to the uniform surface current produced by a cloud-to-ground lightning stroke.   
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Chapter 4  Results Coupled with Lightning 

The results from the direct drive measurements, and the indirect coupling measurements 

and analysis are coupled with recorded and hypothetical lightning strokes in this section.  

The analysis performed in this section uses the recorded amplitude, when appropriate; 

however, for all other cases, nominal amplitudes of 100 kA were used.  The value of 100 

kA was used for two reasons: first, there was a cloud-to-ground stroke recorded close in 

time and distance to the explosion area on the order of 100 kA; and second, the value of 

100 kA is easy to scale.  It should be noted that the voltages presented in Section 4.2 and 

4.3 were calculated using the uniform magnetic field excitation formulation shown in 

Section 3.5.  The voltages from a hypothetical long, low altitude horizontal current 

channel from a cloud-to-ground stroke of Section 4.4 were calculated using infinite line 

current source above a half-space shown in Section 3.2.2. The basic lightning waveforms 

used in this section as inputs into the transfer functions are shown in Figure 4-1.  The 

negative lightning waveform was created using a double exponential formula found in 

[47].  There is no analytic or mathematical model for a positive lightning waveform 

found in published literature.  Hence, a positive lightning waveform was created using a 

15th order polynomial of the author's design and appending a 100 ms tail on the backend.  

The positive lightning waveform characteristics were tailored from values found in 

[48,12].  Some pertinent waveform characteristics of the modeled lightning waveforms 

are shown in Table 4-1. 
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Figure 4-1  Basic positive and negative lightning waveforms used as inputs for analysis. 

 

Table 4-1  Characteristics of positive and negative lightning waveforms used in analysis 
Amplitude 

(kA) 
Full Width at Half Maximum, FWHM 

(μs) 
dI/dt (kA/μs)

-100 68 16.7 
+100 69 6.5 
+30 69 2.0 

 

4.1 Direct Drive Transfer Functions Coupled with Lightning 

Strokes 

If we assume that lightning directly coupled onto the conductive penetrations into the 

entrance of the Sago mine with either a positive or negative 100 kA stroke, then peak 

voltages and currents can be calculated.  Only the direct drive transfer functions 

measured with the fence ground are used in this analysis because the fence ground is 

more representative of a current distribution due to a real lightning stroke. 
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The peak currents and voltages on the trolley communication line, conveyor, rail, and 

power cable shield were calculated using the following procedure.  First, the lightning 

waveforms shown in Figure 4-1 were transformed into the frequency domain with a fast 

Fourier transform (FFT). Then the lightning data was multiplied by the complex transfer 

function of a given conductor at a given location.  The resulting frequency waveform was 

then transformed back into the time domain with an inverse fast Fourier transform 

(IFFT).  The peak voltage or current was recorded for each waveform.  This was then 

repeated for each conductor at each location measured.  Voltage was not measured on the 

trolley communication line because it was an insulated cable.  The measurement 

locations cross-referenced to break number and approximate distance from the entrance 

are summarized in Table 4-2 for convenience. 

 

Since the transfer function of the shield of the power cable was only measured out to the 

#3 power center, an extrapolation was performed to estimate the voltage and current at 

location 7 (at the 2nd Left Switch).  The extrapolated values of voltage and current on the 

shield of the power cable are shown in the green highlighted cells of the “Power Cable 

Shield” columns of Table 4-3 and Table 4-5.  The voltage was extrapolated using an 

exponential curve fit, while the current was extrapolated using a simple logarithmic curve 

fit.  These extrapolations were matched with the trend of the first three points, and are a 

best-guess speculation.  The peak currents and voltages from a positive 100 kA lightning 

stroke attached directly to the entrance of the mine for each conductor at each location 
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are shown in Table 4-3 and Table 4-4.  The peak currents and voltages due to a negative 

100 kA stroke are shown in Table 4-5 and Table 4-6.   

 

Table 4-2  Direct drive measurement locations 
Location Mine Feature Break Number Approximate Distance 

from Entrance 
1 #1 Power Center Belt 1, Break 1 30 m (98 ft.) 
2 #2 Power Center Belt 2, Break 1 459 m (1506 ft.) 
3 #3 Power Center Belt 3, Break 1 669 m (2195 ft.) 
4 1st Right Spur Belt 3, Break 16 1076 m (3530 ft.) 
5 2nd Right Spur Belt 4, Break 11 2178 m (1.35 miles) 
6 1st Left Switch Belt 4, Break 50 3255 m (2.02 miles) 
7 2nd Left Switch Belt 4, Break 59 3491 m (2.17 miles) 

 

Table 4-3  Peak currents and voltages from a positive 100 kA lightning stroke, for conductive 
penetrations with old mine grounding 

 
Trolley 
Comm 
Line 

Conveyor Conveyor Rail Rail 
Power 
Cable 
Shield 

Power 
Cable 
Shield 

Location Imax (A) Imax (A) Vmax (V) Imax (A) Vmax (V) Imax (A) Vmax (V) 
1      6213 8369
2 162   37 643 2841 3229
3 154   17 233 2547 1582
4        
5        
6        
7      480* 1*

* Extrapolated values. 
 

Table 4-4  Peak currents and voltages from a positive 100 kA lightning stroke, for conductive 
penetrations with current mine grounding 

 
Trolley 
Comm 
Line 

Conveyor Conveyor Rail Rail 
Power 
Cable 
Shield 

Power 
Cable 
Shield 

Location Imax (A) Imax (A) Vmax (V) Imax (A) Vmax (V) Imax (A) Vmax (V) 
1 293 2884 10931 14087 136693   
2        
3 279 495 881 9 996   
4 279 11 62 9 436   
5 220 27 11 30 1079   
6 190 11 2 42 321   
7 198 9 1 35 106   
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Table 4-5  Peak currents and voltages from a negative 100 kA lightning stroke, for conductive 
penetrations with old mine grounding 

 
Trolley 
Comm 
Line 

Conveyor Conveyor Rail Rail 
Power 
Cable 
Shield 

Power 
Cable 
Shield 

Location Imax (A) Imax (A) Vmax (V) Imax (A) Vmax (V) Imax (A) Vmax (V) 
1      6193 7989
2 295   60 668 2711 3078
3 279   22 218 2417 1438
4        
5        
6        
7      280* 1*

* Extrapolated values. 
 

