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ABSTRACT

Electromagnetic sensors such as ground penetrating radar and electromagnetic induction sensors are among the most
widely used methods for the detection of buried land mines and unexploded ordnance. However, the performance of
these sensors depends on the dielectric properties of the soil, which in turn are related to soil properties such as texture,
bulk density, and water content. To predict the performance of €l ectromagnetic sensorsit is common to estimate the soil
dielectric properties using models. However, the wide variety of available models, each with its own characterigtics,
makes it difficult to select the appropriate one for each occasion. In this paper we present an overview of the available
methods, ranging from phenomenological Cole-Cole and Debye models to volume-based dielectric mixing modes, and
(semi-) empirical pedotransfer functions.

Keywor ds: dielectric soil properties, phenomenol ogical models, mixture models, (semi-)empirical models

1. INTRODUCTION

Buried land mines and unexploded ordnance (UXO) are present in alarge number of countries around the world. They
can be found at the locations of past military conflicts or at active and abandoned military training sites. The presence of
land mines and UXO cause serious safety hazards, which require the clean up of contaminated land. Many of the
geophysical methods for detection of buried landmines and UXO make use of eectromagnetic signals. Dielectric
medium properties are a critical parameter for most methods, because the dielectrics control the contrast between the
object of study and the medium it is buried in. Additionally the dielectric medium properties control propagation,
attenuation, and reflection of electromagnetic waves. The dielectric properties of a material are a function of among
others: texture, bulk density, mineralogy, organic matter content, and frequency, but especially water content’.

Previous work has shown the effect of spatial and temporal variability in the soil system. A significant part of the
variability in landmine and UXO signatures can in fact be attributed to the temporal and spatial variability that is present
in soils. Soil data from a wide range of environmental settings (temperate, tropical, and desert) show that soil water
content varies widely and over distances of less than one meter®*. This variability hasimportant implications for sensors
that are affected by the soil water content, astheir performance may be variable over short distances. The performance of
a sensor under specific soil conditions can be predicted using a thorough understanding of the physics of the soil-mine-
sensor system.

To predict the performance of electromagnetic sensors it is common to use models that estimate the soil dielectric
properties. Although a wide variety of models, each with its own characteristics, has been proposed no compl ete model
is available that can describe the dielectric properties of a sail for all itsvariables™ . This makes it a challenge to select
the best model for each occasion. The available methods can be grouped in (1) phenomenological (e.g., Cole-Cole and
Debye), (2) volumetric, (3) empirical and semi-empirical (pedotransfer), and (4) effective medium models or
approaches. The effective medium approach, or composite spheres model ™, is only accurate for known geometries and
difficult to implement for heterogeneous and multiple-phase materials™ *2. We consider this approach irrelevant for the
problems of UXO and landmine detection and it will beignored in this paper.

We present a literature review of the available methods for prediction of dielectric properties of field soils. This review
isan attempt to introduce the major groups of approaches. We discuss the most important exponents and publications of
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each approach. We will discuss the characteristics, some applications, and the advantages and disadvantages of each
method. Finally, in the discussion and conclusion wewill compare the different methods and give recommendations for
improvements to the existing models.

2. THEORY

The interaction of electromagnetic energy with matter is affected by the characteristics of the material and by the
frequency of the electromagnetic energy. Frequency dependent dielectric properties can be characterized in terms of
losses of energy due to relaxation mechanisms that operate at different frequencies. The relaxations are caused by
different forms of atomic- or molecular-scale resonance *. In a soil mixture the rel axation mechanisms may be attributed
to the solid material and the pore water as well as to interfacial phenomena. Figure 1 summarizes some of the different
types of relaxation mechanisms that play a role in wet soils. Many geophysical tools for detection of subsurface objects
operate in frequency ranges between 0.1 and 10 GHz, which makes bound water relaxation the major resonance
mechanism of interest.

Maxwell-WWagner relaxation

l

Bound water relaxation

Free water relaxation

Permittivity ——

T T T T
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Fig. 1. Graph showing frequency-dependent dielectric properties and major relaxation phenomena of wet soils. &' and &” refer to the
real and imaginary parts of the relative permittivity, respectively, while €”(c) represents the dc conductivity (from Hilhorst and
Dirksen™).

Didlectric permittivity (e*) is acomplex function with real and imaginary componentsandisdefinedas £~ = &' — j&",
where | isthe square root of -1. Thereal part (¢') is often expressed as the rel ative permittivity (g;), which istheratio of
the dectric-field storage capacity to that of free space'. The relative permittivity is a frequency dependent variable and
decreases with increasing frequency™. Theimaginary part (€”) of the dielectric permittivity is usually expressed in terms
of dielectric losses, which include dispersive losses, as well as free-water relaxation and bound-water relaxation losses
(Fig. 1).

