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CHAPTER 1

INTRODUCTION

Coal mining is a process of removing subsurface coal resources. Two major
methods predominate today: surface mining and underground mining. The largest effort
in surface mining is removing the overburden, while underground mining usually faces a
great many other problems. The modern high productive longwall method is of great
importance for the U.S. coal output. A critical factor in longwall mining success is an
accurate evaluation of production capabilities. Poor geology is the major cause of
decreasing production for underground mining. Geological anomalies in the longwall
panel, such as sandstone channels, dykes, fracture zones, faults, etc., may cause severe
difficulties to longwall operations and can be extremely expensive to the mine operator.
In addition to causing production problems, poor geologic conditions can also produce
serious safety hazards for people working underground. One of the main causes of
underground mining fatalities is unexpected roof falls, which in most cases are due to
poor roof geology.

Several exploration methods have been used to map the geological conditions
ahead of mining. These include horizontal drilling, surface drilling, radar, and in-seam
and surface seismic. In the past twenty years there has been great advancement in the
remote observation of longwall panels. Technologies such as the Radio Imaging Method

(RIM) and Drill String Radar (DSR) apply EM geophysical theory to the mining industry.
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These technologies for underground explorations have been developed to detect
geological anomalies ahead of mining. The main difference between the two technologies

is their principle of operation. Figures 1-1 and 1-2 illustrate the primary modes of

operation for these two technologies when they are applied to longwall mining.

Fig. 1-2: Drill String Radar Technology (Stolarczyk, et al., 2003)
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The Radio Imaging Method (RIM) was originally developed for coal mining
observations by Stolar Horizon, Inc., about twenty years ago (Stolarczyk, 1986). The
technique has been considered to be one of the most powerful tools for geophysical
exploration that is able to detect potential geological hazards in the longwall panel. The
system operates at low frequency range (20 kHz to 10 MHz) and primarily uses four
different frequencies that allow different depth of penetration of the electromagnetic
(EM) waves into the longwall panel. Because the coal seam is bounded by rocks of
different electrical properties, the coal seam itself usually behaves as a dielectric wave
guide.

The other technology that could be applied for observations ahead of mining is
the Drill String Radar (DSR). The technology is planned to operate in the high frequency
range (200 MHz to 3 GHz). The radar system is under development by Stolar Horizon,
Inc., and it would be mounted on exploration drill strings. The radar system will be used
to navigate the exploration drill within the coal seam thickness. In addition, the
technology would be able to estimate the coal quality based on the electrical properties of
the rocks, and to detect geological anomalies ahead of mining. That will significantly
improve the mining process and help operators make the right decisions in advance.

As  mentioned before, both technologies are based on electromagnetic
geophysical principles. In general, an EM field can be generated by passing an alternating
current, between transmitter and receiver, through antennas (Reynolds, 2003). When the
electromagnetic (EM) signal travels through the subsurface media it is modified slightly
relative to that which travels through the air. Consequently, the measured by the receiver

EM signal will differ in both phase and amplitude relative to the unmodulated field that
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was generated by the transmitter. The degree to which these components differ reveals
important information about the geometry, size, and electrical properties of the earth
materials. In other words,, the propagation of the EM waves is strongly dependent on the
electrical characteristics of the coal seam and its surrounding strata. Therefore, the
detection capabilities of RIM and DSR depend on a few main electromagnetic properties
of the earth materials under investigation, of which the most important are dielectric
constant, electrical resistivity/conductivity, and wave attenuation rate. The dielectric
constant controls the speed of propagation of the EM waves in any medium. It is the
contrast in the dielectric constant between adjacent layers in the coal seam that gives rise
to reflection of the EM waves (Reynolds, 2003). A fundamental cause of the loss of
energy is the wave attenuation, which is a complex function of the electrical properties of
the media through which the EM signal is traveling. The attenuation is dependent upon
the resistivity/conductivity of the media through which the signal is propagating, as well
as the frequency of the signal itself. The depth of penetration of the EM signal in the
strata is given to be inversely proportional to the wave attenuation (Reynolds, 2003)
Therefore, in this research, the main focus is on the measurement of the electrical
properties of rocks associated with coal seams. First, studies of the EM properties of the
coal measure rocks in various U.S. coal fields will be shown. Moreover, the study has
been extended to rocks that are not associated with coal seams due to the extended
application range of the technology—for example for observations in oil wells. Second,
interpretation of the collected data will be presented and comparisons between the
different coal seams will be made. In order to make the results of this study useful to the

mining industry, a database for the electrical properties of coal measure rocks has been



CHAPTER 2

LITERATURE REVIEW

Commonly used terminology and definitions with respect to electrical
measurements of earth materials are presented in this chapter. Also, the research that has
been done in the subject area of electrical measurements of earth materials is presented.
This is important to know because studies of the electrical properties of soils and other
earth materials have been done in the past, but not many of them have been done
specifically for coal measure rocks. The theories behind the electrical tests performed on
rocks covering different frequency ranges will be discussed. At the end of the chapter, an
overview of the potential use of the electrical properties of rocks is given.