Table 4-6  Peak currents and voltages from a negative 100 kA lightning stroke, for conductive 
penetrations with current mine grounding 

 
Trolley 
Comm 
Line 

Conveyor Conveyor Rail Rail 
Power 
Cable 
Shield 

Power 
Cable 
Shield 

Location Imax (A) Imax (A) Vmax (V) Imax (A) Vmax (V) Imax (A) Vmax (V) 
1 434 2926 11279 13606 143340   
2        
3 467 515 1052 13 1615   
4 417 14 77 17 934   
5 343 31 13 34 1367   
6 320 29 3 54 650   
7 301 9 1 19 62   

 

 

An item of interest is the relatively high current on the shield of the power cable (480 A) 

at the 2nd left switch (location 7) in Table 4-3.  The power cable does not stop at the 2nd 

left switch, but turns approximately 90 degrees to the left and travels down the 2nd Left 

Main and onto the 2 Left Power Center.  This presents a similar coupling mechanism as 

the indirect case where a long line current drive on the surface produces electromagnetic 

fields that propagate through earth.  Only in this case, instead of the lightning currents on 

the surface being the drive, the induced current on the shield of the power cable inside the 

mine provides the drive mechanism for coupling onto the pump cable.  Assuming a direct 
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100 kA positive stroke onto the shield of the power cable at the entrance to the mine, an 

analysis of this scenario results in <50 V peak induced on the pump cable, too low to be 

of concern.   
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4.2 Indirect Drive from NLDN and USPLN Positive Stroke 1-3 

The locations of the three recorded lightning strokes, on the NLDN and USPLN, are 

shown in Figure 4-2 with the calculated distances and angles.  Note that it is highly 

probable that the 38.8 kA and 35 kA strokes represent a single stroke with a location 

discrepancy, as discussed in Section 1.5.  The angles shown are the angles between the 

line made up from the lightning stroke to the center of the pump cable, and the line 

formed by the direction where the pump cable lay.  The first stroke analyzed is the 38.8 

kA positive lightning stroke, 5.44 km (3.4 miles) away from the sealed area and an angle 

of 52.8 degrees.  The second stroke has an amplitude of 35 kA at a distance of 4.02 km 

(2.5 miles) away from the sealed area and an angle of 49.3 degrees.  The last stroke has 

an amplitude of 101 kA, a distance of 2.91 km (1.8 miles), and an angle of 85.5 degrees.  

The resulting induced voltage pulses on the pump cable (at the end of the cable nearest 

the explosion area) are shown in Figure 4-3, with peak amplitudes of 66.1 V, 87.9 V, and 

42.8 V for the three strokes, respectively.  The transmission line coupling models 

developed in Section 3.3.3 were used for coupling the electric field to voltage on the 

pump cable in Figure 4-3 with a cable length of 300 m (984 ft.).  Since there is concern 

about the actual length of intact pump cable present at the time of the explosion, analysis 

was performed on a pump cable with a length of 61 m (200 ft.) to account for the length 

of the cable piece found closest to the explosion area.  The resulting induced voltage 

pulses on the 61 m (200 ft.) length of pump cable are shown in Figure 4-4.  None of the 

induced voltages from these recorded strokes have the necessary amplitude to cause an 

arc inside the sealed area.  It should be noted that taking the indirect coupling model 

approximation out to 3 km and beyond represents an upper bound on the coupling.   
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Figure 4-2  Locations of recorded lightning strokes with respect to the sealed area, with distances and 

angles. 
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Figure 4-3  Voltage induced on pump cable (length of 300 m or 984 ft.) due to the three positive 

lightning strokes recorded on the NLDN and USPLN. 
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Figure 4-4  Voltage induced on pump cable (length of 61 m or 200 ft.) due to the three positive 

lightning strokes recorded on the NLDN and USPLN. 
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4.3 Indirect Drive from Hypothetical Stroke Directly over 

Sealed Area 

If we assume a 100 kA negative or positive lightning stroke attached within 160 m (525 

ft.) from directly over the center of the pump cable in the sealed area on the surface, it 

could induce a sufficiently high voltage in conductors in the sealed area to cause an 

electrical arc.  This effect would be maximized if the stroke were directly inline with the 

pump cable direction at an angle of zero degrees.  The induced voltage on the pump cable 

(with a length of 300 m or 984 ft.) from a 100 kA positive and negative cloud-to-ground 

stroke is shown in Figure 4-5.  The maximum voltages are 24.9 kV from the positive 

pulse and 23.3 kV from the negative lightning pulse.  Again, since there is concern about 

the actual length of intact pump cable present at the time of the explosion, analysis was 

performed on a pump cable with a length of 61 m (200 ft.) to account for the cable piece 

found closest to the explosion area.  The resulting induced voltage pulses on the 61 m 

(200 ft.) length of pump cable are shown in Figure 4-6.  The maximum voltages expected 

on the shorter cable length are 10.5 kV from the positive pulse and 9.8 kV from the 

negative lightning pulse.   

 

Lightning currents as low as 20 kA (either positive or negative), which is closer to the 

statistical average peak current of cloud-to-ground lightning strokes, can produce 

thousands of Volts on the pump cable.  This level of voltage is more than capable of 

initiating an electrical arc under the right conditions.  The peak voltage amplitude 

expected on the pump cable scales linearly with the peak current amplitude of the driving 

lightning stroke.  The results from the 100 kA case shown in Figure 4-5 can be scaled to 
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the 20 kA case by dividing the peak amplitude of the voltage on the cable by a factor of 

five.   
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Figure 4-5  Induced voltage pulse on pump cable (length of 300 m or 984 ft.) due to a hypothetical 

positive and negative 100 kA cloud-to-ground lightning stroke 160 m from directly above sealed area. 
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Figure 4-6  Induced voltage pulse on pump cable (length of 61 m or 200 ft.) due to a hypothetical 

positive and negative 100 kA cloud-to-ground lightning stroke 100 m from directly above sealed area. 
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4.4 Indirect Drive from a Hypothetical Cloud-to-Ground Stroke 

with a Current Channel over Sealed Area 

If we assume a 100 kA positive cloud-to-ground stroke with a long, low altitude 

horizontal current channel directly over the sealed area and inline with the pump cable 

direction at an angle of zero degrees, it could be capable of inducing voltages on the 

pump cable sufficient to produce electrical arcing.  Pump cable (with a length of 300 m 

or 984 ft.) voltages are shown for a positive cloud-to-ground stroke with horizontal 

current channel at heights (H) of 0 m (0 ft.), 100 m (328 ft.), 200 m (656 ft.), 500 m 