At frequencies below 1 to 1.5 GHz €* is only weakly frequency dependent’® and dielectric losses are generally low.
However, at these low frequencies €' and € are very sensitive to changes in soil water conductivity above about 10
mSm™® ¥, At frequencies below around 50 MHz &* depends strongly on soil type® ?*. At frequencies above about 1 to
1.5 GHz the dielectric losses increase with increasing water content, even for low conductivity val ues'™.

Several studies document measurements of frequency dependent didectric soil properties® **1*?** (Table 1). Theresults
from these measurements show that is difficult to describe the relationship between textural characteristics and the
frequency dependent complex dielectric properties of soils using one single moddl.
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Table 1. Characteristics of some studies that document measurements of frequency dependent dielectric soil properties.

Name and reference Frequency range (GHz) Input®  # of [soils] & samples  Soil types

Wensink'® 0.001-3 6 11 Clay, Silt, Peat

Knoll*® 0.0001, 0.001, 0.01 Va, 6 11 artificial mixtures of Sand and Clay
Heimovaara®® 0.001-0.15 6 3 USDA": SiL, LSa, SiCIL

Curtis® 0.45-26.5 Tw, & [12] 30° USDA": Sa, SaL, Si, SiCl, SiCIL, CI
Nguyen'? 1-0.75 i 1 Sand

#.volumetric water content, v,: volume air fraction in soil, T,,: soil water temperature.
PUSDA texture classification®.
€J.0. Curtis, personal communication, March 2005.

3. LITERATURE REVIEW

3.1. Phenomenological models

Phenomenological model's such as Cole-Col€”® and Debye® relate characteristic relaxation times to frequency dependent
behavior of a material. These models allow for assessment of complex dielectric properties for specific frequencies. The
Cole-Cole relaxation model describes the induced polarization effects as a function of frequency. The complex dielectric
permittivity can be described as** %

sD(f):{sw+ &~ & }—jadc [1]

1+(if [ fa) 7 | 27

where g5 and ¢,, are the gtatic value of the dielectric permittivity and the high-frequency limit of the real didectric
permittivity, respectively. For H,O &5 and &, equal 80 and 4.22, respectively, depending on temperature. & is the
dielectric permittivity of free space (8.854-10% F/m)*. f.q is the dielectric relaxation frequency of the material (17.1
GHz for water® %), oy isthe electrical conductivity and £ is an empirical parameter to describe the spread in relaxation
frequencies, which increases with the complexity of the mixture. For distilled water, or other pureliquidswith asingle
relaxation frequency, S is zero, resulting in the original Debye model?’. For tap water and moist sandy soils g is 0.0125

and 0.3 according to Heimovaara™ and Roth et al.*, respectively. Some other values for 4 are reported in literature®>¢,

According to the Cole-Cole model the complex resistivity or impedance can be expressed as* **:

R(w) = Ro{l— n{l—mj} , [2]

where R, is the dc resigtivity, mis a variable (0.1-1.0) depending on the mineral content, o isthe (radial) frequency, t
(range 10*-10) is the time constant, and c is a variable (0.2-0.6) depending on the grain size distribution. Roth et al.
report avalue of 8 for 7in moist sandy soils™. 7 values for different materials have been reported in the literature®*.

As seen from the formulations above phenomenol ogical models need recalibration for each specific material. Therefore,
it isdifficult to use these model s to describe the dielectric differences between varying soil types.

3.2. Volumetric models

Volumetric models describe the dielectric properties of a soil based on the relative amounts of the different soil
congtituents and their individual dielectric characteristics. The basic input parametersto all modelsinclude solid matter,
pore space, and volumetric water content. Depending on the model, input variables such as organic matter and bound
water may provide additional accuracy for specific conditions. Usually, frequency dependenceis not taken into account.
The models have been calibrated, for example, by time-domain reflectometry. Over the years different volumetric
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mixing models have been proposed® % 32 that can be grouped in different types such as Arithmetic Average,
Harmonic Average, Liechtenecker-Rother, and Time-Propagation™'. The Complex Refractive Index (CRI) model or
exponential model, which is based on the Liechtenecker-Rother model, is one of the most popular methods® *’. The CRI
model for amaterial with n components can be written as.

n
Em = ZVi &' (3]
=

where v; is the volume fraction of the i™ soil constituent, and « is an empirical variable (0.5 according to some
authors®®?% 37 4% The scaling factor o gives CRI and other volumetric mixing models a semi-empirical nature. The o
parameter can theoretically vary from —1 to +1 but for multiphase mixtures such as soils values between 0.4 and 0.8 have
been found*. Other values for o reported in the literature are 0.33* %, 0.46 for three-phase systems™ and 0.65 for four-
phase systems including bound water®. Several attempts have been made to give a more physical basis to the scaling

factor®®*’ It has been shown that the value of a also (inversely) correlates with the measurement frequency™.