2.1  Terminology and definitions

The electrical properties of a material might be described in terms of dielectric
constant, resistivity (or conductivity), and dielectric loss. As mentioned earlier, the Radio
Imaging Method (RIM) and Drill String Radar (DSR) technologies are strongly
dependent on these electrical properties. In order to better understand this study,
definitions of the terms used in this work are provided here.

e Dielectric constant is the relative permittivity of a dielectric material. It is an

important parameter in characterizing capacitors. It is the ratio of the charge
that would be stored in a vacuum as the dielectric to that stored in the material

of interest as the dielectric. The dielectric constant has a real part and an
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Fig. 2-1: Layers near the Earth’s surface (Watt et al, 1963)

The electrical conductivity of various materials that have been studied is
discussed in the publication. Laboratory and in-situ conductivity measuring techniques
used in the research were described. The in-situ methods for measuring the electrical
properties of the rocks were highlighted in the paper. Once the conductivity is known, the
resistivity of the samples can be derived. The conclusions reached by this research
showed several important factors that have an effect on the electrical properties of the
rock strata. First, the amount and the conductivity of the water in the rock fractures affect
the electrical characteristics of the rock itself. Second, the pressure in which the rock was
formed affects its electrical properties. Finally, the temperature at the depth of interest
also plays a role in the electrical properties of the rocks. The most important conclusion
made was that the pressure will influence the pore volume in the rocks. Therefore, it will
control the water filling in the rock’s pores and cracks. For that reason, the electrical

properties in the region from the surface to about 3 km below the Earth’s surface are
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expected to be greatly influenced by the water content of the rocks. Due to these factors,
the electrical characteristics of different rocks will vary widely. The research showed that
the effects of water content, pressure, temperature, etc., are quite complex and control the
electrical characteristics of the different rock types.

The paper, “The Possibility of Guided Electromagnetic Waves in the Earth’s
Crust” (Wait, 1963), discussed the possibility that a natural waveguide in the Earth’s
crust may exist. The publication explained the complexity of the Earth’s crust. It is
considered that the extension of the rock layers in the near surface zone ranges from 10 to
50 km in depth. In this zone, many different rock types are found. Those rocks are
assumed to have different electrical properties. The concept of the natural waveguide
assumes that the upper boundary of the waveguide consists of highly conductive and
fractured sedimentary rocks. The zone consists of a series of sedimentary rocks, along
with fractured crystalline and metamorphic rocks. All of them are moderately good
conductors of electricity because they hold relatively large amounts of water in their pore
spaces and other voids. The bottom of the waveguide channel is presented by the high
conductivity region of the basement rocks. The basement rocks beneath this surface zone
are crystalline, igneous, or metamorphic rocks that are much heavier and have little pore
space in which water may held. An idealized situation to help understand the nature of

the waveguide is presented in Fig. 2-2.
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Fig. 2-2: The model of the Earth’s crust (Wait, 1963)

The model used in this study is shown above. The cylindrical coordinate system
was chosen by the author. The highly conductive upper layers were stacked together and
represented as a homogeneous layer. Then a plane defines the boundary between the
upper conducting region and the basement dielectric. Even with ideal conditions for the
dielectric basement layer and the perfectly conducting upper layer, the electromagnetic
field was attenuated from leakage. It was concluded that a low attenuation in the
waveguide will be associated with a very highly conducting upper layer, a low loss in the
dielectric basement, and a rapid increase of the conductivity with depth. In cases in which
a better understanding of the wave propagation in an inhomogeneous stratified medium is
desired, studies of the electrical properties of the rocks must be done, as suggested by the
author.

Electrical Properties of Rocks, written by Parkhomenko (1967) is the first book
ever written specifically focused on the electrical properties of rocks. The book gives
detailed explanations for the electrical and electromagnetic geophysical methods and

their use. It explains how the use of these techniques requires knowledge of the various
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characteristics of sedimentary, metamorphic, and igneous rocks. Giving the most
important elements for the results of investigations of dielectric constant, dielectric loss
(loss tangent), resistivity, etc., for different rocks and minerals, this research is a great
reference for the electrical properties of rocks. The porosity of the rocks and their water
content, as factors that have great influence on their electrical properties, are described.
Pores and fractures in rocks are very important for their inhomogeneous structure and
texture. Porosity describes the total empty space that exists between the solid material
and particles in the rock. These gaps are due to the influence of various factors during the
process of formation of the strata. The existence of fractures and pores in the rocks
determines the volume of water that they contain. The water content of sedimentary rocks
varies over a wide range, depending on grain size and density of the rocks. On the other
hand, igneous and metamorphic rocks are generally characterized by low water content.
In the literature, the ratio of the weight of the rock freshly extracted from the seam to the
weight of a dry rock is frequently used as a measure of moisture content. Rocks are
complicated materials. However, the electrical properties of a material might be
characterized in terms of dielectric constant, resistivity, and dielectric loss. The research
that had been done gives values for the dielectric constant of minerals and rocks. Some of
these values vary over two orders of magnitude. Therefore, variability in the electrical
properties of the rocks can be considered normal. One could expect differentiation
between rock types based on their dielectric constant. In addition, the quantity of liquid
that is locked in the rock affects the dielectric constant and the rest of the electrical

characteristics (resistivity, conductivity). It was found by the author that this is
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particularly true at low frequencies. Values for the dielectric constant of rocks with

various amount of moisture are given in Table 2-1.