(1640 ft.), and 1000 m (3281 ft.) above the surface in Figure 4-7.  The maximum voltages 

from the positive current channel at the heights given are 38.5 kV, 18.0 kV, 11.5 kV, 5.4 

kV, and 2.8 kV, respectively.  Induced voltages for a negative cloud-to-ground stroke 

with a current channel directly over the sealed area are shown in Figure 4-9.  The 

maximum voltages from the negative current channel at the heights given are 36.3 kV, 

16.9 kV, 10.8 kV, 5.1 kV, and 2.7 kV, respectively.   

 

Again, since there is concern about the actual length of intact pump cable present at the 

time of the explosion, analysis was performed on a pump cable with a length of 61 m 

(200 ft.) to account for the cable piece found closest to the explosion area.  The resulting 

induced voltage pulses on the 61 m (200 ft.) length of pump cable are shown for a 

positive cloud-to-ground stroke with horizontal current channel at heights (H) of 0 m (0 

ft.), 100 m (328 ft.), 200 m (656 ft.), 500 m (1640 ft.), and 1000 m (3281 ft.) above the 

surface in Figure 4-8.  The maximum voltages from the positive current channel at the 

heights given are 7.8 kV, 3.7 kV, 2.3 kV, 1.1 kV, and 0.6 kV, respectively.  Induced 
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voltages for a negative cloud-to-ground stroke with a current channel directly over the 

sealed area are shown in Figure 4-10.  The maximum voltages from the negative current 

channel at the heights given are 7.3 kV, 3.4 kV, 2.2 kV, 1 kV, and 0.5 kV, respectively. 
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Figure 4-7  Induced voltage pulse on pump cable (with length of 300 m or 984 ft.) from hypothetical 

horizontal current channel from a cloud-to-ground +100 kA stroke, H is distance of the current 
channel above the ground. 
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H =     0 m, Vmax=7.8 kV
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Figure 4-8  Induced voltage pulse on pump cable (length of 61 m or 200 ft.) from hypothetical 

horizontal current channel from a cloud-to-ground +100 kA stroke, H is distance of the current 
channel above the ground. 
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Figure 4-9  Induced voltage pulse on pump cable (length of 300 m or 984 ft.) from hypothetical 
horizontal current channel from a cloud-to-ground -100 kA stroke, H is distance of the current 

channel above the ground. 
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Figure 4-10  Induced voltage pulse on pump cable (length of 61 m or 200 ft.) from hypothetical 
horizontal current channel from a cloud-to-ground -100 kA stroke, H is distance of the current 

channel above the ground. 
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Chapter 5 Conclusions, Recommendations, and 

Future Work 

The conclusions made in this dissertation are specific to the geometry of the Sago mine 

site where measurements were taken.  The results cannot and should not be generalized to 

any other mining systems.   

 

5.1 Direct Coupling Conclusions 

The current and voltage on metallic penetrations into the mine were calculated given the 

direct drive transfer functions and a mathematical representation of a positive-polarity, 

100 kA peak cloud-to-ground lightning stroke.  This calculation assumes that the 

lightning stroke attaches directly onto the metallic penetration at the entrance to the mine.  

While there is no evidence that lightning struck the entrance of the mine, this assumption 

represents the worst-case placement of an attachment for this analysis.   

 

The farthest point into the mine that the direct drive measurements were made was at the 

entrance to the 2nd Left Parallel, 3,491 m (or 2.17 miles) into the mine, as close to the seal 

that was breached by the explosion as possible.  At this location, the peak currents and 

voltages calculated at this location given the input of a positive 100 kA peak lightning 

stroke attaching at the mine entrance are shown in Table 5-1. The voltage was not 

measured for the trolley communication line because it was insulated and not an exposed 

conductor.   
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Table 5-1  Current and voltage at the 2nd Left Switch due to a 100 kA peak, positive cloud-to-ground 
lightning stroke at the entrance of the mine 

Metallic penetration Current Voltage 
Trolley Communication 

line 198 A Not measured 

Conveyor Structure 9 A 1 V 
Rail 35 A 106 V 

Shield of Power Cable5 480 A 1 V 
 

The voltages and currents on the conveyor, rail, and shield of the power cable outside the 

sealed area are incapable of coupling sufficient energy into the sealed area. The voltage 

on the trolley communication line is not anticipated to be significantly larger than those 

of the conveyor, rail, and power cable shield.    

 

• It is highly unlikely that direct drive coupling, even under a worst-case scenario, 

could have produced significant voltage on the cable in the sealed area. 

 

Because of the substantial initial grounding of metallic penetrations that enter the mine, 

and because of the multiplicity of grounding points of these systems as they penetrate 

into the mine, the lightning current would be divided sufficiently so that only a relatively 

small amount of current would be injected into the mine near the sealed area.  All 

metallic penetrations were intentionally terminated outside the sealed area.  

Consequently, the amplitude of current flowing on conductors outside the sealed area is 

insufficient to generate adequate voltage on the cable inside the sealed area to cause a 

significant buildup of voltage.  At low frequencies, the parallel nature of the multiplicity 
                                                 

5 The current and voltage for the shield of the power cable were extrapolated from measurements made at 
the Power Centers 1, 2, and 3. 
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of grounding points is sufficient to divide the lightning current.  At higher frequencies, 

the metallic penetrations can be treated as non-ideal (lossy) transmission lines with 

periodic grounding that attenuates the high-frequency components of the current even 

more than lower frequencies.  Although this coupling mechanism is likely insufficient 

to cause arcing, the voltage and current is sufficient to cause electrical shocks to 

personnel contacting these metallic penetrations, even miles back into the mine. 