Anocther volumetric mixing model is the Maxwell-De Loor model®, which assumes disc-shape inclusions with random

distribution and orientation. This model has been used to describe didlectric properties of four-phase mixtures (em)
i 39, 42,

using™ "

_ v, 2 1
Em_£h+Z§(£i_£h)z W - (4]

j=

Here, &, &, and &, are the dielectric permittivity of the host medium (solids), the permittivity of the inclusions, and the
effective permittivity near boundaries, respectively, v; represents the volume fraction of the inclusions, and A; refers to
the depol arization ellipsoid factors.

Recently, a new volumetric mixing equation based purely on the depolarization factors of different soil constituents has
been introduced® “®. This model has a strong theoretical basis and tries to overcome some problems that exist in other
volumetric mixing models. In this approach the measured dielectric permittivity is related to the volume-weighted sum
of the permittivities of the individual material congtituents. A depolarization factor (S is introduced to account for
eectric-field refractions at the material interfaces. In this mixing equation:

n

(e-1)=> (s -1sv, [5]

i=1

wherev; isthe volume fraction of thei™ soil constituent, Sisrelated to the dectric field refraction in soil, which isin turn
afunction of the shape and surface roughness of the grains. Theoretically, the depolarization factor can be calculated for
all materials but currently thisis only possible for homogeneous materials with regular-shaped grains.

3.3. (Semi-) Empirical models

Empirical models are mathematical descriptions of the relationship between dielectric properties and other
characteristics of a medium, especially volumetric water content and texture information. There is not necessarily a
physical basis for the mathematical description. Therefore, an empirical model may only be valid for the data that were
used to develop the relationship. Many empirical models have originated in the field of time-domain reflectometry
(TDR), and were originally used to predict the soil water content from the vel ocity of electromagnetic signalsalong TDR
probesin the soil.

The classic Topp-model*® uses a third order polynomial to describe the relation between soil volumetric water content
(¢) and bulk or apparent relative permittivity (K,) for measurements taken below the relaxation frequency of water:
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K, =3.03+9.39 +1466° - 76.76° [6]

The regression is an average of TDR measurements integrated over a frequency range of 1 MHz to 1 GHz for several
soils and has proved very successful for a wide range of different soils and soil moisture conditions. Ledieu et al.*
propose alinear relationship between soil water content and K,, which can be used to expand the Topp-modd for higher
water contents. The mode functions especially good for frequencies around 100 MHz*°. At higher frequencies and
moi sture contents close to saturation (9~0.4) the Topp-model over-predicts the bulk relative permittivity by up to 20%™.
At very low water contents the Topp-model does not perform well, especially for soilswith alarge clay content™ .

There exist various empirical models similar to equation [6] that are suitable for specific soil conditions. The bulk
density has a profound effect on the relation between 6 and K2* °2 %3, Sails high in organic matter usually have a lower
bulk density. Conversion functions have been proposed to account for the bulk density and porosity variations between
organic and mineral soils*. Dielectric measurements of samples high in organic matter content show that equation [6]
may under-predict 6 by about 30%. An alternative function has been proposed to account for this effect®. Clay content
can have a significant effect on the relation between The presence of aligned ellipsoidal particles, for examplein bedding
planes of sedimentary deposits, also has an effect on the effective permittivity™.

Brisco et al. present results for measurements with a field portable dielectric probe (PDP) at different frequencies
ranging from 0.45 to 9.3 GHz>'. The measurement variability israther large and the number of soils studied issmall. As
a result, the third-order polynomial functions that are presented for each frequency may contain a significant error. At
frequencies below around 50 MHz the diel ectric permittivity depends strongly on soil type. Based on measurements of 6
soilsat 1, 5, and 50 MHz it is shown that at the lower frequencies the soil type has a strong impact on both &’ and &” %%,
Third-order polynomial functions for the data measured at 1 MHz and 50 MHz are given®®. Also data are presented that
show the effects of changes in volumetric water content and soil water temperature on the relationships between

frequency (1-50 MHz) and &*.

Artificial Neural Networks (ANN’s) provide an alternative means of determining the relationship between water content
and bulk relative permittivity of soil empirically, either directly®® or indirectly®®. Using 10 samples (sand, loamy sand,
sandy loam, sandy clay loam) from 5 different soilsin Denmark Persson et al. demonstrate that ANN's can improve the
accuracy of predicting this relationship®™. ANN’s do not produce a universal predictive model and need to berecalibrated
for each new sample set.