Table 2-1: Dielectric constant of rocks (Parkhomenko, 1967)

Source, mineral Dielectric Frequency, ghater
Rock - content,
composition in Yo constant cps %
Sedimentary Rocks
Anhydrite with anhydrite, 92
gypsum gypsum, 8 6.3 dry
Shale 10—45.0 10%-10° 10
4-1.0 10%-10° dry
Shale 9.5—10 10%-10° "
Dolomite 8.0—8.6 10°—10" " Il
Limestone Georgian SSR 7.3 .
" 8.0-12.0 ]
Arkosic sandstone quartz, 23
feldspar, 75
mica, 2 4.9 dry
Quartz-feldspar quartz, 40
sandstone feldspar, 45
other, 15 5.1 dry
Sandstone 4.66 5-10° dry
3.96 §-10° dry
Variegated sandstone 9.0-11.0
Shaly sandstone 5.53 dry
The same 1.17 0.2

Parkhomenko (1967) stated that the upper limits of the dielectric constant for
sedimentary rocks are a function of their moisture content and mineral composition.
Moreover, the dielectric constant of coal, as well as the electrical conductivity (or
resistivity), was discussed in the book. The research discovered that the electrical
characteristics of coal are strongly dependent on the degrees of metamorphism that the
coal went through. The relationship between the dielectric constant and the carbon
content of wet and dry coals that was found experimentally is shown in Fig. 2-3. In
Fig. 2-3, it can be seen that moisture plays a more important role in coals that are of low

quality.



Nikolay D. Boykov Chapter 2. Literature Review 15

\
7243
\
rar \Fz
g \
5 8F \
8 \
o 6 \ ,’
B \ /
R R/
-~ 4+ (o]
(=] o~
2K
o 1 | J
70 80 80 100%¢C
Carbon content, %

Fig. 2-3: Variation of the dielectric constant in wet (1) and absolutely dry
(2) coals as a function of the carbon content (Parkhomenko, 1967)

Since the dielectric constant of water is 80, as mentioned earlier, even a small
amount of water in the rocks will increase the dielectric constant rapidly. The frequency
dependence of the dielectric constant is relatively small compared to the influence of the
moisture content. Figure 2-4 shows the relationship between the water content and the

dielectric constant for different types of rocks observed. The values were studied at a

frequency range of 10°~10° Hz.
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Fig. 2-4: Relationship between the dielectric constant and moisture content:
(1) dolomite, (2) marl, (3, 4, and 5) siltstone, (6) sandstone (Parkhomenko, 1967)

From the graph presented above, it is obvious that the dielectric constant varies
considerably when the moisture content is 3-4% and becomes almost constant at higher
water content. The spread in values of similar rocks for the dielectric constant is due to
measurements that have been made at different frequencies, as explained by the author
(Parkhomenko, 1967). Irregular variations in the dielectric constant have been explained
by the amount of water present in the rocks. Also, as noted, the frequency has an effect
on the observed range.

The anisotropy of the rocks is another very important factor that must be
considered when studies of the electrical properties are performed (Parkhomenko, 1967).
The orientation of the grains composing the rocks has an influence on their electrical
properties. The dielectric constant of a layered rock depends on the direction relative to
the bedding planes in which it was measured. As a result, variation in the dielectric

constant could be expected. Studies made in three equally perpendicular directions have
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been done. In order to perform that type of observations, three samples of each rock type
must be prepared.

Another very important characteristic of the rocks is their electrical resistivity (or
electrical conductivity). The hard materials, such as rocks and other solid materials, can
be divided into three groups on the basis of the magnitude and mechanism of electrical
conduction; conductors, semiconductors, and dielectrics. It is well known that the metals
have highest conductivity ranging from 10° to 10° mS/m. For semiconductors, the range
given is from 10* to 10® mS/m. In general, in contrast to the previous two categories, the
dielectric materials have conductivities around 10° mS/m or less. The conductivity of
rocks varies over much wider limits than any other physical properties. Parkhomenko
(1967) previously gave a brief description of the electrical conductivity of dielectrics. In
diclectric material, the movement of atoms, molecules, and ions is restricted to small
distances and cannot exist over a large distance. However, any dielectric material will
have some amount of weakly consolidated charged particles. Therefore, when external
electrical current is applied, these weak particles are set in motion and form electrical
current. Different formulas for the electrical current are given in Parkhomenko’s book.
To determine the electrical resistivity of rocks in laboratory conditions, two main groups
of methods might be used. In one group of methods, direct current is used, and in the
other, alternating current is used. The most commonly used direct current methods are the
two-electrode and four-electrode techniques. One of the methods used is the parallel plate
method, which employs two electrodes located symmetrical to each other on opposite

sides of the rock sample. The resistivities of rocks cover a very wide range, as had been
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observed. In general, the resistivity of a rock is dependent on the electrical properties of
the minerals composing the rock.