 

5.2 Indirect Coupling Conclusions 

Three things are needed to conclude that indirect coupling of lightning energy into the 

sealed area produced high voltage in the sealed area of the Sago mine on the morning of 

January 2, 2006.  They are: 

 

• lightning energy propagating from the surface through the overburden into the 

sealed area; 

• an antenna, or receiver (such as a cable), of this energy present in the sealed area; 

and 

• lightning of sufficient magnitude and proximity to the sealed area at the time of 

the explosion.  

 

The indirect measurements coupled with analytical models discussed in this dissertation 

confirm that electromagnetic energy with the frequency content of lightning driven on the 

surface penetrates the ground into the sealed area.  Measurements and analyses also 



117 

confirm that the pump cable acts as a receiver of this energy and is the most likely 

coupling agent in the sealed area.   

 

Two cloud-to-ground lightning strokes were recorded in the vicinity of the Sago mine 

within one second of the explosion in the sealed area.  Based on the results in this 

dissertation, these lightning strokes were too far away to have generated a significant 

voltage on the pump cable in the sealed area.  A thorough, expert analysis of the raw data 

provided by several lightning detection databases did not uncover evidence to support the 

detection of another cloud-to-ground stroke in the correct timeframe.   

 

• It is unlikely that indirect drive from the vertical components of the recorded 

lightning strokes (recorded amplitude and location) around the Sago mine could 

have produced significant voltage on the cable present in the sealed area. 

 

The simultaneous events of recorded lightning strokes and the explosion in the sealed 

area of the mine; the multiple personal accounts above the sealed area describing 

simultaneous flash and thunder [1] (indicating extremely close lightning); the lack of data 

from the lightning detection networks from upward positive lightning initiated from tall 

structures [12,13]; the inability of the lightning detection networks to resolve the 

presence of horizontal lightning arc channels [12,13]; and the unlikely, but possible, 

scenario of an undetected cloud-to-ground lightning flash [14] of sufficient magnitude 

and proximity to the sealed area at the time of the explosion led to the investigation of 

various hypothetical lightning stroke events.  The expected voltage on the abandoned 
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cable was calculated for each scenario using the indirect coupling models developed in 

this dissertation. 

 

The first hypothetical case explores the possibility of the presence of a horizontal 

lightning arc channel acting as a source of energy.  For this scenario, a 100 kA-peak 

horizontal arc channel is assumed to be parallel to the pump cable in the sealed area at 

distances of 100 m (328 ft), 200 m (656 ft), 500 m (1,640 ft), and 1000 m (3,281 ft) 

above the ground above the sealed area.  For a positive-polarity flash, the resultant 

voltages on the pump cable were 18.0 kV, 11.5 kV, 5.4 kV, and 2.8 kV, respectively.  For 

a negative-polarity flash, the resultant voltages on the pump cable were 16.9 kV, 10.8 kV, 

5.1 kV, and 2.7 kV, respectively.  While these calculations use favorable coupling 

circumstances (high peak arc-channel current and parallel orientation of the arc channel 

to the pump cable and cable length of 300m), this hypothetical scenario presents a 

reasonable case where significant voltages build up on the pump cable. 

 

• It is reasonable to assume that if a horizontal, low-altitude arc channel occurred 

from one of the lightning strokes recorded by the NLDN (or USPLN) or from an 

unrecorded lightning stroke, it could have produced significant voltage on the 

cable in the sealed area.   

 

The second hypothetical case explores the possibility of an undetected cloud-to-ground 

stroke of sufficient magnitude and proximity to the sealed area.  Applying a 100 kA-peak, 

cloud-to-ground stroke of optimum orientation to the pump cable (300 m length) within 
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160 m (525 ft) of the sealed area, the results are peak voltages on the pump cable of 24.9 

kV for a negative-polarity flash, and 23.3 kV for a positive-polarity flash.  For the same 

conditions, the induced voltage decreases as distance of a lightning stroke from the sealed 

area increases.   

 

• It is reasonable to assume that if an average or above average cloud-to-ground 

lightning stroke occurred above the sealed area at Sago, that it could produce 

significant voltage on the cable in the sealed area. 

 

The conclusions of this dissertation are that lightning of sufficient magnitude and 

proximity to the sealed area would create high voltage on the pump cable.  The 

simultaneity in time of recorded lightning strokes and the explosion occurring is very 

strong evidence of cause and effect.  Furthermore, eyewitness accounts of simultaneous 

lightning and thunder at the time of the explosion, plus the analysis of credible 

hypothetical scenarios which cannot be confirmed by lightning detection networks, lend 

credibility to the idea that lightning-induced electrical arcing. 

 

5.3 Recommendations 

The results of this work demonstrate the usefulness of transfer function measurement 

techniques and analytical modeling to evaluate lightning effects in mining environments.  

The effects described in this dissertation are significant.  A more comprehensive research 

and development program should be conducted to expand on this work to extend this 

research for use in other underground coal mining operations.  The research program 
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would be conducted using similar transfer function measurement techniques, experiments 

at other sites with rocket-triggered and natural lightning, and analytical and 

computational modeling using validated state-of-the-art codes adapted for this 

application.  Once completed, it is reasonable to expect that mitigation techniques and 

safety standards could be developed to secure coal mining systems from future lightning 

threats.   

 

Much of the modeling of the transmission line coupling from lightning can be applied 

directly to buried telephone lines and power lines.  Both of which are affected during 

electrical storms and are susceptible to outages due to direct attachment and horizontal 

cloud-to-cloud lightning.  The models also could be extended in the frequency response 

to include electric fields coupling onto improvised explosive devices (IEDs) or detonator 

wires going to explosives.   

 

5.4 Potential Further Areas of Study 

The following items are potential areas for further study.  Their effects on the coupling 

mechanisms characterized in this dissertation are unknown, but believed to be of minimal 

effect.   

 

Future work includes further development of transmission line models for coupling 

voltages and currents directly into the mine via unintentional transmission lines.   
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5.4.1 Nonlinearities 

Surface arcing and arcing through soil and rock are well-known phenomena that can 

propagate lightning energy over a distance of a hundred feet or less.  Because these 

phenomena occur only at the full amplitudes of natural or triggered lightning strokes, 

their behavior and effect on coupling could not be studied using the low-amplitude 

transfer function measurement techniques of this study.  There is no evidence an arc can 

travel a distance of 300 feet through soil and rock, therefore, it is unlikely this would 

have any effect on this analysis. 

