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Advanced Electromagnetic Wave Technologies for the
Detection of Abandoned Mine Entries
and Delineation of Barrier Pillars

By Larry G. Stolarczyk, Sc.D.
Syd S. Peng, Ph.D.

Abstract

The current high level of coal production is rapidly depleting gasily mimable coal reserves.
Future mining will gradually concentrate in thinner, deeper, and gedlogically adv@rse coal seams.
Some of the mining projects will be near old works where geaphysicabhfiapping methods will be
applied separately or in conjunction with drilling techniques to delineate barrieapillars and detect
voids ahead of mining machines. Several electromagnetic (EM ) wave methods of detection and
imaging of voids, impoundment leakage pathiways, autlgeologicanomalies in coal beds have
been investigated in recent years. Surface-based survey methads, include magnetotelluric and
local transmitters using low frequencies and radarat high frequeneies) Both reflection and
transmission instrumentation have been developed for sSurface, borehole, and in-mine
applications.

This paper has been written for déeision-makersiin the coal mining industry who are
concerned with the detection, confirmation, and mitigation of mining hazards in advance of
mining. First, a practical insight into'the seience of EM wave energy travel in the coal bed has
been prepared to give an undérstanding of EM Wave interaction with voids, leakage pathways,
oil/gas well casings, and geologic anomdlies. S€cond, the interaction forms observables that are
detected with specialigéd insttumentation. The surface-based instrumentation includes EM
gradiometers and radar; in-ming and boi€hole instrumentation includes radar and the Radio
Imaging Method (RIM). This paperalso describes the development of radar for horizontal
diregtional drills and cutting drums.
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Introduction

The electromagnetic (EM) theory underlying all of the void and geologic anomaly
detection methods is based upon the propagation of EM wave energy from a transmitting source
of EM waves to a companion receiver (1-5). In the case of the magnetotelluric surface probing
methods, the transmitting sources are naturally occurring, such as lightning, earth-ionosphere
resonances, and sun spots (6). The traveling EM waves are composed of transverse électric and
magnetic field components, as illustrated in Figure 1.

The traveling field component
magnetic fields along the transmission The distance traveled for the energy to be
completely transferred to th ent and back again is a wavelength (1),
mathematically represente

C
ﬁ in meters (1)

eed of light in meters per second,

x 10 is
y of the energy exchange in Hertz,

and the relative dielectric constant of the natural media.
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The electric and magnetic fields can be mathematically represented by sinusoidal
waveforms that shift in phase by 360 electrical degrees when traveling a distance of one
wavelength. The fields illustrated in Figure 1 are detected with receiving antennas. A short
vertical electrical conductor is called an electric dipole and will reproduce an electromotive force
(emf) voltage waveform similar to the electric field waveform mathematically expressed as

emf =h E =M cos ot 2)

where hes = the effective height of the antenna,

E = the amplitude of the electric field in volts per meter,
M = the magnitude of the sine wave signal,
o = 2nfand fis the frequency in Hertz,

and t = the continuing time.

A small coil of wire will reproduce an emf voltage wave
expressed as

magnetic field

emf =-1oNpUAH s =Msi 3)

where N = the number of tu

V-1,

area of coal in

o
I

a were moved a distance (d) from its original location to a new
aveform would be mathematically represented by

emf = M cos [ot + 0] 4

where 0 = d Tnj is the phase shift (or rotation angle) in radians and one radian is 57 electrical

degrees.
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When the receiver moves one wavelength from its original position, the phase shift is 27 or
360 electrical degrees.

Distance in the natural media can be determined by designing instrumentation to measure
phase shift

©)

0—-d (Z—EJ in radians.
A
The braced term is called the phase constant

2 .
B= Tﬂ radians per meter

and characterizes natural media.

Phase shift (or rotation angle) measurements are carrie
instrumentation. The concept of synchronization in mechanica
For example, the cosine wave at the first location is called the r
signal is compared to the signal at the secon&atio I

An analogy of phase shift in EM fields trave
rotation of a wagon wheel traveling along apath bet

(Figure 2).

he transmitter (source) to the receiver

Reflected Path

Direct Path

Transm Receiver Location
Figure 2. Phase shift concept of travel distance

agon wheel rolls from the transmitter along a path (track) to the receiver, the red
spoke angular rotation in degrees can be related to travel distance. In uniform natural media, the
track is a straight line. The travel path of an EM wave is not always straight. EM fields are
refracted when traveling near geologic anomalies where velocity changes spatial position. When
the EM field receiver is synchronized with the transmitter, the total path phase shift can be
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measured, which is important in the problem of detecting voids and geologic anomalies ahead of
mining.

The velocity of the EM field is at the speed of light in free space, but slows down in natural
media. The velocity (v) in a dielectric like coal is given as

Cc .
L= T in meters per second.
€
T

In distance measurements, the receiver must be synchronized with the tra
the measurement of total phase shift.

Figure 3 illustrates how energy flows in natural media, such as soi
media. Energy is partly transmitted and reflected when the electrica
abruptly change. Energy is absorbed as heat in coal.

Coal (&= 4) "ater (g = o1)

e 3. Energy flow in the void detection problem

crgy occurs when the void or anomaly is small compared with the

When the traveling primary EM wave (electric field Ep) intersects a void or geologic
ondary EM waves (electric field Eg) are formed. The secondary electric field
traveling a from the air-coal interface is Egc. The secondary field traveling from the coal-
water interface is Esw. Energy in the primary EM wave is converted to heat along the travel path
and also transferred to the secondary EM fields. EM waves traveling nearby the anomaly are
refracted. Because the secondary fields are only a small fraction of the magnitude of the primary
fields, electronic instrumentation must be specifically developed to measure the secondary fields
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in the presence of the much larger primary field. Everywhere in the natural medium, the total
fields are represented by vectors as:

Electric field Er=E, + Es and ()

Magnetic field Hr=H, + Hs. )

The impedance (Z) is the ratio of the total fields given as

z=X1
H;

electric wires are electric dipoles, and loops (coils) of wire are
in the 100s of MHz, microwave antennas are us

signal from microwave antennas in the Eartl‘
transmitting sources are illustrated in Figure 4.
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lonosphere

Earth’s Magnetic
Surface Dipole
Navy /
Transmitter /.

Underground
Mine

Ssmitting antenna sources

Natural waveguides issigfhof EM waves include the earth-ionosphere waveguide
illustrated in the abov, y is transmitted with a vertically polarized electric
etic (H) field. The magnetic field is pointing into the
page. At the air-¢ small horizontally polarized electric field that lies on
the earth’s surface. orizontally polarized E and H fields are responsible for the primary

ing vertica o the earth, as illustrated in Figure 5.
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Figure 5. Traveling electric field components illustra tilt in the vertical electric field component

rsect a void or geologic anomaly,
ing the total fields Er and Hr at the
ange and the vertical electric field to
ic anomaly. The magnetotelluric instrumentation
method measures the total d magnetic field components. The surface
impedance is recorded and

the magnetotelluric 0
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EM gradiometer instrumentation has been developed for surface measurement (10). The
DeltaEM gradiometer receiver is synchronized to the primary continuous wave magnetic fields
traveling on the earth’s surface. The DeltaEM receiver can be tuned to any frequency between
2 kHz and 2 MHz. Higher frequencies are used to detect smaller anomalies near the earth’s
surface. The primary wave is suppressed by more than 70 dB by differentially connected
magnetic dipole antennas illustrated in Figure 6.