As mentioned earlier, the moisture content of a rock type has a great influence on
its electrical properties. Water strongly affects the resistivity of a rock. This could be
explained by the fact that its resistivity is many orders lower than the resistivity of most
rock-forming minerals. The relationship between the resistivity and the water content
depends on the type of rock and its porosity. In sedimentary rocks, the resistivity is
determined mainly by the amount of water present and by the manner in which this water
is distributed through the rock. On the other hand, the amount of water that can be held in
rock is limited by the available porosity. The greater the porosity, the greater the potential
water content. Published data show that the resistivity of rocks depends on factors such as
texture, anisotropy, mineral composition, pressure, temperature, etc.

Parkhomenko (1967) presented studies of the electrical properties. The data
concerning the resistivity of coals do not always indicate the moisture conditions under
which the measurements were made. Lower values of resistivity were observed for
naturally wet coals, while high values of resistivity were reported for dry coals. The
resistivity is a function of the petrography of the coal, mineral composition, and degrees
of metamorphism as mentioned by Parkhomenko. The conclusion was that the range of
resistivity for coals is very wide.

The main factor that plays a role in determination of the resistivity of coal is the
degree of metamorphism (Parkhomenko, 1967). This is due to the fact that the
metamorphism causes differences in carbonization and carbon ratio. Weakly

metamorphosed coals (brown coals) have high resistivity 10'° to 10'' ohm-m when dry,
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and 10°-10° ohm-m when wet. It was observed that further metamorphism decreases the
resistivity rapidly. An example of the most probable values of various grades of coals is
shown in Fig. 2-5. The figure shows that not only the carbon ratio, but also the ash

content that is related to the carbon ratio, plays a role.

’ lG” %P/ff
p N

a ."_.\
<K 0

—
—1
=

ohm-m

—~
=

—)

Registivity,

=
—

ao1

QMTS‘O 40 30 20

Ash content, %

Fig. 2-5: Relationship between the resistivity and the quality of coal: A-anthracite;
B-brown coal, D-long-burning coal, PSh-bituminous, PS-super bituminous,
K-cooking coal, T-sub anthracite (Parkhomenko, 1967)

A dielectric material is frequently characterized by its dielectric loss. The
dielectric loss (loss tangent) is described as the fraction of electrical energy lost to heat,
rather than by its electrical conductivity. The energy loss occurs as a result of
conductivity and polarization currents according to Parkhomenko. Also, relationships
between the dielectric constant, dielectric loss, resistivity, and frequency were

established. Once again it was mentioned that electrical properties are strongly dependent



Nikolay D. Boykov Chapter 2. Literature Review 20

on water content. It was suggested that the electrical properties should be studied over a
broad frequency range, due to the fact that they are frequency dependent. The final
conclusions made are that with the development of new geophysical methods for
studying the Earth’s structures, detailed studies of the electrical properties of rocks are
required.

It should be noted that the studies discussed in this chapter so far were made
mainly for frequency ranges from 10 MHz to 100 MHz. However, there is great interest
in expanding the application of geophysical techniques for remote observations of the
subsurface beyond the limits of previous studies. The development of electromagnetic
(EM) methods offers an attractive new form for formation evaluation. Lately there has
been great interest in determining the dielectric constant of earth formations by using
downhole logging techniques. The EM wave propagation method of dielectric constant
logging attempts to assume the electrical properties of rock formations from phase shift
and attenuation measurements of EM fields that have been propagated in the formation.

Freedman and Vogiatzis (1979) discussed the basic physics underlying the
operation of the downhole logging device called the Electromagnetic Propagation Tool
(EPT), which was developed by Schlumberger’s scientists. It describes the plane wave
procedure for relating the phase shift and attenuation measurements made by such a
device to the dielectric properties of the formation. The interest in the dielectric constant
of the earth formations was raised because it was found that the dielectric constant is
relatively independent of water salinity, but strongly related to the water content of the

rocks.
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The application of downhole logging techniques in the petroleum industry for
evaluation of reservoir rocks is of great interest. Dielectric constant logging at microwave
frequencies (in the Gigahertz range) offers the capability of differentiating between oil-
bearing rocks, water, and non-oil-bearing rocks. The authors mentioned that one should
be able to determine the complex electric properties of earth formations from phase shift
and attenuation measurements made by an EM wave propagation logging device. The
EM propagation logging device does not measure formation dielectric constant, but
instead measures certain properties (e.g., a phase shift and an attenuation) of an electric
field that has been propagated in the formation. Based on those measurements and
empirical relationships, an evaluation of the electrical properties of the rocks under
investigation can be made. The paper gives a formula for calculation of the EM wave
travel times and explains in detail the EPT tool developed by Schlumberger. The formula

presented is as follows:

t, = \/8—2(\/1+tan2 5 +1), 2-1)
2g,xC

where: c¢=3x 10®[m/s] is the velocity of light in vacuum;