Semi-empirical models are powerful and useful hybrids between empirical models and volumetric models. These models
often use a volumetric mixing modd astheir base and have been calibrated for a specific set of soils. The modelsinclude
information of physical background of dielectric behavior® “* “® © They are sometimes able to describe frequency
dependent behavior, but may only be valid for the data that were used to develop the relationship. The modes by
Dobson® and Peplinski® use input of the percentage of clay and sand in a soil, as well as the volumetric water content
and bulk density to calculate the complex frequency dependent properties of field soils. The model by Hilhorst* uses
Debye relaxation parameters, the soil matric pressure, which isrelated to textural characteristics®®, and a semi-empirical
parameter (S, see equation [5]) to calculate the complex frequency dependent soil properties.

4. SUMMARY

The choice for which modd to use depends on the desired level of detail. Table 2 presents a summary of available
dielectric mixing methods. Most mixing and empirical models require few input parameters. Using basic information,
availablein soil and meterological databases, it is often possible to make good statements on the soil dielectric properties
of a general area using these simple models*. Semi-empirical models such as those by Dobson et al.*°, Peplinski et al.™,
and Hilhorst* can provide additional information on for example frequency-dependent soil properties but require input
variables not always available in databases. Additional field or laboratory measurements are necessary when information
is needed on temporal or small-scale spatial variability in soil dielectric properties.
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Both Dobson et al.** and Bohl and Roth* compare a number of mixing models for predicting the rel ationships between
soil water content and dielectric soil properties. It is concluded that simple three- and four-phase CRI mixing models are
adequate to describe mineral soils™. For organic soils (definition: http://www.soils.org/sssagloss/) only four-phase
mixing models and the Maxwell-De Loor model provide good results.

5. CONCLUSION

We have presented a literature review of available methods for prediction of dielectric properties of field soils. The
available methods have been grouped into phenomenological, volumetric, and (semi) empirical models and we have
presented the major characteristics of the different groups. Relatively few approaches are as detailed yet easy to
implement as the models by Dobson et al.* and Peplinski et al.®*. Their models are based on measurements of a
significant number of samples and include a physical base that allows for calculation of frequency dependent soil
properties. The main flaw in their modelsis the poor overlap between both models around the zone of 1.3 GHz®. Thisis
especially problematic because many electromagnetic sensors for the detection of buried objects operate in or near this
frequency range. We suggest additional measurements in this frequency range would be very helpful to improve
understanding of the frequency dependent soil characteristics.

ACKNOWLEDGMENTS

The work at New Mexico Tech has been funded by a grant from the Army Research Office (DAAD19-02-1-027). We
thank Dr. Marcel Schaap of the U.S. Salinity Laboratory for several useful suggestions.

5794-54 V. 3 (p.6 of 10) / Color: No / Format: Letter / Date: 2005-03-24 09:16:38

SPIE USE: DB Check, Prod Check, Notes:



"G00Z Yote |\l ‘uo 720 lUNWILIod _mCOw._OQ iS1iie) ‘Ol

"|los o1ueblo 'SQ,
‘WeoT IS IS ‘weo

fep Ais 11101S “AeD AIS 11D1S ‘weo 17 ‘weo AefD 111D Aeld 110 ‘weo AejD Apues 17|0eS ‘WeoT Apues 1 Tes ‘pues ES ‘,UoIIljIsse o ainixel vYasn,

“Jusuodwiod |10S 1 JO Joioey Loiiez ke (odap 5 ‘9.nssaud oLrew d ‘A1ANONPUCD 211108 B Ip SAINDBYS Po ‘Aousnba.y sriunul

e Ainmiwied oupspIp :*3 ‘Alamiwied dupPs pIP 21FeIs Sz ‘Aliamiwied 01198 pIP X9 |dwod : .3 ‘Alinmiwied o1 pIp Jo 1ed Aruifew : 2 ‘Alamiwied o1 pIP
40 1eed fea @2 ‘Jusuodwiod fi0s 1 40 Anamiwied oLPBRIP '3 ‘SapuUBNbRIY UoIeXR R Ul peslds 1ff ‘S|celien [eoLIdWe v ‘|I0S Ul UONJeI P1IOS SWINIOA A ‘|I0S
Ul uofiJel) JoTem 8314 3WN|OA ™A ‘[10S Ul Uo1IJel) JBTeM punog aWwN|oA A ‘110S Ul UOTIJel) Jle SWNIOA A “BTem [10S JO ainfeladwiel M JUSIU0D JoTeM I LIIBLUNOA
16 'Sp110s Jo Ausuep X Inqg :°d ‘Aususp Y Ing Aip % ‘Auamiwied sale el eledde ®y ‘05 B1RW JILEBIO WO ‘%% IS 1IS ‘0% PUBS BS ‘9 A2 1D Uesl Sjoquifs,
2L 1dwe-jwies (gg) pue ‘el idus (eg) d1BWN|OA () ‘eoifojouswouayd (T) 01 je sadAl PPo N,