Earth’s Surface

ry magnetic fields from a void

¢ is measured along the survey line crossing over the

void,The scattered etic field component traveling away from the void is mathematically

g1

H, = o (“‘j e i (11)

- ioLn(ica)\ 27r
B-ia.,

o the attenuation factor in Nepers per meter,

and H = a cylindrically spreading magnetic field in Amperes per meter.
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Each magnetic dipole of the gradiometer array produces an output voltage given by
emfy = emf] — emf,.

The EM gradiometer response is illustrated in Figure 7.

tic field (LA/m)

e over a void

The response illustrates the limi i e-based EM measurement methods.
Because the primary field is e secondary field, the total field changes by only
a few percent when the su significant geologic anomaly, whereas the
gradient field changes by a urface-based instrumentation that measures total
fields would exhibit 1taEM resolution is very high, which demonstrates
that measuring re
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Frequently asked questions are:
resolution?”” The depth of investigati ly depends on the attenuation rate given in units of
Nepers per meter (ft) for th:
secondary electric and ma eper is a unit of measure defining the decrease
in magnitude over thetmavel di . r Heaviside (12) gives a formula for determining the
attenuation rate as nd the electrical parameters of the natural media
given as

b
— — 1} Nepers per meter (12)

the electrical conductivity in Siemens/meter (S/m),

&:€0 is the permittivity. The permittivity of free space gy = 1/36 1 x 10”
Farads/meter, and ¢, is the relative dielectric constant,

and L = Lo is the magnetic permeability. The permeability of free space po=4 nx 107,
and p, is the relative permeability.
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He also gave the phase shift (or rotation angle) as

2

P
B=0 %[ 1+ 8?(02 + IJ radians per meter. (13)

When the loss tangent given by c/me is much greater than unity (i >> 1

we
a=B= 1[% Nepers per meter.

. . c
When the loss tangent is much less than umty( —<< 1) ,
0e

J s tenuation

rate is given by

(15)

o |u
o = —.[— Aepers per meter,
A

B=w

(16)

Figure 9 illustrates the attefitation fate ctio requency for a non-magnetic
medium with a relative dielectric

25 -

g | el

S 20 1 g(///)

€ ]

% 15 ?gg

c i

§ A

g 107 K///){/) DU

P

AN M A

& . AR,
A BT AN
S O et 6 6 6 066000 o6 o \4 04

Y oo
N

10 100 1000
Frequency (MHz)

igure 9. Attenuation rate (dB/ft) versus frequency exhibited by: a) shale/clay,
b) coal with high moisture, c) range for US coals

The right side of the family of attenuation rate curves is where the loss tangent is greater
than unity and the left side is where the loss tangent is much less than unity.
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The significance of the loss tangent o/me is seen in Maxwell’s first equation, given as

VxH =g 2E (17)
ot

where the rotating electric field component is represented by

E=FE, e+i(nt
and E, is the magnitude of electric field.
The complex nature of the dielectric constant given by
g =g —ig"
where €' is the real part and €” is the imaginary part (13). Maxwell’ tiofi Becomes

V XH=¢"0E +ig'oE (20)

The first term on the right side of Equ
induced in the media (Ic = ¢"® E ohms law). We

conduction current (I¢) flow
1 conductivity is given by

€2y

The electrical conductivi been measured in our laboratory
and shows the first-order dependen own in Figure 10.

10

Frequency (Hz)

Figure 10. Electrical conductivity in Siemens per meter versus frequency
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Due to the complex nature of the natural media dielectric constant, the electrical
conductivity is frequency-dependent. The second term represents the electrical charge
displacement current flowing in the media, the so-called capacitor effect due to the dielectric
constant of the media. The loss tangent 6/we is the ratio of conduction to displacement current.
At the microwave frequencies, displacement current will exceed the conduction current. The
electrical parameters of most natural media are frequency-dependent. This fact causes the natural
media to be dispersive, which means that energy travel velocity varies with freq . In coal,
the face and butt cleat structure causes the dielectric constant to be anisotropic an: sented

by

e=gya, +&,a, +¢,a,
where ay, ay, az are unit vectors.

and burial depth
tric constant

The dielectric constant and permeability of coal vary with the
of the coal deposit (13). Figure 11 illustrates the anisotropic pe
of coal.

Millidarcy
Butt Cleat

Face
Cleat

Gas Flow
Permeability
6 Millidarcy

Figure 11. Anisotropic gas flow permeability and dielectric (&) constant of coal

Typical permeability values are 6 millidarcys orthogonal to the face cleats and
25 millidarcys orthogonal to the butt cleats.
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The anisotropic dielectric constant of coal has been observed by Balanis (14) when he was
a professor at West Virginia University. The anisotropic dielectric constant causes a traveling
EM wave to change polarization in abruptly changing stress fields associated with high-pressure
gas outburst zones. Water-filled cleats will also change polarization. Gas well casing can be
detected with vertical polarization. The cross-polarization phenomena can be measured with the
instrumentation and should be developed to provide additional information for mining purposes.

Radar Instrumentation

Radar (Radio-wave Detection and Ranging) instrumentation was developefl during World
War II to detect and track aircraft. Radar implies that transmitting and receiving antennas arc
collocated and operate as reflected (scattered) wave measuring instruments (15)These radar
instruments solved the secondary field measuring (detection) problem byffansmitted short-
duration primary EM waves that traveled in free space at the constamf speed of light (C)and then
illuminated the target at a distance (d). The target reflects the secondary EM ficldgtback to the
radar after the round-trip travel delay time (t,). The time dependence of4#he primary and reflected
secondary radar waveform is illustrated in Figure 12.

Primary.
EM Wave

Secondary
2~~~ EM Wave

Time

Amplitude

{ v ——»
Figure 12. Short-duration pulse radar waveform

The radaf instrumenfation measures the round-trip travel time (t,) and a rotating antenna
determineddhe azimuth angle to the target. The travel distance to the target being tracked is
given by

d =—. (23)

The design of radar instrumentation encountered the practical problem of the high-energy
primary wave leakage into the nearby receiving antenna. The high-energy leakage caused the
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receiving antenna and the associated electronic circuits to exhibit an impulse response. These
circuits ring down as the transmitter leakage energy dissipates in the circuit. Because the
sensitive radar receiver can be damaged during the ring-down time period, the receiver is
switched off for a short duration of time during and following each transmission burst. This
causes radar to be blinded for short distance from the radar antenna location (within the near
field given by A/2m). The far-field distance limitation occurs when the radar return (secondary
EM wave) amplitude falls below the receiver inherent electrical noise. The receiviérielectrical
noise (ey) is given by

ey, =4KTR BW (24)
where T = the temperature in Kelvin,
K = the Bultzman’s constant,
R = the equivalent resistance of the receiver circuit,

and BW = the noise bandwidth in Hertz of the receiver design.