&y = (367[)71 x107", [Farad per meter] is the dielectric constant of vacuum;

tan & = —, where &'(¢") is real (imaginary) part of the dielectric constant.
£

The porosity of rocks and its influence on electrical properties was also described
(Freedman and Vogiatzis, 1979). The imaginary part of the dielectric constant, as a part
of the loss tangent, was introduced to describe all loss mechanisms that lead to the

attenuation of an electromagnetic field propagating in a rock formation. A theoretical
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model of the rock formation assuming perfectly conducting half-space separated from the
strata by a layer of mud is described in detail. Using the electric hertz vector, which
defines the EM field, a solution of the theoretical model is given in the paper. It was
demonstrated that accurate values of the microwave electrical properties of the rocks
from phase shift and attenuation measurements that have been made using the EM
propagation tool could be obtained.

In 1984, the Bureau of Mines was involved in research on ground-probing radars
for detection of geological dangers in advance of mining, and a report for the results from
the investigation was published (Lindroth et al, 1984). It is well known that penetration
capabilities and interpretation methods for observations performed by radar systems are
dependent on dielectric properties and wave propagation characteristics of the coal
measure stratified media. The authors developed the methodology behind the electrical
measurements used. Also, the measurement techniques and apparatus used in their
research are described. Moreover, the dielectric constants of coal measure rocks
measured for the Pittsburgh Seam in the frequency range 20 MHz to 100 MHz are
addressed in the paper.

Due to the fact that the electromagnetic (radar) probing techniques are of great
interest for the mining industry, more detailed investigations of the electrical properties
of coal measure rocks started in 1984. The electromagnetic data collected in the field by
different radar technologies could lead to fault interpretation. Without the
electromagnetic property data on the coal measure rocks for input into the interpretative
algorithms, the results from the field observations might not be valuable. The studies

showed that certain limestones and coals were able to provide low-loss wave
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propagation. The necessity of acquiring the electrical properties of rock overlying mine
workings was recognized by the authors. They observed that a significant portion of the
rock overlying a coal mine may have its characteristics modified by weathering. The
measurements were done on drill cores taken from the upper Pittsburgh seam in
Southwestern Pennsylvania. During the tests, the humidity of the samples was controlled.
The experimental dielectric constant and dissipation factor (loss) values for various rock
types were given in the publication. The values given were determined at 20, 40, 60, 80,
and 100 MHz. The calculated values for the attenuation rate were also provided in the
report. The values of the dielectric constant, for the previously mentioned frequency
range, spread from about 4 to almost 11 for the different rock types observed. The effects
of humidity on the samples, as well as the mineral composition of the samples, are
described. In conclusion, the authors mentioned that the moisture content of the samples
tested was less than those in-situ (Lindroth et al, 1984). Diverse water saturations
between the samples were explained with the difference in their porosities.

Knight and Nur (1987) studied the dielectric constant of eight sandstones in the
low-frequency range from 60 kHz to 4 MHz. The measurements were made using the
two-electrode technique. The rock samples were tested under various levels of water
saturation. The results presented in the paper showed a clear dependence of the dielectric
constant upon the testing frequency. The magnitude of the frequency dependence was
found to be proportional to the pore space of the studied sandstones. Also, it was
mentioned that the dielectric constant increases rapidly at low water saturations up to

some critical saturation, and then starts to increase more gradually with the changes in the
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water content. The values of the dielectric constant are of great interest because of the
well-logging tools that could be used for formation evaluation.

The authors found that the electrical properties of the eight sandstones measured
are strongly dependent upon frequency (Knight, Nur, 1987). Petrographic analysis of the
samples was made and their porosity was also found. The data were collected using an
HP-4192 A impedance analyzer. The complex impedance of the disk-shaped sandstone
samples was measured. The effect of moisture on the dielectric constant was the major
objective in the study. Because the dielectric constant and conductivity were dependent
on the salinity, the samples were fully saturated with deionized water in order to remove
any salts from the pore spaces of the rocks. After the salts were removed, the samples
were dried and then partially moistened with deionized water. After studying the
sandstones at different levels of water saturation, the authors suggested that a critical
parameter that affects the electrical characteristics is the pore space in the samples, since
it determines the capability to hold water in the rocks. The main conclusion was that the
amount of water in the sandstones determines the magnitude of the frequency
dependence. Therefore, in the frequency range of 60 kHz to 4 MHz, it will have an effect
on the dielectric constant as well.