(€) Ae1D pue (1) pues aind T-T0°0 [ pue . 5 wd or e .
. . T A A , ot I e ¢ A BA - dwsa-1was 1sioy|l
+12IS 11D OIS 10 Tes IS 'vdsn m L Josuss a4 ¢0'0 77 194 A foz 2 001-1000| Qe 8v : 1S/0UIH
Ke1D ‘YIS ‘puesS JO saINXIW 1oy 14 14 €T-€0| ¥ '3'? Y'Yy es ‘10 €T-€0| qe odwe-iwas pisuidad
10I1S “71IS 1 'Tes :vasn ] ] 8T-¥'T| ¥0 ‘277 dio eS ‘|0 8T-¥'T| Q¢ meEw._Eom uosqgog
710eS ‘Tes ‘esT ‘es :vadsn ot ] abuel dad | Y| wo vy es'Is|o -| eg 65NNV UOSSIad
,092-00C¢ S.-0S T-T0 Y| g - T'S0‘T0| ®eg 0sSHNO
SO ‘I2IS 110IS .
abuel ° - -l e DoIe
“US 110 D “0eS “fes oS -vasn  VE 81 dal| B} 2 € a8 POl
Ke|o ‘NS ‘pues 9 9 G0'0-T00°0 Y| g - G0'0 ‘T000| ®eg mm__mn_n_EmU
SO I0IS IS
abuel - -l e w 0
1710 ‘1D “110eS BS1 “Tes ‘es ivdsn 81 6 HaLf av_ ¢ € 20 10
SO q 1 abues 4al | ey Il - -l eg 4WO YreJjxisH
101S 710 Tes :vasn € € €6'€'S‘GZT 'Sr0 Y| g - €6'€9'GZT'Sr0| eg ,cddd 0dsug
é é abues ¥al | Y] 9 - -l eg &, E3UIl NBIPaT
|1DIS “1IS “1IS 1 “TeS :vasn S S 8T-¥'T 23 L] eS ‘|0 (lourg) 8T-¥'T| ee yzuaueleH
0710 “Tes :vasn v z T-T00°0 | Y o - -| ee groIsse|o ddo
- - - 03 'S A ‘N >l oSI0UlIH
SO esT0IS o mgp ¢ .
. . e A e ¢ . abuel D B Map W SA BA - 1007 8@-|yo
T2IS 711I0eS IS 1 7110 'S Tes ivdsn ve a1 HaLf av_ ¢ 21001901408
SO esT10IS ‘o MQp (Ao ¢
. . PR . abuel D g M WA SA ‘B - 0
T2IS 711I0eS IS 1 7110 'S Tes ivdsn ve a1 HaLf av_ ¢ IV OE 1408
¥ead ‘es[0IS IS 1110 “Tes vasn €T ot abuel dad | Y| 6 "L SA BN - Z 029€ Wiod
12I1S IS 71IS 7 'Tes :vasn ] ] 8T-V'T 33 3 Map A SA BN 8T-V'T 4 610071 9d-uosqog
é é Sv'T 33 Iz ‘Map M SA ‘BA ol 2 o) Bue p
Ae|D snuojuag ‘suoisawi] paysniy 2 0 9v = RN SA BN -1z 1€ dorydIg
R - - | Wp ‘33| g Py B e s - ol T 21009100
R B _ o| 1o 3z _wc ‘0z oz ‘sz - o) T NNQ\AQQD
,S8dAy los ss|dures  sjios (zHO) abueu } IENe eI EN (zHo) abuel | 8dk]  8dualsjel pUE BWEN
jo# jo#
Jo} parelqired 4ndino Sndul

'S|PPOW BUIXILU 91138 B 1P JO MBIAIBAQ 'Z S[GeL

Please verify that (1) all pages are present, (2) all figures are acceptable, (3) all fonts and special characters are correct, and (4) all text and figures fit within the

margin lines shown on this review document. Return to your MySPIE ToDo list and approve or disapprove this submission.

Prod Check, Notes:

DB Check,

5794-54 V. 3 (p.7 of 10) / Color: No / Format: Letter / Date: 2005-03-24 09:16:38

SPIE USE:



Please verify that (1) all pages are present, (2) all figures are acceptable, (3) all fonts and special characters are correct, and (4) all text and figures fit within the
margin lines shown on this review document. Return to your MySPIE ToDo list and approve or disapprove this submission.

REFERENCES

1 Hendrickx, JM.H., R.L. Van Dam, B. Borchers, J.O. Curtis, H.A. Lensen, and R.S. Harmon. Worldwide
distribution of soil dielectric and thermal properties. in Detection and Remediation Technol ogiesfor Minesand
Minelike Targets VIII. Orlando: SPIE 2003.