 

5.4.2 Coupling from Vertical Pipes near Sealed Areas 

The effect on the coupled electromagnetic field caused by direct drive of the vertical gas 

well that passed near the sealed area was not measured in this study.  Because we could 

not guarantee that damage to cathodic protection systems or other instrumentation would 

not be caused by our drive system, the owners of the system would not allow attachment 

to the pipe without indemnification.  Direct drive of the vertical pipe could have caused 

some enhancement of the coupled electric fields in the sealed area, but would not change 

the conclusions.  The modeled results of the fields induced by current on the closest 

vertical gas well were shown in Section 3.4, but measured data would be helpful. 

 

5.4.3 Distributed Drives for Metallic Penetrations 

Although the localized drive at the entrance to the mine of all metallic penetrations to the 

mine was studied, the propagation of voltages and currents on these penetrations can be 
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enhanced by current flow on the surface of the earth above the penetrations.  Simple 

considerations indicate that the voltage and current amplitudes are not enhanced 

significantly.  The measurement that could have elucidated this phenomenon was 

cancelled because of the physical and political impracticality of stringing a wire from the 

entrance of the mine through dense forests and livestock-occupied pastureland to a 

location above the sealed area. 

 

5.4.4 Effect of Grounded Roof Meshes 

Voltages induced between sections of roof meshes in the sealed area were not measured 

because the substantial grounding of these meshes via rods driven every three feet or so 

to provide roof support was thought to prevent buildup of voltages.  We found at the site 

that the use of nonconductive epoxies may prevent good contact between the epoxy bolts 

and the rock.  The voltage buildup between sections of roof mesh and the effect of the 

roof mesh on electric fields and voltages within the sealed area was not studied in this 

work.  Resistance between roof bolts ranged from 2 mΩ to 150 Ω for bolt spacing up to 

15 m (~50 feet) [49].  The majority of the samples showed resistances closer to the 2 mΩ 

value.  The maximum resistance found would yield soil resistivity on the order of 10 Ω-

m, which would still be considered a fairly good conductor. 

 

5.4.5 Coupling Paths Not Present in Sago Mine 

Lightning coupling paths into sealed areas that are common in other underground coal 

mines but are absent from the Sago mine, such as coupling along metal-cased boreholes 
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that extend from the surface into the sealed area and coupling through other metallic 

penetrations used for monitoring or other instrumentation were not studied in this 

dissertation. 

 

5.4.6 Geologic Irregularities Affecting Coupling 

The extent to which geologic irregularities such as faults and mineral deposits that affect 

the coupling of lightning energy into underground coals was not quantified in this study.  

However, studies conducted by hydroGEOPHYSICS indicate that there were no 

significant irregularities in the vicinity of the area where the explosion occurred. [11] 

 

5.4.7 Lightning Current Return Path Assumptions 

The analysis used in this dissertation assumes that lightning current is uniform in the 

radial direction.  The extent to which large-scale inhomogenieties affect the current paths, 

and the extent to which the variation with depth affects the coupling, were not quantified 

in this study.  
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Appendix A Calibration Documentation of 

Measurement Equipment 
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Figure A-1  Calibration frequency response of fiber-optic transmitter/receiver pair. 
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Figure A-2  Calibration frequency response of current probes used. 
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Figure A-3  Calibration frequency response of active dipole antenna. 
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Figure A-4  Calibration frequency response of Nanofast high-impedance probe. 
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Figure A-5  Certificate of calibration for 4395A network analyzer. 



132 

Appendix B Compilation of Measured Data 
 
Direct Drive Transfer Function Data:   
 
The following transfer functions were measured with the mine grounding system in 
current state. 
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Figure B-1  Direct drive current transfer function of trolley communication line with a local ground. 
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Figure B-2  Direct drive current transfer function of trolley communication line with a fence ground. 
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Figure B-3  Direct drive voltage transfer function of conveyor structure with a local ground. 
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Figure B-4  Direct drive current transfer function of conveyor structure with a local ground. 
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Figure B-5  Direct drive voltage transfer function of conveyor structure with a fence ground. 
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Figure B-6  Direct drive current transfer function of conveyor structure with a fence ground. 
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Figure B-7  Direct drive voltage transfer function of rail structure with a local ground. 
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Figure B-8  Direct drive current transfer function of rail structure with a local ground. 

101 102 103 104 105

10-4

10-3

10-2

10-1

100

101

102

Frequency (Hz)

V
ol

ta
ge

 T
ra

ns
fe

r F
un

ct
io

n 
A

m
pl

itu
de

 

 

1
3
4
5
6
7

 
Figure B-9  Direct drive voltage transfer function of rail structure with a fence ground. 

 



137 

101 102 103 104 105

10-4

10-3

10-2

10-1

100

101

Frequency (Hz)

C
ur

re
nt

 T
ra

ns
fe

r F
un

ct
io

n 
A

m
pl

itu
de

 

 

1
3
4
5
6
7

 
Figure B-10  Direct drive current transfer function of rail structure with a fence ground. 
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The following transfer functions were measured with the mine grounding system 
similar to the grounding scheme in place during explosion. 
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Figure B-11  Direct drive voltage transfer function of power cable shield with a local ground. 
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Figure B-12  Direct drive current transfer function of power cable shield with a local ground. 
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Figure B-13  Direct drive voltage transfer function of power cable shield with a fence ground. 