As mentioned earlier, the electrical properties of rocks are one of the most
important factors in performing electromagnetic geophysical surveys. The existence of
natural waveguides in the Earth’s crust was mentioned earlier in this section. The finding
of natural waveguides in the Earth was made by Wait (1963). Stolarczyk and Fry (1990)
reviewed the existence of a parallel-plate waveguide in stratified coals for transmission of

electromagnetic waves. As indicated earlier, the presence of natural waveguides in coal



Nikolay D. Boykov Chapter 2. Literature Review 25

seams is due to the electrical contrasts between the coal seam and its bounding strata. In
other words, because the conductivity of the coal seam is lower than the conductivity of
the bounding sedimentary rocks presented in roof rock and floor, the natural
electromagnetic (EM) wave had been formed. In general, the waveguide in the coal
seams is well presented when there is a difference of at least one order of magnitude in
the electrical properties between the coal seam and its bounding sedimentary rocks. Once
the waveguide is presented in the coal seam, it is assumed that the EM waves will travel
only in the coal seam between roof and floor, without being additionally attenuated in the
bounding rocks. Since the EM waveguide exists in the coal seam, the EM waves could be
transmitted easily through the coal. Based on the idea of waveguides, it was found that
the electromagnetic waves will be significantly attenuated if there are geological
anomalies along the electromagnetic wave ray path. Some geological anomalies that
could be found underground and that will affect the waveguide are shown in Fig. 2-6.
The authors (Stolarczyk and Fry, 1990) give a brief description of the electromagnetic

wave’s flow in coal seams, as illustrated in Fig. 2-7.
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Figure 2-7 shows that there is a small electric field component (Ey) that had been
polarized between the mine roof and the mine floor. The magnetic (Hy,) field component
is directed into the page. The horizontal EM wave will travel in the coal seam between
transmitting (Tx) and receiving (Rx) antennas along a straight line without bouncing in
the roof or floor rock. The power of the Radio Imaging Method (RIM) is that by using
low frequencies for electromagnetic sounding, it could achieve much greater penetration
depth than other geophysical methods. Therefore, it could be used for underground
observations in modern longwall panels that have a width of 1000 ft or more. However,
in order to achieve the desired penetration depth and interpretation accuracy, one must
know the approximate electrical characteristics, such as dielectric constant, conductivity,
attenuation rate, etc., of the coal seam in order to make a proper selection of the
frequencies that should be used in the surveys. The application of technologies like RIM
is of great importance for the mining industry because the detection of potential
geological hazards in advance of mining could not only save the mining companies
money, but also improve mine safety. For this reason, an appropriate estimation of the
electrical properties of coal measure rocks is greatly needed.

Finally, Martinez and Byrnes (2001) focused on the modeling of the dielectric
constant values of geologic materials. The study was done for potential applications of
Ground Penetrating Radar (GPR), which is a near-surface geophysical imaging method
used for non-invasive subsurface, geologic, and engineering investigations. The dielectric
constant is a crucial parameter for GPR surveys because it controls the velocity of
propagation of electromagnetic waves through the earth materials and also the reflection

coefficients across the interfaces of different materials.
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Last, but not least, the dielectric constant controls the vertical and horizontal
resolution capabilities of a radar system. It is well known that the dielectric constant of
rocks is primarily a function of pore fluids, porosity, mineral composition, frequency, etc.
Reported dielectric constant values in the literature for sedimentary rocks provide general
ranges of the expected values, but these average values might not be adequate for specific
field conditions. In general, the dielectric constant decreases with increasing frequency,
while the attenuation and dielectric loss increase with frequency.

The authors described in detail a model for prediction of the dielectric constant,
which has been used in their research. They have used the so-called Time-Propagation
(TP) model, which is considered to be the simplest and most appropriate when used for
geologic conditions. The results of the study could be used not only in planning radar
surveys, but also in interpreting the data. The velocity of electromagnetic waves and their
travel times, as well as vertical and spatial resolution, were estimated and given in the
paper. The effect of water saturation on the dielectric constant was indicated as an
important factor. The performed modeling was for limestones and sandstones. Overall,
the TP modeling of the dielectric constant presented in this study is in very good
agreement with the measured values of the samples that had been modeled. It was
concluded by the authors that this type of modeling of the electrical properties of rocks
provides a good basis for better understanding the effects on the dielectric constant and
consequently on the radar’s response.

Not many examinations of the electrical properties of sedimentary rocks and coals
have been performed. In addition, most of the studies presented here observed the

electrical characteristics of the rocks either in very low-frequency range (Hz) or in the
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microwave frequency range (Giga Hertz range). There is a lack of measurements for the
megahertz frequency range of sedimentary rocks and coal. Also, it can be said that
studies of the electrical properties in the low-frequency range 20 kHz with an upper limit

of about 10 MHz are rare in the published literature.



CHAPTER 3
METHODOLOGY BEHIND MEASURING

ELECTRICAL PROPERTIES OF ROCKS

The measurements of the electrical properties of coal measure rocks are of great
importance for correct evaluation of geological conditions when performing underground
observations using different types of electromagnetic (EM) systems. For this reason, data
for the electrical properties of rocks must be collected and analyzed. Moreover, once the
data are accumulated, a better understanding of the rock behavior when an external
electromagnetic field is applied will be gained. The methodology behind the electrical
measurements of coal measure rocks is addressed here. Description of how the samples
were collected from different coal seams, as well as the sample preparation procedure and
the requirements that they should meet are presented. An overview of the instrumentation
used in both low- and high-frequency ranges in this research, and the measurement
techniques used, are described here in detail. Finally, there is a brief description of the
device that was used to control the moisture content for part of the experiments
conducted.