The impulse radar transmitted EM wav@ éxhibit§ @significantoccupied bandwidth (BW). It
is not uncommon for impulse radars to have occupied bandwidth gréater than 25 MHz. The large
occupied bandwidth and the dispersive nature of natusal media are formidable problems for
short-duration pulse radar applications in natural media."I'he large occupied bandwidth
deteriorates maximum receiver séhsitivity bythexdegradation factor

A, ~20kog,, (BW) din decibels. (25)
The penalty paid in losé 01 serisitivity 1 & short-pulse duration radar is approximately
74 dB when compared to 1:Hz BW steppéd-freéguency radar receiver.

From communi€ations theory, the gptimum receiver design that maximizes the receiver
sensitivity for a sidisoidal signal émbetided in electrical noise is a synchronized (autocorrelation)
detector (16). The synichronized receiver design drives the noise bandwidth to less than 1 Hz. It
hasdedmarcued that digital sampling of the radar secondary reflected signal and digital signal
processing byaweraging canachieve the same receiver threshold sensitivity. This argument fails
to take into consideratien the digital sample’s feedthrough signal limitation.

The dispersive nature of the natural media causes the occupied bandwidth frequency
compononts to travel at different speeds, which distorts the returning secondary EM waves.

Micrawave instrumentation applies transmitting antennas that are large compared to a
wavelength."These systems have been developed for shallow depth of investigation. The radar
instrumentation must contend with the problem that the receiving antenna is collocated with the
transmitting antenna, as illustrated in Figure 13.
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The reflected electric
determined from the reflec

=— (26)

20 Logio 1/3=-9.5dB 27)
below the primary electric field at the receiving antenna location. The secondary electric field

reflected from the coal-water interface is only 7/11 of the primary electric field illuminating the
coal-water interface. Coal-water interface reflected wave is itself reflected at the coal-air
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boundary and reduced in magnitude by one-third. The secondary electric field from the coal-
water interface is

20 Log 2 x—-x2 =-10.9dB (28)
TR

ninates the
0 measure

below the primary wave. Thus, the reflected wave from the air-coal interface pre
reflected wave from the coal-water interface. The radar instruments must be desig
the much smaller secondary field in the presence of the larger primary field.

Because of space limitations, directional couplers have been developed to
microwave antenna to transmit and receive radar EM waves. Figure 14 is a bloc
radar designed with a directional coupler.

‘ | ) )
m . l_(.('(

Reficciion Port

Figure 14. Radar with a directional coupler

ondary reflected signal traveling toward the radar appears at the reflection port of

nab coupler. The receiver measures the reflected signal from the air-coal and coal-
water interfaces. Directional couplers have a directivity limitation that is the leakage of the
transmitter signal into the reflection port. Well-designed directional couplers exhibit a directivity
of 100 dB, which is achieved with calibration algorithms.
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The void secondary electric field from the coal-water interface is 16.5 dB below the
primary wave. The electric fields traveling through the coal to the void and then traveling from
the void to the radar antenna would be attenuated according to Figure 9. For a 100-dB directivity
coupler, the available path attenuation limitation is

A =100-10.9=289.1 dB. (29)

If the average coal attenuation rate is 2 dB per ft (the highest for US coal), the detection
range is at least 20 ft. In the early 1970s, Cook (17) made radar range measurements i éeal
mines and reported the results shown in Table 1.

Table 1.
Probing distance (detection range) of a radar with a 100-dB dynamic range
for coal exploration at 100 MHz

Location Probing Distance (ff)
Pittsburgh Seam, USA 72
Virginia, USA 66
Colorado, USA 57
Ohio, USA 33
England 23

The frequency domain radar overcomes the ‘diSpersive naturé of natural media because the
total phase shift at each frequency is measured by the radar phase-synchronized instrumentation.
Since a time-domain pulse can bgyrepresested bya set of individual sine waves, the frequency
domain radar sequentially generatésieach individual frequeéney component as a sinusoidal
waveform signal to form the syntheti¢ short-duration pulse waveform (18). The number of
individual frequencies or steps required toyreproduce the'time-domain radar pulse depends on the
resolution needed in the ranges®-tafget deteetion. For the class of radar required in void
detection, 50 steps are suffigient. The Continuols Wave Stepped Frequency (CWSF) radar
frequency component is transmitted (remains oit) during the ring down and the following
measuring time period§, typically a few mi€roseconds. Yet another important feature of the
CWSF frequency domain radar is,that synchronous (auto correlation) detection can be used to
receive very small'teflected signalsi This capability increases the operating range and resolution
compared to time-domain radar. The CWSF radar with synchronous detection can also be
calibrated to,make accuratéreflected wave magnitude and phase shift measurements. The large
dynamic range efables signal processing to locate voids in the coal bed. The phase-coherent
synchtonous defection ofithe radar electronics design enables gradational bed boundaries to be
detected. Grddational bed boundaries will absorb a part of the forward-traveling radar signal,
causing the reflected wave to be smaller than would otherwise be reflected from a high contrast
(i.e., sharp) boundary.

The CWSF radar requires the measured frequency domain data to be transformed to the
time domain. The Fast Fourier Transform (FFT) is used to determine the time-domain waveform.
The transform is achieved in the digital signal processor (DSP) that receives input from the radar
electronics. The FFT provides data for another algorithm for determining the distance from the
drillhole to the boundary of the coal seam. This algorithm uses an adaptive decision method to
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determine the round trip time to each reflector (i.e., boundary). To compute the distance to the
reflector boundary requires the radar to measure the dielectric constant and then correct the travel
time for the dielectric constant.

Electromagnetic Fields in the Coal Seam

A natural coal seam waveguide occurs in layered sedimentary geology becauséthe
electrical conductivity of shale, mudstone, and fire clay ranges between 0.01 and 0. "Siemens per
meter (S/m) (100 and 10 ohm-meters). The conductivity of coal is near 0.0005 S/md(2;000,0hm-
meters). The 10-to-1 contrast in conductivity causes a waveguide to form and waves to travel
within the coal seam. The coal seam waveguide is illustrated in Figure 15.

Vertical Polarization

Roof Rock

Seam
Waveguide

I

Horizental Polarization

Figure 165 Naiwral waveguide for EM wave transmission

The electric field (Ez) €omponent &f the traveling EM wave is polarized in vertical
direction and the magfietic field (H,) component is polarized horizontally in the seam. The
energy in this part ef the EM Waue trav€ls laterally in the coal seam from a transmitter to a
receiver. There is ahorizontally polarized electric field (Ex) that has zero value in the center of
the seam and reaches maximum value at the sedimentary rock-coal interface. This component is
responsibléifer transmissiomof the EM wave signal into the boundary rock layer. The energy in
this patt of the EMmvave travels vertically in the coal deposit; the coal seam is a leaky
waveguide. Dué fo this Waweguide behavior, the magnitude of the coal seam radio wave
decreasgs\betause of two different factors. The EM wave magnitude decreases because of the
attenuation rate and cylindrical spreading of wave energy in the coal seam. The cylindrically
spreading factor is mathematically given by % where r is the distance from the transmitting to

the receiving antenna. This factor compares with the non-waveguide far-field spherically
spreading factor of 1. Thus, at 100 meters, the magnitude of the EM wave within the coal seam

T

decreases by a factor of only 10 in the waveguide and by a factor of 100 in an unbounded media.
An advantage of the seam waveguide is greater travel distance; another is that the traveling EM
wave predominantly remains within the coal seam waveguide (coal bed).