 

101 102 103 104 10510-6

10-5

10-4

10-3

10-2

10-1

100

Frequency (Hz)

C
ur

re
nt

 T
ra

ns
fe

r F
un

ct
io

n 
A

m
pl

itu
de

 

 

1
2
3

 
Figure B-14  Direct drive current transfer function of power cable shield with a fence ground. 
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Figure B-15  Direct drive voltage transfer function of rail structure with a local ground. 
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Figure B-16  Direct drive current transfer function of rail structure with a local ground. 
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Figure B-17  Direct drive voltage transfer function of rail structure with a fence ground. 
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Figure B-18  Direct drive current transfer function of rail structure with a fence ground. 
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Figure B-19  Direct drive current transfer function of trolley communication line with a local 

ground. 
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Figure B-20  Direct drive current transfer function of trolley communication line with a fence 

ground. 
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Indirect Drive Transfer Function Data:  Surface current drive in the P-direction 
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Figure B-21  Normalized composite electric field for P-directed surface current drive at positions 

from P2 to P8. 
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Figure B-22  Normalized composite electric field for P-directed surface current drive at positions 

from X1 to X9. 
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Figure B-23  Normalized vertical electric field for P-directed surface current drive at positions from 

P2 to P8. 
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Figure B-24  Normalized vertical electric field for P-directed surface current drive at positions from 

X1 to X9. 
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Figure B-25  Normalized P-directed electric field for P-directed surface current drive at positions 

from P2 to P8. 
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Figure B-26  Normalized P-directed electric field for P-directed surface current drive at positions 

from X1 to X9. 
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Figure B-27  Normalized X-directed electric field for P-directed surface current drive at positions 

from P2 to P8. 
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Figure B-28  Normalized P-directed electric field for P-directed surface current drive at positions 

from X1 to X9. 
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Indirect Drive Transfer Function Data:  Surface current drive in the X-direction 
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Figure B-29  Normalized composite electric field for X-directed surface current drive at positions 

from P2 to P8. 

101 102 103 104 10510-4

10-3

10-2

10-1

100

Frequency (Hz)

N
or

m
al

iz
ed

 C
om

po
si

te
 E

le
ct

ric
 F

ie
ld

 A
m

pl
itu

de
 (V

/m
/A

)

 

 

 X1
 X2
 X3
PX4
 X5
 X6
 X7
 X8
 X9

 
Figure B-30  Normalized composite electric field for X-directed surface current drive at positions 

from X1 to X9. 
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Figure B-31  Normalized vertical electric field for X-directed surface current drive at positions from 

P2 to P8. 
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Figure B-32  Normalized vertical electric field for X-directed surface current drive at positions from 

X1 to X9. 
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Figure B-33  Normalized P-directed electric field for X-directed surface current drive at positions 

from P2 to P8. 

101 102 103 104 10510-4

10-3

10-2

10-1

100

Frequency (Hz)

N
or

m
al

iz
ed

 P
-D

ire
ct

ed
 E

le
ct

ric
 F

ie
ld

 A
m

pl
itu

de
 (V

/m
/A

)

 

 

 X1
 X2
 X3
PX4
 X5
 X6
 X7
 X8
 X9

 
Figure B-34  Normalized P-directed electric field for X-directed surface current drive at positions 

from X1 to X9. 
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Figure B-35  Normalized X-directed electric field for X-directed surface current drive at positions 

from P2 to P8. 
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Figure B-36  Normalized X-directed electric field for X-directed surface current drive at positions 

from X1 to X9. 
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Figure B-37  Induced voltage on pump cable (~300 m long) due to wire current drives on surface. 
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Appendix C Sample Eiger Files 

The following files are example input and output files for a finite length wire at the 

surface of a conductive half-space.  The frequency is set to 10 Hz and a constant current 

distribution is set on the wire. 

horiz_wire_2_reg01.eig (used as input file into Eiger and Moench) 
--------------------------------------------------------------------------------------------- 
Horizontal wire above a half space 
 Created on 12/ 6 2007 at 11: 1 from MattsWire.jfg by Jf ver: 25/10/02 
dynamic       3       1  np      11 Pnts      10 IE       0 FE       9 Unk 
 1 
       1     wire                  10       0 
 1 
  1 bar                   1   2   1   2   1 
 1 
  1 bar                  ordinary             vector               T F pec_efie             T  1  2 
 1 
 1 1 2 
       1 
       1 layered              nonperiodic      
       3 
( 4.000000E+00, -2.246936E+07) ( 0.100000E+01,  0.000000E+00) 
-0.200000E+03 ( 4.000000E+00, -2.246936E+07) ( 0.100000E+01,  0.000000E+00) 
 0.000000E+00 ( 0.100000E+01,  0.000000E+00) ( 0.100000E+01,  0.000000E+00) 
 0.100000E+03 ( 0.100000E+01,  0.000000E+00) ( 0.100000E+01,  0.000000E+00) 
       0        0 
 F 
      11 
       1 -0.250000E+03  0.000000E+00  0.508000E-01        1 
       2  0.250000E+03  0.000000E+00  0.508000E-01        1 
       3 -0.200000E+03  0.000000E+00  0.508000E-01        1 
       4 -0.150000E+03  0.000000E+00  0.508000E-01        1 
       5 -0.100000E+03  0.000000E+00  0.508000E-01        1 
       6 -0.500000E+02  0.000000E+00  0.508000E-01        1 
       7  0.000000E+00  0.000000E+00  0.508000E-01        1 
       8  0.500000E+02  0.000000E+00  0.508000E-01        1 
       9  0.100000E+03  0.000000E+00  0.508000E-01        1 
      10  0.150000E+03  0.000000E+00  0.508000E-01        1 
      11  0.200000E+03  0.000000E+00  0.508000E-01        1 
      10        0        9 
       1 wire                       1        1        1 
 0.129410E-02 
       1        3 
       1 
       1 
       1        0 
       1 
( 0.100000E+01, 0.000000E+00) 
       2 wire                       1        1        1 
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 0.129410E-02 
       3        4 
       1 
       1 
       1        1 
       2 
( 0.100000E+01, 0.000000E+00) 
       1 
(-0.100000E+01, 0.000000E+00) 
       3 wire                       1        1        1 
 0.129410E-02 
       4        5 
       1 
       1 
       1        1 
       3 
( 0.100000E+01, 0.000000E+00) 
       2 
(-0.100000E+01, 0.000000E+00) 
       4 wire                       1        1        1 
 0.129410E-02 
       5        6 
       1 
       1 
       1        1 
       4 
( 0.100000E+01, 0.000000E+00) 
       3 
(-0.100000E+01, 0.000000E+00) 
       5 wire                       1        1        1 
 0.129410E-02 
       6        7 
       1 
       1 
       1        1 
       5 
( 0.100000E+01, 0.000000E+00) 
       4 
(-0.100000E+01, 0.000000E+00) 
       6 wire                       1        1        1 
 0.129410E-02 
       7        8 
       1 
       1 
       1        1 
       6 
( 0.100000E+01, 0.000000E+00) 
       5 
(-0.100000E+01, 0.000000E+00) 
       7 wire                       1        1        1 
 0.129410E-02 
       8        9 
       1 
       1 
       1        1 
       7 
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( 0.100000E+01, 0.000000E+00) 
       6 
(-0.100000E+01, 0.000000E+00) 
       8 wire                       1        1        1 
 0.129410E-02 
       9       10 
       1 
       1 
       1        1 
       8 
( 0.100000E+01, 0.000000E+00) 
       7 
(-0.100000E+01, 0.000000E+00) 
       9 wire                       1        1        1 
 0.129410E-02 
      10       11 
       1 
       1 
       1        1 
       9 
( 0.100000E+01, 0.000000E+00) 
       8 
(-0.100000E+01, 0.000000E+00) 
      10 wire                       1        1        1 
 0.129410E-02 
      11        2 
       1 
       1 
       0        1 
       9 
(-0.100000E+01, 0.000000E+00) 
 0 
 1 
 0 
 0 0 0 
 9 
 1 1 (1.0,0.0E+0) 
 2 2 (1.0,0.0E+0) 
 3 3 (1.0,0.0E+0) 
 4 4 (1.0,0.0E+0) 
 5 5 (1.0,0.0E+0) 
 6 6 (1.0,0.0E+0) 
 7 7 (1.0,0.0E+0) 
 8 8 (1.0,0.0E+0) 
 9 9 (1.0,0.0E+0) 
 1 
 1 0 
 1 3 
 0.000000E+00  0.000000E+00  0.000000E+00  0.000000E+00  0.000000E+00  0.000000E+00 
 1 
 1.00000000000000E+01        1 
 0 
 0 
--------------------------------------------------------------------------------------------- 
end file horiz_wire_2_reg01.eig 
--------------------------------------------------------------------------------------------- 
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input01 (used as input script into Moench) 
------------------------------------------------------------------------------------------------------ 
horiz_wire_2_reg01 
horiz_wire_2_reg01 
nf   !near field 
manually 
1 region 
0,0,-100 
11 
-300,0,-100 
1 
horiz_wire_2_reg01 
quit 
------------------------------------------------------------------------------------------------------ 
end file input01 
------------------------------------------------------------------------------------------------------ 
 