3.1  Sample collection

For the purposes of this research, coal and rock samples have been collected from
major coal fields across the United States. The collected samples represent specific site
conditions in different coal seams. As mentioned previously, this is important because of

the fact that the approximate electrical characteristics of the rocks must be known in
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order to improve the detection capabilities of the electromagnetic system that is to be
used. The samples collected represent five coal fields across the country. These coal
seams are the Pittsburgh, Sewickley, Herrin, Fruitland, and Wasatch Plateau. The
samples were collected from nine mine sites. Geographical information about the coal

seams included in this study is presented in Table 3-1.

Table 3-1: Coal seam locations

Seam Name Mine County State Country
Mine A Marshall WV

Pittsburgh Mine B Marion United States
Mine C Monongalia

Sewickley Mine D Monongalia | WV United States

Fruitland # 8 Mine E San Juan NM United States

Herrin # 5 Mine F Saline IL United States

\F/,\llztseztﬁh Mine F Sanpete uT United States

Fig. 3-1: Examples of coal and rock samples collected from major U.S. coal seams

3.2  Preparation of the rock samples for testing

The collected rock samples were prepared according to the specifications for

testing in low- and high-frequency ranges. The low-frequency range (20 kHz to 10 MHz)
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is mainly encountered in the RIM applications, while the high-frequency range (200 MHz
to 3 GHz) is used for DSR and Ground Penetrating Radar (GPR) applications. The
samples collected were core samples from mines, as well as irregularly shaped blocks of
coal and rocks. In addition, the irregularly shaped coal blocks were drilled in order to get
cylindrically shaped core out of them.

Since there were specific requirements for the samples under test (such as smooth
surfaces without any gaps, flat faces, limited thickness, etc.) in order to perform accurate
measurements of their electrical properties, two kinds of samples were prepared. The
samples were machine prepared and then tested. The first step in the preparation process
was to cut the samples into sizes that could be used for performing the measurements
using a diamond saw. Since one of the major requirements for the samples was that they
must have polished surfaces without any gaps, polishing of the samples was needed. The
polishing was done by hand due to the small size of the samples. The first type of
samples was used for the low-frequency testing. They were small disk-shaped samples,
with thicknesses varying from 3 mm to 1 cm and diameter of about 5 cm. Both sides (top
and bottom) must be polished. The second types of samples were used for the high-
frequency tests. They had thicknesses of at least 2.5 cm. The diameter of the second kind
of samples should be 2 cm or greater, as suggested by the manufacturer of the test
equipment. Only the top surface that is in contact with the dielectric probe should be
polished. These requirements for the sample size are due to the restrictions of the
equipment. Figures 3-2 and 3-3 illustrate the two types of rock samples prepared and

used in this study.
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Fig. 3-2: Coal samples prepared for testing under high frequencies

Fig. 3-3: Sandstone and coal samples prepared for testing under low frequencies

Another important fact that should be mentioned is that, whenever possible, the
samples were cut in three directions mutually perpendicular to each other with the

bedding plane direction being the primary one. By doing this, the effects of sample
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orientation on the electrical properties of the rocks can be studied. The preparation of

rock and coal samples to meet these requirements is a very hard task, especially the

preparation of samples from fragile coal blocks.
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3.3  Measurement techniques and instrumentation used in the study

The samples were tested in two different frequency ranges using two different sets
of equipment. An EM property measurement laboratory was established at West Virginia
University. The facility includes two sets of electromagnetic property measurement
systems in two frequency ranges: low-frequency (20 kHz to 10 MHz) and high-frequency
(200 MHz to 3 GHz) ranges. The measurement techniques and the calibrations that need
to be performed prior to starting the measurements are explained in the following
paragraphs.

3.3.1 Low-frequency measurement testing setup

The low-frequency equipment consists of a Agilent 16451 B dielectric probe kit

and an HP-4192 A Impedance Analyzer. It has a range of operation from 5 kHz to

13 MHz (Fig. 3-4).

Fig. 3-4: HP-4192A Impedance Analyzer

The test fixture is designed for accurate dielectric constant and loss tangent

measurements compatible with the impedance analyzer that has been used. It employs the
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parallel plate method, which sandwiches the material between two electrodes to form a
capacitor. Then the HP-4192A measures the capacitance of the material created by the
two electrodes of the test fixture and the loss that occurs in the sample (loss tangent).
Based on the empirical relationships between the capacitance and loss tangent, given in
the next chapter, the dielectric constant, attenuation rate, and resistivity/conductivity of
the sample are then calculated. The dielectric probe kit consists of two fixed cylindrical
electrodes (Fig. 3-5) that are parallel to each other. Their diameter is about two inches.
Adjustment to ensure parallel electrodes is required when using the 16451B. The

thickness of the test sample can vary from 3 mm up to 1 cm.

Fig. 3-5: Low-frequency dielectric test fixture

A major requirement for the test samples is that they should be at least the

diameter of the electrodes or larger for the so-called “edge effect error” to be minimized.
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In other words, the samples must be disk shaped with two parallel faces. Another
requirement when using this probe kit is that the samples should have very smooth
surfaces to assure gap-free full contact between the electrodes and the sample observed.
This is crucial for the final result of the measurements.

Due to the imperfections in preparing the samples, such as small gaps, not
completely parallel to each other sample sides, etc., errors in the final result can occur.
The effect of air gap between the electrodes and the samples can result in much lower
values of the measured properties than the actual values. The lower values that can be
obtained from the measurements when there is no full contact between the electrodes and
the sample are normal due to the fact that the air and hard materials have different
dielectric properties. Calibration of the instrument before each measurement is
mandatory. Both open and short compensations are recommended before measurement.
Open compensation is performed by separating the upper and the lower electrodes from
each other. Then testing frequency should be chosen and the instrument calibrated by
measuring the capacitance of the air created between the two electrodes. Short
compensation is performed by connecting the high and low electrodes by using a special
metal plate provided with the dielectric probe kit. After performing the calibration, the
test sample can be inserted into the test fixture.

During the research, several issues with the calibration were encountered and
solved; perhaps the most important of them was the effect of the calibration on the final
results. It was found that the calibration procedure suggested by the manufacturer of the
instrument is not appropriate for the measurements that needed to be performed.

Agilent’s technique requires calibration of the instrument after every single frequency
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tested. It was found that placing the sample in different positions between the electrodes
could have an effect on the final results. Due to these movements, sometimes the values
of the EM properties could vary, even if they are from the same sample and frequency.
Due to this issue, two other methods of calibration were tested, and they showed their
advantage over the manufacturer’s procedure. The two new variants of the calibration
process are similar to each other and basically required one calibration of the instrument
for a certain frequency range. The calibration issue was solved, and success for many
repetitive measurements of different materials was achieved. One other important
problem that should be kept in mind is that the electrodes should be kept very clean. They
have to be cleaned often between the measurements with methanol (methyl alcohol) to
ensure an oil-free surface on the electrodes. This is important because the instrument is
sensitive to that type of contamination and even the oil from the fingers of the person
making the measurements can influence the final result.

The test was performed by placing the samples in the space between the two
electrodes. Then the electrodes were adjusted, to assure that they were in full contact with
the test sample. Then the testing frequency of interest was manually chosen by pressing
the analyzer’s keyboard. Once the frequency was chosen, the analyzer reads the values of
the capacitance and the loss tangent formed in the material.

3.3.2 High-frequency measurement testing setup

As mentioned before, the high-frequency tests covered the frequency range from
200 MHz to 3 GHz. The high-frequency measurement equipment in the West Virginia
University laboratory consists of an Agilent 8714 ES network analyzer (Fig. 3-6) and an
Agilent 85070 high-temperature dielectric probe kit. The network analyzer used for the

measurements in this research was a newer version than the network analyzer that had
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been used previously. At the beginning of the EM measurements, the HP 8753 B network
analyzer was used. The change between the analyzers was made in order to improve the
accuracy of the testing results. The new analyzer used offers higher resolution (every
1 MHz) and faster sweep time between the frequencies tested. Measurement calibrations

and data averaging provided performance improvement and flexibility.
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Fig. 3-6: Agilent 8714 ES high frequency network analyzer

Special software provided with the dielectric probe kit (Agilent 10 libraries
software suit) has been used to fully control the analyzer and perform the tests. In other
words, the dielectric probe kit is connected to a computer through the network analyzer to
measure the dielectric properties of the different materials. The analyzer measures the
reflection coefficient between the probe kit and the material under test by transmitting the
electromagnetic energy through the electrode of the probe kit. Then the algorithm on
which the software is based calculates the dielectric constant of the test material and

allows direct readings for the real part (¢;) and the imaginary part of (g, ) the dielectric
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constant. In addition, it calculates the loss tangent for the test material. Calibration of the
instrument before the beginning of the measurements is required. Air, short, and water
compensations are recommended before the measurement. Air compensation is
performed by leaving the dielectric probe open to air. Then short compensation is
performed by connecting a shorting block to the probe, and finally water compensation is
done by inserting the electrode in water. It should be noted that the water for the water
compensation should be deionized and at a temperature of 25°C (about 77°F). Also, the
frequency range in which the measurements were performed should be chosen and pre-
set in the instrument by using the Agilent’s software. Moreover, the software
automatically generates the selected number of frequency points for the range 200 MHz
to 3 GHz at equal steps. The instrumentation could be used to measure the EM properties
of liquid and solid samples as well. For solid samples, a smooth flat surface of the
samples is recommended by Agilent.

A simple small jig was constructed for the high-frequency measurements and has

been used during the measurements and is shown in Fig. 3-7.