Page 20



A coal seam EM wave is very sensitive to changes in the waveguide geology. The radio-
wave attenuation rate (i.e., decibels per 100 ft) and phase shift (i.e., electrical degrees per 100 ft)
were determined by Dr. David Hill (19) at the National Institute of Standards and Technology
(NIST). Dr. James Wait (9) was the first to recognize that natural waveguides exist in the Earth’s
crust. Both researchers are Fellows of the Institute of Electrical and Electronics Engineers, Inc.
(IEEE). The science underlying the traveling of an EM wave in a coal seam waveguide is well

known.

The effect of attenuation in the coal seam
waveguide is to reduce the magnitude of the EM
wave along the path. The waveguide signal
attenuation rate versus frequency is shown in
Figure 16. The coal seam attenuation rate
decreases with frequency. The wavelength
increases as frequency decreases and the Radio
Imaging Method (RIM) has greater operating
range.

The effect of changing coal seam boundary
sedimentary rock on attenuation rate is showii in
Figure 17. Under sandstone sedimentary rock, the
attenuation rate increases because more of the
RIM signal travels vertically into the boundary
rock, i.e., leaks from the waveguide. If wateris
injected into the coal from an overlying
paleochannel, then clay in the coal causes the
electrical conductivity and attenuation raté/phase
shift to increase.

The attenuation rate/phase shift rapidly
increases with decreading scam height. The coal
seam thinning canbe €asily detected wath RIM.
The graphical presentation of coal seamn
waydeuide attenuation and phase constants in
Figure 18 répsesents the Seience factor in the art
and sgience ofintepeeting RIM tomographic
images. Higherfaticniuation rate zones suggest
that the €oal’seam boundary rock is changing, the
seam is rapidly thinning, and/or water has been
injected into\the coal seam.
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rate versus frequency

Fractured
shale
Sandstone
¥ llllllll L4 LELBLEALL
0.40;-
0.35)
€
g 0.30)
2
o
[+ 4
g 0.25)-
:
3 0.20]
0.15
0.10 1l 2 sl A2 111141

10% 107 10° 1
o (S/m)

Figure 17. Coal seam EM wave
attenuation rate versus
boundary rock conductivity



w8 PHASE SHIFT vs. COAL HEIGHT
o-0-¢ ATTENUATION vs. COAL HEIGHT

PHASE SHIFT IN dB/100 FT
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100

ATTENUATION IN dB/100 FT (30.48 M)

_"
” ol
190 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.510.0

] e -

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
COAL HEIGHT IN FEET

Figure 18. Sensitivity of radio waves to changes in coal layer thickness

Faults and dykes cause reflections to oSeur in tHe Wayeguide. The reflections can appear as
excess path loss. Total phase shift measurements ae usefulin @etecting reflection anomalies.

Coal Seam Vision with the Radio Imaging Method (RIM)

The coal seam waveguide is cffetive in the ftéguency range above 10 kHz to at least
500 kHz. Near the low-frequency limit; ii-mine expctithents suggest that it is difficult to excite
the seam transmission mode withmeasonable,size loop (magnetic dipole) antennas. At the high-
frequency limit, the attenuatiOn rate of the wave increases and limits the operating range.

Mr. Roger Fry, Seniof Geologist atiUtah Power and Light Company, and Stephen Doe,
Senior Geologist at Amicrican Blectric Pawer’s Meigs Division mining complex, undertook the
first RIM tomography surveys i 1985 and 1986 (20-23). Since then, RIM has been used
extensively in the Unitéd States, Australia, New Zealand, South Africa, and the United Kingdom
to gvaluate coal seam geolegy (24, 25). More than 500 surveys have been conducted world wide.

RIM has provémeost cifective in detecting voids and geologic anomalies in coal beds. RIM

EM waves stedngly 1mteract with the types of geologic anomalies shown in Figure 19. The
observabledn the RIM data is increased attenuation rate.
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Figure 19. Natural coal seam anomalie

to the potential

Mine safety is adversely impacted near anomalous geolo i Its, and
paleochannels alter the roof rock and contri
pressure water and gas are trapped in slip fa
paleochannels as illustrated in Figure 20.

Coal S-Ieam

Figure 20. Cross section of a paleochannel
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Differential compaction combined with scouring and thinning of sedimentary rock
overlying the seam creates the roof fall hazard. Roof control should be more aggressive in entries
that are developed under channel margins.

Dealing with the problem of minimizing mining hazards and risk involves a three-step
procedure: detection, confirmation, and mitigation. RIM is cost effective in detection of voids
and geologic anomalies. Confirmation requires two steps. First, tomography su
silhouette map of the anomalous region and higher attenuation rate zones locate voi
anomalies. Second, using tomography as a means of targeting, horizontal directiona
integrated radar can acquire confirmation data. Mitigation may require accurate h
of the cutter drum under the channel margins.

Tomography resolution has been improved with the development o
(3-D) processing algorithms. The comparison of tomography algorit
Figure 21.
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y s-panel RIM tomography has proven effective in detectmg geologic anomalies
within longwall panels. The full-wave algorithm processes the RIM receiver magnitude and
phase data fo\reconstruct the image with much higher resolution than ART.

Advanced RIM instrumentation has been developed that achieves an operating range
exceeding 1800 ft in coal beds (26).

The instrumentation was applied in the detection and imaging of dykes, faults, and paleo-
channels. The image of a paleochannel in a longwall panel is illustrated in Figure 22 (26).
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al in the coal bed. The warmer
colors indicate the regions of the ate increases; geologic anomalies
are suspected within the red zone. S1 al attenuation rate increases under a
paleochannel, the red zones illu annels crossing the longwall panel. Oftentimes,

(cut bank). Along the marg , theroof rock is fractured by differential
he amount of scouring or roof rock fracturing from
the image alone. Mi i additional step of confirmation. Confirmation can be

achieved by hori (dashed line) in the red zones to determine seam
height. Oftentimes, coal bed occur under a paleochannel. However, horizontal
dri equires impr uidance and navigation technology to ensure the drill stays within
the in et. By integrating radar and navigation technologies (such as

orizontal drilling, the seam height can be mapped along the
vill ensure adequate guidance. The coal bed undulation can be

of boreholes. Tomographic imaging can map voids between two parallel boreholes
or between a mine entry and a horizontal borehole. Tomographic imaging requires the movement
of the RIM-IV receiver and transmitter in the boreholes. The transmitter can be maneuvered with
the horizontal drilling machine.
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Void Detection with Electromagnetic Wave Methods

Pennsylvania Governor Mark Schweiker’s special Commission on Abandoned Mine Voids
and Mine Safety Report recommendation for detection and imaging technologies is achieved by
integrating radar on horizontal drills and applying RIM crosswell imaging. Over the past 20
years, there have been a total of 449 inundations in underground mines—397 in c@al and 52 in
metal/non-metal mines (27). These inundations have occurred at the rate of nearly‘two per
month. To decrease the risk of mining into old works, mines operating within 200 ft'of a known
working are required to drill boreholes 20 ft in advance and at 45-degree angles ey@y & {t of
development. The combination of radar and RIM is cost effective in that drilling évery 8 ttof
advance increases product cost by as much as $5 per ton.

Stolar Radio Imaging Method in Void Detection

3-D RIM to Locate and Image Mine Voids

Several configurations of RIM instrumentation are available for'déploymefif'at the mine
site for void detection surveys. These configurations consist of anin-min¢ marn-portable RIM
system for use in exiting entries, and a boreh@l&probé system for uise in drillholes originating
from either the surface (vertical boreholes) or in-seam (horizontal Boreholes). The systems are
flexible to enable combinations of borehole to in-tmifie scans as well.

The RIM technology can beyused todielp elrrent mining operations avoid old mine
workings by two methodologies: (1 hconfirmation of barrict pillar integrity with a pillar fence
line, or (2) location and imaging of the ©ld workings with tomographic imaging.

Principles of Void Detection with RIM

Irrespective of whichsurvey method is used (fence-line or tomography), the detection of
voids (mine entries) @ithin a €0al seam uSing RIM is based entirely on the waveguide behavior
of the coal seam itgelf. The RIM EMawé@ve travels in a “trapped” mode in the coal between the
conductive roof andfloor material. The EM wave travels along a “ray path” or “wave front”
fropd flansmitter to a campanion receiver, decaying in signal strength as a function of distance. In
homogeneouseonditions, therate of this decay is consistent and predictable beyond the near
field'0fithe transmitfing antcuna.

In a hémogeneous coal seam, the EM wave (radio signal) attenuates (decays) with distance
traveled @t @ fixed rate; this is termed the attenuation rate. If a geological anomaly exists along
the ray path,the receiving antenna will measure lower signal strength (increased attenuation
rate). Geological anomalies that will affect the RIM signal include faults, dykes, paleochannels,
seam thinning, and increased water in the seam. Non-geological anomalies that may affect the
RIM signal include abandoned mine works. If a portion of that seam waveguide is water-filled or
air-filled, the rate of decay changes. A plot showing the normal attenuation rates (as a function of
frequency) in air, coal, and water is shown in Figure 23.
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Attenuation rate in coal-seam waveguide

Attenuation Rate in dB per 100 feet

Figure 23. Normal attenuation rates (a
for water-filled, air-fi

As an example: if a 100-kH n a coal seam with a normal
attenuation rate of 18 dB/100 ft, it de radio wave must travel through a 20-
ft-wide water-filled entry, it wi /100 ft over those 20 ft instead of the
coal-based rate. The differe rate and the water rate is 27 dB/100 ft and its
effect on the attenuation is iti xcess loss = 20 ft x (0.45 —0.18) dB/ft =

5.4 dB). Therefore, th he radio wave is 23.4 dB instead of 18 dB due to the
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3-D RIM Configurations

The RIM instrumentation systems currently available for field use are in-mine and
downbhole instrumentation.

In-Mine 3-D RIM Survey Instrumentation

The in-mine instrumentation is illustrated in Figure 24. The synchronizing (s
sent from the sync transmitter through the coal seam waveguide to a companion reg
very low frequency. Figure 9 shows that the low-frequency sync signal is insen
geology of the coal bed. The sync is recovered at the sync receiver and then se
conducting fiber-optic cable to the RIM-IV receiver.

Sync

Tail Gate

RIM-IV Receiver

RIM-IV
Transmitter

Antenna
Pattern

Figure 24. In-mine instrumentation

incorporates environmentally sealed housings for its electronics or
nal assembly in flameproof and sealed enclosures for its electronics,
and antennas. The in-mine 3-D RIM instrumentation consists of a transmitter (TX)

and a receiver (RX). The current In-Mine RIM transmitter instrument is shown in Figure 25.
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Fiber-optic cable and adapters interconnect the In-Mine

loop antennas (hermetically sealed) and a ce@l graphical user
explosion-proof (X/P) enclosure.

s to air-core
UI) housed in an

Downhole Survey Equipment

The downhole RIM-IV in be ap in vertical boreholes as illustrated in
Figure 26.

RIM e
Receiver T~

—

Transmitter
Transmitter

Figure 26. Crosswell RIM-IV reduces drilling cost

The RIM downhole instrumentation consists of a multi-frequency transmitter and receiver
units designed for borehole applications. The antennas consist of wound ferrite cores powered by
downhole batteries and phase linked by a fiber-optic synchronization cable. The field procedure
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is to set up transmitter (TX) and receiver (RX) units in adjacent boreholes and measure the decay
of the RIM signal over distance (the “measured signal strength”). Signal strength will be
diminished by any disruption to the seam waveguide properties—in this case, by voids
associated with underground mine works. Figure 27 illustrates void detection with RIM
crosswell instrumentation.
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Figure 27. Crosswell detection of a coal seam void

The survey involves the use of a central control unit (instrumentation trailer) that houses
the TX and RX hoists and a data logger/computer. Field personnel communicate by means of
two-way radios to synchronize the insertion of the probes into the borehole, the lowering of the
antennas to the appropriate horizon, and the removal of the probes from the hole. Coordination
of the project is the responsibility of the senior RIM engineer located in the central control unit.
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The data are recorded on computer and subsequently downloaded and interpreted by a qualified
Stolar geophysicist. The Stolar RIM Instrumentation Trailer is shown in Figure 28. The RIM
Trailer can be placed anywhere in the borehole pattern and sequentially deploy its downhole
probes over fiber-optic cables to the borings.

(R

.

Figure 28. The RIM downhole probes are lowerea % & orings using fiber-
optic cable (left photo). Stolar’s nstrume 1 Irailer contains two
probe inventory (right photo).

th TX and RX boreholes, and the
unit measures the signal strength. It
is important to have available accurat i ation in order to position the antennas
in the appropriate part of the owever, irrespective of the provided depth
information, experimentati
antenna in the seam (movi
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The current design of all Downhole 3-D RI
X/P components for in-mine and in-seam use. The

RIM uses ferrite-core loop antenna i d) and a central GUI housed in a non-X/P
enclosure for surface use.

Phase Synchronizatio

The Downhole i s the TX and RX sections to be connected, via fiber
optics, through to th 1s “hardwire link” allows the phase synchronization
intai the system. With synchronization accurate

esign allows for the same type of “hardwire link” to be used
c TX and RX sectlons can be connected via fiber optics. If this is not

industry with different approaches for void detection and/or barrier pillar confirmation. The
following illustrates different approaches.
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RIM Method 1: Fence-Line Confirmation of Barrier Pillar

Figure 30 shows a mine plan map adjacent to a complex of abandoned mine workings. The
area of solid coal between the old works and planned works is the barrier pillar.

Mining engineers are considerin i firm the boundary of the old works
ude extensive drilling using vertical and
horizontal drill methods. T i

between the workings (old ssibly to locate water-filled voids in the coal seam

ence line of 2000 ft, only 4 to 10 boreholes would be needed using the RIM fence-

line approach. Using surface drilling alone, as many as 100 vertical boreholes, spaced 20 ft apart,

would be

g the old working entries are 20 ft wide). If the average depth of the coal seam
along this line is 300 ft, the cost to rotary drill 100 vertical boreholes could exceed $300,000.
The advantage of a RIM survey is that considerably fewer boreholes need to be drilled because
the RIM systems can scan between holes, providing valuable information and eliminating the
need for such a tight drilling pattern.

Page 33



The primary technical objective of the RIM fence-line survey is to confirm whether there
are water-filled (or air-filled) voids that might be the result of old works along the boundary line.
The following outlines the survey plan for a fence-line survey.

Fence-Line Survey Plan

For a 2000-ft fence line in a 6-ft thick coal seam possessing moderate attenug@tion rates, the
approach is to form a fence line through which old workings must not pass if the bartier pillar is
to maintain a safe minimum width. The position of the fence line should be the requiréddistance
from the proposed location of the new mine workings. If RIM can establish the pféscriiceofa
continuous coal seam between adjacent boreholes on the fence line, then the bartier pillar 1S 0F
sufficient width and seam continuity. The locations of the fence line and the RIM survey
boreholes for the example mine map are shown in Figure 31. Boreholes to the right'ef the fence
line at locations 2 and 9 can be drilled to confirm that an old works enfiy has fot circledbehind
the fence.

Drilling logs of the boreholes are a helpful component inthe suriéy planning so that the
depth and thickness of the coal seam for each borehole are known. It 1§ also criti€al that surface
conditions (topography, vegetation, etc.) allow the routing of fibet-optic cables between adjacent

boreholes.
7 Bore holes (variable spacing 160" to 280°%
2]

OLDJNDRKS .
(AHENDONEDY) /

Bore-hole "Fence Line" (approximate length = 2000'}

Figure 31. Diagram of RIM survey site showing the pillar fence line (red line)
and the nine (9) proposed borehole locations (numbered boxes)
relative to the old and new mine workings
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Calibration Survey

The first objective of the survey is to establish the appropriate RIM antenna frequency to
be utilized and the optimal resolution with which to sample the seam. This is termed the
calibration survey.

The calibration survey involves deploying the RIM TX and RX probes intoddjacent
boreholes, lowering them to the center of the coal seam, and measuring radio-wave§ignal and
phase for a variety of radio frequencies between 50 kHz and 500 kHz. It is desirable to use the
highest frequency possible given the range requirements of the survey. Higher fréguencies imply
greater resolution, but the subsequent tradeoff is a decrease in the range of the ifistrumentation:
In the target area, the calibration survey will be carried out between Boreholes 1 and 2
(minimum ray-path length), and again between Boreholes 7 and 8 (maximum ray<path length).
The calibration survey will take four (4) to six (6) hours to complete,

Reconnaissance Survey

After the antenna frequency is selected, the objective is tQ take as manymCasurements as
possible from the eight (8) borehole combinations in order to define the comtitiuity of the seam;
this is termed the reconnaissance survey. Thé€ réconndissance survey involves deploying the RIM
TX and RX probes into adjacent holes, lowering them to a‘poitabove the seam, and measuring
radio-wave signal and phase.

Each hole-to-hole ray pathgtermed 4 “shot™, can be performed relatively quickly once the
instrumentation trailer and hoists aréyin place and the probes are in the boreholes. The RIM crew
can perform four (4) to six (6) reconnaissance shots‘per day dependent on surface topography,
obstructions, and borehole depth.

RIM Method 2: Tomographic Imaging,of Mine Workings

A more involvéd method for using/RIM in void-detection applications is the actual
mapping of old wérkings using imagesteneration techniques and software. 3D-RIM is able to
transmit signals through, greater distances than previous RIM technologies, and the advanced
systémmeasures and deteets signal phase shift. When coupled with advanced Full Wave
Inversion Code(E WIC) software modeling packages, the phase-shift data produces greatly
enhaneed and higherfsesolution tomographic and 3-D images.

High4esolution tomographic imaging of in-seam structures allows us to focus on an area
and creatg detailed two-dimensional (2-D) and 3-D images of the survey area for the purpose of
resolving the size, shape, and trend of specific geologic disturbances or structure, such as mine
entries and basrier pillars. The resolution of these images is dependent on shot location and the
density of the 2-D or 3-D ray paths through the area.

The primary objective of a RIM tomography survey would be to develop an image of

existing old workings so that their location and extent are known for current mine planning. A
sample map of old workings near a highwall outcrop is shown in Figure 32. This group of old
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works originated in highwall and is approximately 2000 ft long and 600 ft deep into the
highwall. A RIM image of the workings (termed a “tomogram”) could be generated at the
highest resolution possible so that the shape, size, and location of the entries can be discerned

within the image.

ding on borehole spacing.

ighwall
Outcrop

1ge forms the approximate shape and location of the workings to accuracies within

The RIM tomography technique provides very detailed 2-D and 3-D images of the survey

area based on mathematical reconstructions of many ray-path data sets.

Page 36



The ray paths required could be generated using a plan of 12 boreholes and 11 outcrop
locations. The boreholes are distributed through the old works in two rows on roughly 400-ft
centers. The outcrop stations are at coal seam level within the highwall pit on 200-ft centers.
Using these 23 stations for radio-wave transmission and reception, there could be 81 possible ray
paths to use for tomographic processing and imaging. A diagram showing the possible borehole
and outcrop locations is shown in Figure 33.

Area
to be '
Defined . ' '
1 | 2 1
e N 2200 ft
|
— 1 < [ [
. ) |
+‘-—l—-___ : I .!
. | @‘ .u | —_—

Figure 33. Map of a recommended survey plan at an old-workings site

The resulting tomographic image (tomogram) would consist of a plan view contour map
showing the shape and location of the old workings and their entries. The locations, relative to
the boreholes, could then be projected to existing surface maps and mine plans to evaluate their
proximity to current or proposed workings. The number and location of boreholes can be
modified based on final logistics and the required scope and scale of the imaging project.
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The time required to perform the tomography survey is dependent on the number of
borehole combinations used. The RIM crew can perform twenty (20) to thirty (30) tomography
shots per day dependent on surface topography, obstructions, and borehole depth, therefore, the
81 ray paths proposed would take three (3) days to complete.

RIM Tomography Survey Results

For example, a dike system penetrating a coal seam could be effectively imag
straddling it with a borehole grid for tomographic surveying, as shown in Figure 34.
grid, comprised of nine (9) boreholes, would have a maximum hole-to-hole sepag
determined during calibration. As with the reconnaissance survey, any combina

can be adopted based on the target size, practical boring pattern, and desired res

Suspected
Dike

Mine Plan

AAAAA

Bore-holes

gure 34. Location and borehole pattern of tomography grid over a suspected dike

A sanmiple tomography survey image through the dike, at 1000-ft borehole separations, is
shown in Figure 35. In this example, the attenuation rate of the RIM signal passing through the
dike is 6 dB/100 ft higher than that through continuous coal. The location of the dike is quite
evident on the plot and it is possible to estimate the dike shape, trend, and thickness. This image
is at the top of the coal seam.
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Figure 35. Two-dimensional image
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RIM Case Study

A RIM survey was recently con
of abandoned mine works ahe
previously developed mine
into unmapped regions. Pr:
possible that some histeric

ine development. A mine had re-entered

11 adit, and was extending operations down-dip
e area were well documented, but it was

re not shown on existing plans. In addition, the mine
at could hinder coal extraction.

de an objective evaluation of seam geological conditions ahead of mining

ke recommendations regarding an appropriate approach to managing geological
or old mine works risk at the mine.
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Case Study Survey Procedure

A plan of the survey site with borehole locations, a summary of borehole stratigraphic
column, and a map of known historical mine works were provided prior to survey start-up.
Acerial photographs of the survey site, borehole locations, a summary of borehole stratigraphic
columns, and predicted location of the works are helpful in pre-survey planning.

In general, RIM equipment should be deployed into vertical boreholes lined with RVC
casing, never metal casing. This prevents damage or loss to the system resulting frafirhole
collapse or debris. If the geology is exceptionally competent, the probes can be ¥sed without
PVC casing. The borehole depths can be a minimum of 20 ft and a maximum of 1500 ft.

The basic geology of the survey area, as well as coal seam geologygmeeds tobe
characterized in general terms prior to developing a survey plan. Drill History providesa good
geologic picture, particularly in identifying seam position and thickfi€ss. Thé€ domihant bounding
rock in the stratigraphy is important in determining optimal imaging fregfiency and borehole
spacing. These rock types may include clay, shale, siltstone, and sandstone. It is 4lSo important to
know if there is evidence of geological anomalies, such as palegchannels, fallts, and dykes, in
the survey area. Without this information, it pdust be agsumed that the seam is homogeneous
throughout the survey.

The survey utilized RIM equipment from verti¢alboreholes and from underground in-
mine, hand-held units. A total of 44 individwahsay paths Wwere measured from 14 individual
boreholes (ST-1 to ST-13, and MA92-12) and 9 uhderground survey stations. The boreholes
were drilled to a maximum depth of 10t below the éeal seam level. The survey layout of the
boreholes and the current workings is'§hown in Figure 36. The survey was carried out using two
frequencies: 242 kHz and 432 kH@sThe lower frequency was used for the longer borehole-to-
borehole shots; the higher frgguency was useédor closer borehole spacing and borehole-to-in-
mine shots. In general, expgrience dictateéithatif’is desirable to use the highest possible
frequency in order to aghieve higher resolution. Also, advanced RIM systems have synchronized
signals enabling the goliection of phase ghitt data, which when utilized with attenuation rate
measurements provided a most SUp@rior analysis/image.
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—— Huloao Hola 242 KHE Shot
—— Hodu-1n0Hole 432 kHiz Shot
= Hode-o- Mise 4327 kHr Shot

Bosing Location (R or Ti)
[E  In-Mine Location (Rx)

"l-l

Figure 36. Diagram of the survey area showing‘downhole boring location,
in-mine rece tation, ana 1.Ssmission ray path

esponse in continuous coal is the first goal of the
survey. The RIM si i tially constant (once out of the near field) and any

ed as a RIM anomaly—in this case due to the presence of
y path or geological anomalies, such as paleochannel systems. Minor
occur due to slight variation in coal seam height and moisture

strength of the RIM transmission was adjusted for cylindrical

hin the seam and normalized by ray-path length to establish the attenuation rate

00 ft). The attenuation rate was then compared for each individual ray path and for
utilized during the survey. Using the location of each ray path and that path’s
uation rate, a contour map of in-seam signal attenuation was created for the
survey area and is shown in Figure 37.
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Hole-to-Hole 242 kHz Shot
Hole.to.Hole 432 kHz Shot

Hole-to-Mine 432 kHz Shat
Ew] Boring Location (Rx or Tx)
[ In-Mine Location (Rx)

Attenuation Rate (dB/100°)

For the purpose of an.
within the survey area: Re existing workings), Region B (southeast of
existing workings), 1 in front of workings), Region D (southwest of
existing workings outhwest of existing workings). The important

in the seam and introduced extremely difficult mining conditions. However, the
RIM su results indicated that the channel did not have extensive width and depth across the

decisions were made to continue mining operations. Once through the channel, mine
management confirmed that the survey accurately predicted the physical features of the channel.
Therefore, while the RIM survey’s primary purpose was to establish or confirm the barrier pillars
separating the old works from active mining, management gained the added benefit of using
RIM to identify and confirm adverse mining conditions.
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Void Detection and Confirmation Electromagnetic Wave
Instrumentation Under Development

The Mine Safety and Health Administration (MSHA), universities with mining engineering
departments, machinery manufacturers, and the mining companies have dedicated manpower to

Interbeds

sor enables real-time uncut coal thickness measurements for selective mining. The
uncut coal layer will reduce the roof fall potential, especially under the margins of
paleocha . In some seams, the thin layer of roof or floor coal has higher percentages of ash,
sulfur, mercury, and other heavy metals. The benefits of selective mining vary from seam to
seam.

The coal-rock interface detection (CID) problem has been extensively investigated and the
more promising technologies developed into experimental hardware. In the early 1970s, the
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National Aeronautics and Space Administration (NASA) Marshall Space Flight Center
investigation concluded that natural gamma sensors were viable for measuring uncut coal
thickness (29). Bessenger and Nelson developed a gamma sensor for measuring floor coal
thickness (30). Chufo (31) developed a radar with a moving antenna that proved that coal
thickness and the dielectric constant could be determined from the measurement. These technical
approaches were considered very successful, but could not be integrated on coal cutting drums.

Figure 39.

f Radio Data
Graphical User Transmission ( 5
Interface Lo tetes ((
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adar mission

eas
look-up position.

The technical problems to be s i -g force shock and vibration levels
measured on coal cutting drums

Because continuous
electric power must be gen: ting drum by electrodynamic generators (32).
Measured data must
cutting drum. Res
(RMPA) could be
fla f enclosure

etermined that a Resonant Microstrip Patch Antenna
the coal cutting environment when enclosed in the
n in Figure 40 (33, 34).
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The Horizon Sensor HS-3 has been in
during the past 24 months. The RMPA sensor anddi in ance (observable) are
illustrated in Figure 41.

Asymptotic value Z,

A f—

g

X Zero height
= B _* value Z,

| Impedance [mV]

Figure 41. Horizon Sensor response

T rizon Sensor RMPA generates the electric fields (magnetic fields are not shown) in

the insulator between two copper plates. Along the edges of the plates, the electric fields fringe
and cause rizontally polarized electric field to travel upward through the uncut coal layer to
coal-rock interface. The reflected secondary electric field returns to RMPA where the total fields
and the resulting impedance are measured. The impedance is a complex number with real and
imaginary parts. The HS-3 is calibrated by cutting different thicknesses of coal and measuring
impedance. The sensor has a maximum thickness limitation near 40 inches. Unlike radar, the
sensor measuring accuracy increases as uncut coal thickness decreases.
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The Horizon Sensor instrumentation was developed and demonstrated with partial support
of the Department of Energy (DOE) Mining Industry of the Future (MOF) Program. J. Michael
Canty was the MOF Program Manager and Morgan H. Mosser was the acting contracting
officer’s representative.

The New Yorker magazine article (35) chronicled Dr. Kelvin Wu’s competent engineering
leadership role in the successful rescue of the nine trapped miners. If his 1999 vigion of a cutting
drum-mounted sensor with look-ahead radar capability could have become a reality by July
2002, the following photograph (Figure 42) could not have been taken.