2. Bauters, T.W.J., T.S. Steenhuis, D.A. DiCarlo, J.L. Nieber, L.W. Dekker, C.J. Ritsema, J.Y. Parlange, and R.
Haverkamp, Physics of water repellent soils. Journal of Hydrology. 231: p. 233-243, 2000.
3. Hendrickx, J.M.H., B. Borchers, J. Wooldayer, L.W. Dekker, C. Ritsema, and S. Paton. Spatial variability of

dielectric propertiesin field soils. in Detection and Remediation Technol ogies for Mines and Minelike Targets
VI. Orlando: SPIE 2001.

4, Wilson, D.J., A.W. Western, R.B. Grayson, A.A. Berg, M.S. Lear, M. Rodell, J.S. Famiglietti, R.A. Woods,
and T.A. McMahon, Spatial distribution of soil moisture over 6 and 30 cm depth, Mahurangi river catchment,
New Zealand. Journal of Hydrology. 276(1-4): p. 254-274, 2003.

5. Jackson, T.J., Effects of soil properties on microwave dielectric constants. Transportation Research Board. p.
126-131 1987.

6. Hilhorst, M.A., C. Dirksen, F.W.H. Kampers, and R.A. Feddes, New dielectric mixture equation for porous
materials based on depolarization factors. Soil Science Society of America Journal. 64: p. 1581-1587, 2000.

7. Miyamoto, T., T. Annaka, and J. Chikushi, Extended dual composite sphere model for determining dielectric
permittivity of andisols. Soil Science Society of America Journal. 69: p. 23-29, 2005.

8. Maxwell-Garnett, J.C., Color in metal glasses and metal films. Trans. R. Soc. London. 203(Ser. A): p. 385-420,
1904.

9. Sen, P.N., C. Scala, and M.H. Cohen, A self-similar model for sedimentary rocks with application to the

dielectric constant of fused glass beads. Geophysics. 46: p. 781-795, 1981.

10. Friedman, S.P., A saturation degree-dependent composite spheres model for describing the effective dielectric
constant of unsaturated porous media. Water Resources Research. 34(11): p. 2949-2961, 1998.

11. Martinez, A. and A.P. Byrnes, Modeling diel ectric-constant values of geologic materials. an aid to ground-
penetrating radar data collection and interpretation, in Current Research in Earth Sciences. Kansas Geol ogical
Survey. p. 16 2001.

12. Nguyen, B., A.M. Geds, J. Bruining, and E.C. Slab, Calibration measurements of dielectric properties of
porous media, in SPE Annual Technical Conference and Exhibition, A.C. Dubey, et al., Editors. Society of
Petroleum Engineers: San Antonio, TX. p. 930-941 1997.

13. Santamarina, J.C. and M. Fam, Dielectric permittivity of soils mixed with organic and inorganic fluids (0.02
GHzto 1.30 GH2). Journal of Environmental and Engineering Geophysics. 2(1): p. 37-52, 1997.

14. Hilhorst, M.A. and C. Dirksen. Dielectric water content sensors: time domain versus frequency domain. in
Time Domain Reflectometry in environmental, infrastructure and mining applications. Evanston, Illinois:
United States Department of Interior Bureau of Mines 1994,

15. Powers, M.H., Modeling frequency-dependent GPR. The Leading Edge. 16(11): p. 1657-1662, 1997.

16. Topp, G.C., JL. Davis, and A.P. Annan, Electromagnetic determination of soil water content: measurementsin
coaxial transmission lines. Water Resources Research. 16(3): p. 574-582, 1980.

17. Davis, J.L. and A.P. Annan, Ground-penetrating radar for high resolution mapping of soil and rock
stratigraphy. Geophysical Prospecting. 37: p. 531-551, 19809.

18. Wensink, W.A., Dielectric properties of wet soilsin the frequency range 1-3000 MHz Geophysical
Prospecting. 41: p. 671-696, 1993.

19. Knall, M.D. and R. Knight. Relationships between dielectric and hydrogeol ogic properties of sand-clay
mixtures. in 5th International Conference on Ground Penetrating Radar. Kitchener, Ontario, Canada: Waterloo
Centre for Groundwater Research 1994.

20. Roth, K., R. Schulin, H. FlUhler, and W. Attinger, Calibration of time domain reflectometry for water content
measurement using a composite dielectric approach. Water Resources Research. 26(10): p. 2267-2273, 1990.

21. Smith-Rose, R.L., The electric properties of soil at frequencies up to 100 MHz. Proceedings Physical Society
London. 47: p. 923, 1935.

5794-54 V. 3 (p.8 of 10) / Color: No / Format: Letter / Date: 2005-03-24 09:16:38

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are acceptable, (3) all fonts and special characters are correct, and (4) all text and figures fit within the
margin lines shown on this review document. Return to your MySPIE ToDo list and approve or disapprove this submission.

22, Heimovaara, T.J., W. Bouten, and JM. Verstraten, Frequency domain analysis of time domain reflectometry
waveforms 2. A four-component complex dielectric mixing model for soils. Water Resources Research. 30(2): p.
201-209, 1994.