 

horiz_wire_2_reg01.mnh (used as input file into Moench) 
------------------------------------------------------------------------------------------------------ 
  Horizontal wire above a half space                          
  Created on 12/ 6 2007 at 16:57 from MattsWire.jfg by Jf ver 
 dynamic       3       1  np      11 Pnts      10 IE       0  
      10.000000000      
 Results                   9 
           1 (1.00000000000000,0.000000000000000E+000) 
           2 (1.00000000000000,0.000000000000000E+000) 
           3 (1.00000000000000,0.000000000000000E+000) 
           4 (1.00000000000000,0.000000000000000E+000) 
           5 (1.00000000000000,0.000000000000000E+000) 
           6 (1.00000000000000,0.000000000000000E+000) 
           7 (1.00000000000000,0.000000000000000E+000) 
           8 (1.00000000000000,0.000000000000000E+000) 
           9 (1.00000000000000,0.000000000000000E+000) 
------------------------------------------------------------------------------------------------------ 
end file horiz_wire_2_reg01.mnh 
------------------------------------------------------------------------------------------------------ 
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horiz_wire_2_reg01.nfld0 (output file from Moench) 
------------------------------------------------------------------------------------------------------ 
Near field  
 Frequency :   10.0000000000000       Hz 
 Excitation:           1 
       