Figure 42. Quecreek Mine breach (photograph courtesy of MSHA)

To evaluate the HS-3 look-ahead detection range limitation, a salt block barrier pillar
simulation was set up in Stolar’s laboratory. The laboratory barrier pillar simulation site was
constructed with salt blocks (¢, = 6) shown in Figure 43.
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Figure 43. Salt'bloek simulatio a coal barrier pillar

The HS-3 Horizon Se e rate of 60 rpm and the HS-3 made
measurements through the flector at the simulated barrier thickness. The
maximum HS-3 ran as found to be 10 ft. The HS-3 computer-controlled
electronics are ca

pbedded computer to any frequency in range from 500 to more than

-3 RMPA can be augmented by a wideband (non-resonant) antenna to detect far-
field reflections from voids. Instruments were set up in the laboratory simulation to demonstrate
range-detection capability. The CWSF radar generated 51 equally-spaced frequency steps
between 0.9 and 1.1 GHz. This corresponds to a range of at least 50 ft with a 1-ft resolution. The
measured radar data were processed in an FFT with the time-domain response shown in

Figure 44.
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Figure 44. Results from the experiments in salt: (a) phase and (b) magnitude response
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Features close to the radar antenna are obscured due to the impulse response of the
wideband radar. Most of the reflected signal’s energy is concentrated at the beginning of the
transformed signal, and time-gating is usually performed; this masks the response from the
nearby scatterers. A change in the phase of the time-domain (impulse) response indicates the
presence of a scatterer, whereas the magnitude of the impulse response corresponds to the size of
the scatterer (15). The radar phase response is the observable at 23 ft. The laboratory tests
confirm the feasibility of cutting drum void detection.

A necessary condition for void detection is the measurement of the coal anisotro
dielectric constant. The dielectric constant can be measured with a RMPA illust
Figure 45.

ate the detection of abandoned mine air-filled and water-filled entries from the
e. The demonstration will be conducted using the following in-mine demonstration
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Governor Sc ommended improvements in horizontal directional
drilling. Real-tim: -Drilling (MWD) radar must be integrated with
guidan improve horizontal drilling. CONSOL Energy pioneered the

illing technology for de-gassing coal beds in advance of mining.

s new and will increase the horizontal drilling efficiency by more than 30%, enabling
o the center line in an undulating coal bed (32). The DSR can be applied through
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Horizontal boreholes can establish that a safe barrier pillar of coal exists between the
borehole and the mine development. The boreholes would be drilled parallel to and 30 ft away
from a suspected abandoned mine boundary. Mining would be allowed to approach no closer
than 50 ft to the directionally drilled horizontal hole. Radar and navigation instrumentation
integrated into the drillstring would be used to measure the distance to the abandoned mine voids
and the mine development entries.

Surface directional drilling technology for de-gasification of coal beds in ad
mining has been achieved in Australia and Appalachian coal basins. Vertical boreh
are drilled to a predetermined depth and then directional drilling a 90-degree cu
the coal bed horizontally.

Current In-Seam Drilling Technology

Current MWD navigation systems are used to guide in-seam d
these systems cannot directly determine seam thickness or distance
orientation (e.g., dips and rolls) without employing a time-confumi
floor and then to the roof or vice versa in the same region of t :
iect'when the drill is
on the roof or floor horizon by the evidence cki i nce these situations are
detected, the operator redirects the drill motor in an app tring rotation angle to
realign the drill within the seam. A down-the-hol motor orizontal drilling
applications is also shown in Figure 49.
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Page 53



Basic Structure of the Drillstring Radar (DSR) Tool

The drillstring radar (DSR) has been designed to be installed inside a conventional drillrod
as shown in Figure 50.

DSR Electronics
Sub-Assembly

~ Digital Signal
'1"?-,I._ sor

The radar electronics 2
The enclosure has passed tl
investigation) will be
along the drillstring.

proof investigation. A battery pack (under MSHA I/S
rbine. An inductive radio provided data transmission

Radar Antenna Breakaway Radar

/s Dielectric Constant / Electronics
s /

: Beryllium
7

Copper
NQ Drillrod Subsection
Subsection RF Feed MSHA-Approved Enclosure (not shown)

Figure 51. Measurements-While-Drilling (MWD) drillstring radar
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A block diagram of the DSR instrument system is given in Figure 52.

Collar Drillstring
b1b] )
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Figure 52. Block diagram of the drillstring radar ingttumeniation system

The MWD subsection of the DSR techyBlogy iné¢ludes: (1)¥adar electronics for
determining the distances from the horizontal boring to the teef/{loor sedimentary rock layer and
void, (2) navigation electronics for mapping the ditéation of the'boring, and (3) drillstring data
transmission hardware for transmitting processed radariand navigation information to the drilling
machine.

The MWD instrumentation includes a coal seamywaveguide imaging signal transmitter. A
companion receiver in a prior-drilled h@rizontal borehiole acquires RIM-IV data for tomographic
processing.

The DSR technology [feéatures a doghhole MWD instrument docked inside a beryllium
copper drillrod subsection. This drillrod subsection is next to the antenna array drillrod
subsection. For surface-based drilling, ad F'1/F2 repeater is deployed in the middle of the vertical
section of the drill§tring. At the'collaf, a°GUI will log and process measured data. The graphical
display will show thewestical cross section of the coal seam, the seam height, and type of
bodndarymseck along the deillhole. The display will also include a plan view showing the heading
of the drilthaole.
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Major Subsystems
(1) GUI with data logging and processing software
(2) Two-way radio data transmission subsystem for communications along the drillstring

(3) MWD instrument to acquire data and transmit the data to the collar

— Radar to map seam height and type of boundary rock along the path of the

— Navigation instrument to measure heading of the horizontal drill pitch
rotation angle of the drilling subsection

(4) RIM-1V instrumentation for crosshole measurement
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Concluding Remarks

This paper has been written for decision makers concerned with enhancing safety and
productivity in the coal mining industry. The mining industry has achieved impressive safety and
productivity improvements in recent years. Productivity has improved between 6 and 7% per
year (38—40) for many years; safety has exceeded the pace.

The deterioration in US coal reserves and the spoiling of coal beds with the aggréssive
cavitation method of coal bed methane (CBM) production calls into question the cemtinuation of
productivity improvement. In future years, electromagnetic (EM) wave technolo@ics will play a
vital role in continuing the safety and productivity improvement through coal s¢am vision. From
a safety point of view, abandoned mines and gas well casings are mining hazards that impact
safety in recognizable ways. Anomalous geology presents even greatersafétyissues. Oftentifnes,
paleochannels scouring into the sedimentary roof rock weaken the sglim bourndary rock.
Channels have caused ground control problems that have indirectly ¢aused#ignifi¢ant loss. For
these reasons, we have expanded the scope of this paper beyond the deteétion of voids to include
geologic anomalies.

EM wave vision requires the cognitive processes,of detection, confirmation, and
mitigation. EM wave technologies solve the détection problem. Imaging forms a silhouette of the
void or geologic anomaly, while advanced horizefital drilling'i§ @ssential to the confirmation
process. Imaging is a targeting technology for advangéd drilling. HaZard mitigation improves
because the science of ground control can bes@ppropriatély applied in anomalous geologic zones.
This science, along with horizort€ontrolfunder theymarging of paleochannels, will improve safety
and productivity, and prevent future aedidents such as,the Quecreek mine inundation. Also, with
improved barrier confirmation, pillars‘¢éan be reduced eliminating some coal sterilization.

The case study proves he potiiits being thade in these remarks. The goal of the RIM barrier
pillar survey was to determine the pillar imtegrity” An additional benefit was realized by the
detection of a paleochannel @head of mining and the better knowledge that clear coal followed
the channel scours. The'tmage and improved intelligence about the geology prevented the mine
from shutting dowiyincreasing codbweCovery from the reserve.
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