23. Curtis, J.O., C.A. Weiss J., and J.B. Everett, Effect of soil composition on complex dielectric properties. U.S.
Army Corps of Engineers, Waterways Experiment Station: Vicksburg, MS. p. 59 1995.

24, Hallikainen, M.T., F.T. Ulaby, M.C. Dobson, M.A. El-Rayes, and L. Wu, Microwave dielectric behavior of wet
soil - Part I: empirical models and experimental observations. |EEE Transactions on Geoscience and Remote
Sensing. GE-23(1): p. 25- 34, 1985.

25, Staff, S.S., Soil taxonomy: A basic system of soil classification for making and interpreting soil surveys. SCS-
USDA, U.S. Gov. Print. Office: Washington, DC 1994,

26. Coale, K.S. and R.H. Cole, Dispersion and adsorption in dielectrics! alternating current characteristics. Journal
of Chemical Physics. 9: p. 341-351, 1941.

27. Debye, P., Polar Molecules. New Y ork: Dover Publ., 1929.

28. Jones, S.B. and D. Or, Frequency domain analysis for extending time domain reflectometry water content
measurement in highly saline soils. Soil Science Society of America Journal. 68: p. 1568-1577, 2004.

29. Hasted, J.B., Aqueous dielectrics. London: Chapman and Hall. 302, 1973.

30. Heimovaara, T.J., Frequency domain analysis of time domain reflectometry waveforms 1. Measurement of the
complex dielectric permittivity of soils. Water Resources Research. 30(2): p. 189-199, 1994,

31. Roth, F., P. van Genderen, and M. Verhaegen. Analysis of the Influence of Mine and Soil Properties on
Features extracted from GPR Data. in Detection and Remediation Technologies for Mines and Minelike
Targets VI. Orlando, FL: SPIE 2001.

32. Sheriff, R.E., Encyclopedic Dictionary of Applied Geophysics. 429 ed, ed. E.F. Scherrer. Tulsa, OK: Society of
Exploration Geophysicists, 2002.

33. Piggott, S.D., J.D. Redman, and A.L. Endres. Frequency dependence in the complex resigtivity of Ottawa sand
containing water-air and water-NAPL mixtures. in Symposium on the application of geophysicsto engineering
and environmental problems. Arlington, VA: Environmental and Engineering Geophysical Society 2000.

34, Iben, I.E.T., W.A. Edelstein, and P.B. Roemer, Dielectric properties of soil: application to radio frequency
ground heating. General Electric Company. p. 33 1996.

35. Olhoeft, G.R. and S.S. Smith I11. Automatic processing and modeling of GPR data for pavement thickness and
properties. in GPR2000, 8th International Conference on Ground Penetrating Radar. Gold Coast, Austraia:
SPIE 2000.

36. Stillman, D.E. and G.R. Olhoeft. EM Properties of Magnetic Minerals at RADAR Frequencies. in Workshop on
radar investigations. Houston, TX 2005.

37. Birchak, JR., C.G. Gardner, J.E. Hipp, and J.M. Victor, High dielectric constant microwave probesfor sensing
soil moisture. Proceedings of the Ingtitute of Electrical and Electronics Engineers. 62 p. 93-98, 1974.

38. DeLoor, G.P., Dielectric properties of heterogeneous mixtures containing water. Journal of Microwave Power.
3(2): p. 67-73, 1968.

39. Dobson, M.C., F.T. Ulaby, M.T. Hallikainen, and M.A. El-Rayes, Microwave dielectric behavior of wet soil -
Part I1: dielectric mixing models. |EEE Transactions on Geoscience and Remote Sensing. GE-23(1): p. 35-46,
1985.

40. Wang, JR. and T.J. Schmugge, An empirical model for the complex dielectric permittivity of soilsasa function
of water content. IEEE Transactions on Geoscience and Remote Sensing. GE-18: p. 288-295, 1980.

41, Tinga, W.R., W.A.G. Voss, and D.F. Blossey, Generalized approach to multiphase dielectric mixture theory.
Journal of Applied Physics. 44: p. 3897-3902, 1973.

42 Bohl, H. and K. Roth. Evaluation of dielectric mixing models to describe the & ¢)-relation. in Time Domain
Reflectometry in environmental, infrastructure and mining applications. Evanston, Illinois: United States
Department of Interior Bureau of Mines 1994.

43. Heimovaara, T.J., Time domain reflectometry in soil science: theoretical backgrounds, measurements and
models, in Physical Geography. Universiteit van Amsterdam: Amsterdam. p. 169 1993.

44, Jacobsen, O.H. and P. Schjonning. Comparison of TDR calibration functions for soil water determination. in
Time-Domain Reflectometry Applicationsin Soil Science, Proceedings of the Symposium. Tjele, Denmark 1995.