 ***************************************************** 
 Point locations where field is evaluated (x,y,z coordinates) 
          11           1 
 0.00000E+00     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.30000E+02     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.60000E+02     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.90000E+02     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.12000E+03     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.15000E+03     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.18000E+03     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.21000E+03     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.24000E+03     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.27000E+03     0.00000E+00    -0.10000E+03     0.00000E+00 
-0.30000E+03     0.00000E+00    -0.10000E+03     0.00000E+00 
 Results 
 Scattered E field (x,y,z components) 
(-0.38733E-03,-0.14805E-04)    (-0.51593E-23,-0.20063E-21)    (-0.94868E-19, 0.84703E-20) 
(-0.39740E-03,-0.14609E-04)    (-0.56512E-23,-0.20094E-21)    ( 0.60492E-04,-0.10495E-05) 
(-0.42756E-03,-0.14404E-04)    (-0.60621E-23,-0.18343E-21)    ( 0.13448E-03,-0.16510E-05) 
(-0.47595E-03,-0.14084E-04)    (-0.64086E-23,-0.16248E-21)    ( 0.23947E-03,-0.19567E-05) 
(-0.53191E-03,-0.13433E-04)    (-0.67795E-23,-0.16539E-21)    ( 0.39980E-03,-0.25164E-05) 
(-0.55972E-03,-0.12717E-04)    (-0.71223E-23,-0.16628E-21)    ( 0.63970E-03,-0.33960E-05) 
(-0.48283E-03,-0.12038E-04)    (-0.74255E-23,-0.15659E-21)    ( 0.94273E-03,-0.42975E-05) 
(-0.23292E-03,-0.11573E-04)    (-0.76636E-23,-0.13458E-21)    ( 0.11830E-02,-0.49502E-05) 
( 0.11289E-03,-0.11254E-04)    (-0.74794E-23,-0.59474E-22)    ( 0.11855E-02,-0.49181E-05) 
( 0.36012E-03,-0.10653E-04)    (-0.68895E-23, 0.33177E-22)    ( 0.95045E-03,-0.42976E-05) 
( 0.43148E-03,-0.98403E-05)    (-0.63013E-23, 0.86272E-22)    ( 0.65326E-03,-0.36323E-05) 
 Scattered H field (x,y,z components) 
(-0.37496E-19, 0.17635E-21)    ( 0.11483E-02,-0.69101E-05)    (-0.24588E-22,-0.46394E-21) 
(-0.42095E-19, 0.21569E-21)    ( 0.11453E-02,-0.68490E-05)    (-0.31247E-22,-0.54823E-21) 
(-0.46112E-19, 0.25569E-21)    ( 0.11351E-02,-0.66587E-05)    (-0.38613E-22,-0.62570E-21) 
(-0.49633E-19, 0.30024E-21)    ( 0.11130E-02,-0.63112E-05)    (-0.46651E-22,-0.70251E-21) 
(-0.52736E-19, 0.34273E-21)    ( 0.10692E-02,-0.57873E-05)    (-0.55349E-22,-0.77599E-21) 
(-0.55492E-19, 0.38055E-21)    ( 0.98770E-03,-0.51103E-05)    (-0.64723E-22,-0.86146E-21) 
(-0.57945E-19, 0.42396E-21)    ( 0.84836E-03,-0.41565E-05)    (-0.74668E-22,-0.93091E-21) 
(-0.60126E-19, 0.46780E-21)    ( 0.64541E-03,-0.30185E-05)    (-0.85234E-22,-0.10031E-20) 
(-0.61808E-19, 0.51769E-21)    ( 0.41256E-03,-0.17224E-05)    (-0.96149E-22,-0.10666E-20) 
(-0.61635E-19, 0.55502E-21)    ( 0.21050E-03,-0.53252E-06)    (-0.10705E-21,-0.11029E-20) 
(-0.58741E-19, 0.58122E-21)    ( 0.72600E-04, 0.46881E-06)    (-0.11748E-21,-0.11268E-20) 
 Incident E field (x,y,z components) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
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( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
 Incident H field (x,y,z components) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00)    ( 0.00000E+00, 0.00000E+00) 
 Total E field (x,y,z components) 
(-0.38733E-03,-0.14805E-04)    (-0.51593E-23,-0.20063E-21)    (-0.94868E-19, 0.84703E-20) 
(-0.39740E-03,-0.14609E-04)    (-0.56512E-23,-0.20094E-21)    ( 0.60492E-04,-0.10495E-05) 
(-0.42756E-03,-0.14404E-04)    (-0.60621E-23,-0.18343E-21)    ( 0.13448E-03,-0.16510E-05) 
(-0.47595E-03,-0.14084E-04)    (-0.64086E-23,-0.16248E-21)    ( 0.23947E-03,-0.19567E-05) 
(-0.53191E-03,-0.13433E-04)    (-0.67795E-23,-0.16539E-21)    ( 0.39980E-03,-0.25164E-05) 
(-0.55972E-03,-0.12717E-04)    (-0.71223E-23,-0.16628E-21)    ( 0.63970E-03,-0.33960E-05) 
(-0.48283E-03,-0.12038E-04)    (-0.74255E-23,-0.15659E-21)    ( 0.94273E-03,-0.42975E-05) 
(-0.23292E-03,-0.11573E-04)    (-0.76636E-23,-0.13458E-21)    ( 0.11830E-02,-0.49502E-05) 
( 0.11289E-03,-0.11254E-04)    (-0.74794E-23,-0.59474E-22)    ( 0.11855E-02,-0.49181E-05) 
( 0.36012E-03,-0.10653E-04)    (-0.68895E-23, 0.33177E-22)    ( 0.95045E-03,-0.42976E-05) 
( 0.43148E-03,-0.98403E-05)    (-0.63013E-23, 0.86272E-22)    ( 0.65326E-03,-0.36323E-05) 
 Total H field (x,y,z components) 
(-0.37496E-19, 0.17635E-21)    ( 0.11483E-02,-0.69101E-05)    (-0.24588E-22,-0.46394E-21) 
(-0.42095E-19, 0.21569E-21)    ( 0.11453E-02,-0.68490E-05)    (-0.31247E-22,-0.54823E-21) 
(-0.46112E-19, 0.25569E-21)    ( 0.11351E-02,-0.66587E-05)    (-0.38613E-22,-0.62570E-21) 
(-0.49633E-19, 0.30024E-21)    ( 0.11130E-02,-0.63112E-05)    (-0.46651E-22,-0.70251E-21) 
(-0.52736E-19, 0.34273E-21)    ( 0.10692E-02,-0.57873E-05)    (-0.55349E-22,-0.77599E-21) 
(-0.55492E-19, 0.38055E-21)    ( 0.98770E-03,-0.51103E-05)    (-0.64723E-22,-0.86146E-21) 
(-0.57945E-19, 0.42396E-21)    ( 0.84836E-03,-0.41565E-05)    (-0.74668E-22,-0.93091E-21) 
(-0.60126E-19, 0.46780E-21)    ( 0.64541E-03,-0.30185E-05)    (-0.85234E-22,-0.10031E-20) 
(-0.61808E-19, 0.51769E-21)    ( 0.41256E-03,-0.17224E-05)    (-0.96149E-22,-0.10666E-20) 
(-0.61635E-19, 0.55502E-21)    ( 0.21050E-03,-0.53252E-06)    (-0.10705E-21,-0.11029E-20) 
(-0.58741E-19, 0.58122E-21)    ( 0.72600E-04, 0.46881E-06)    (-0.11748E-21,-0.11268E-20) 
------------------------------------------------------------------------------------------------------ 
end file horiz_wire_2_reg01.nfld0 
------------------------------------------------------------------------------------------------------ 
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Appendix D List of Underground Sealed Area Coal 

Mine Explosions Suspected of Lightning Initiation 

 

1. Mary Lee #1 – August 22, 1993, Walker County, AL 

2. Oak Grove Mine – April 5, 1994, Jefferson County, AL 

3. Gary 50 – Between June 9 and 16, 1995 

4. Oak Grove Mine – January 29, 1996, Jefferson County, AL 

5. Oasis Contracting Mine # 1 – May 22, 1996, Boone County, WV 

6. Oasis Contracting Mine # 1 – June 15, 1996, Boone County, WV 

7. Oak Grove Mine – July 9, 1997, Jefferson County, AL 

8. Soldier Canyon Mine – July, 2001, Wellington, UT 

9. Pinnacle Mine – September 1, 2003, Wyoming County, WV 

10. Pinnacle Mine – August 30, 2005, WV, Wyoming County, WV 

11. Sago Mine – January 2, 2006, Tallmansville, WV 
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Appendix E Memorandum from Dr. Krider 

 