45, Zegdin, S.J. and |. White. Calibration of TDR for applicationsin mining, grains and fruit storage and
handling. in Time Domain Reflectometry in environmental, infrastructure and mining applications. Evanston,
Illinois: United States Department of Interior Bureau of Mines 1994,

5794-54 V. 3 (p.9 of 10) / Color: No / Format: Letter / Date: 2005-03-24 09:16:38

SPIE USE: DB Check, Prod Check, Notes:



Please verify that (1) all pages are present, (2) all figures are acceptable, (3) all fonts and special characters are correct, and (4) all text and figures fit within the
margin lines shown on this review document. Return to your MySPIE ToDo list and approve or disapprove this submission.

46. Landau, E.D. and E.M. Lifshitz, Electrodynamics of continuous media. New Y ork: Peergamon, 1960.

47. Zakri, T., J. Laurent, and M. Vauclin, Theoretical evidence for [JLichtenecker Js mixture formulaell based on
the effective medium theory. J. Phys. D: Appl. Phys. 31: p. 1589011594, 1998.

48. Hilhorst, M.A., Dielectric characterisation of soil. Wageningen Agricultural University: Wageningen. p. 141
1998.

49, Ledieu, J., P. De Ridder, P. De Clerck, and S. Dautrebande, A method of measuring soil moisture by time-
domain reflectometry. Journal of Hydrology. 88: p. 319-328, 1986.

50. Curtis, J.O., Moisture effects on the dielectric properties of soils. |IEEE transactions on geoscience and remote
sensing. 39(1): p. 125-128, 2001.

51. Dirksen, C. and S. Dasberg, Improved calibration of time domain reflectometry for soil water content
measurements. Soil Science Society of America Journal. 57: p. 660-667, 1993.

52. Roth, C.H., M.A. Malicki, and R. Plagge, Empirical evaluation of the relationship between soil dielectric
constant and volumetric water content as the basisfor calibrating soil moisture measurements by TDR. Journal
of Soil Science. 43: p. 1-13, 1992.

53. Curtis, J. and R. Narayanan, Effects of laboratory procedures on soil electrical property measurements. |EEE
transactions on instrumentation and measurement. 47(6): p. 1474-1480, 1998.

54. Malicki, M.A., R. Plagge, and C.H. Roth, Improving the calibration of dielectric TDR soil moisture
determination taking into account the solid soil. European Journal of Soil Science. 47: p. 357-366, 1996.

55. Herkelrath, W.N., S.P. Hamburg, and F. Murphy, Automatic, real-time monitoring of soil moisture in a remote
field area with time domain reflectometry. Water Resources Research. 27(5): p. 857-864, 1991.

56. Jones, S.B. and S.P. Friedman, Particle shape effects on the effective permittivity of anisotropic or isotropic
media consisting of aligned or randomly oriented ellipsoidal particles. Water Resources Research. 36(10): p.
2821-2833, 2000.

57. Brisco, B., T.J. Pultz, R.J. Brown, G.C. Topp, M.A. Hares, and W.D. Zebchuck, Soil moisture measurement
using portable dielectric probes and time domain reflectometry. Water Resources Research. 28(5): p. 1339-
1346, 1992.

58. Campbdl, JE., Dielectric properties and influence of conductivity in soils at one to fifty megahertz. Sail
Science Society of America Journal. 54: p. 332-341, 1990.

59. Persson, M., B. Sivakumar, R. Berndtsson, O.H. Jacobsen, and P. Schjanning, Predicting the dielectric constant
- water relationship using artificial neural networks. Soil Science Society of America Journal. 66: p. 1424-
1429, 2002.

60. Van Dam, R.L., E.H. Van Den Berg, M.G. Schaap, L.H. Broekema, and W. Schlager, Radar reflections from
sedimentary structuresin the vadose zone, in Ground Penetrating Radar in Sediments, C.S. Bristow and H.M.
Jol, Editors. Geological Society: London. p. 257-273, 2003.

61. Peplinski, N.R., F.T. Ulaby, and M.C. Dobson, Dielectric properties of soilsin the 0.3-1.3 GHz range. |EEE
Transactions on Geoscience and Remote Sensing. 33: p. 803-807, 1995.

62. Koorevaar, P., G. Mendik, and C. Dirksen, Elements of soil physics. Developmentsin soil science, ed. A.E.
Hartemink and A. McBratney. Vol. 13: Elsevier. 242, 1983.

63. Miller, T.W., B. Borchers, JM.H. Hendrickx, S. Hong, L.W. Dekker, and C. Ritsema. Effects of soil physical
properties on GPR for landmine detection. in Fifth International Symposium on Technology and the Mine
Problem 2002.

5794-54 V. 3 (p.10 of 10) / Color: No / Format: Letter / Date: 2005-03-24 09:16:38

SPIE USE: DB Check, Prod Check, Notes:



