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Abstract

I performed controlled flooding experiments on a loamy sand dike model at the Theodor-
Rehbock laboratory of the Institute for Water and River Basin Management, University of Karl-
sruhe, Karlsruhe, Germany with the guided wave sounding (GWS) method, an invasive applica-
tion of the ground penetrating radar (GPR) using 500 MHz and 900 MHz momotatic antennas.
Guided wave reflections from the lower end of a metal rod lowered at 2.5 cm intervals through
an access tube sunk through the dike’s crest gave information about the dielectric properties of
the dike and thus its soil water content distribution. Measured soil water infiltration at different
flooding levels between 0 and 125 cm revealed that the cohesion of soil particles at the contact
zone between soil layers at a depth of about 0.6 m was loose. This occurrence created a prefer-
ential infiltration path along the border zone of the two soil layers resulting in an anomalously
high soil water content of 0.32 m*m™. A breach of this nature in a dike could cause instability
and eventual collapse of the dike structure if it is not early detected and checked. I performed
a second experiment on a full-scale sand dike model at the Federal Waterways and Research
Institute, Karlsruhe, under controlled precipitation conditions using water sprinklers. The ex-
periment revealed that the dike body comprised of a 0.3 m thick organic overburden which had
a relatively higher water storage capacity than the sand layers below. Comparing GWS with
co-located reference measurements using the time domain reflectometry with intelligible mi-
croelements (TRIME TDR) on the two dike models showed comparable soil water distribution
patterns, however, GWS had the advantage of a much higher depth resolution.

I performed a third experiment in the neighbourhood of the Bontioli Faunal Reserve (11° 10" N,
03 ° 05" W) near Dano, Burkina Faso (from August 1-19, 2006) using the combined application
of the wide angle reflection and refraction (WARR) and the common offset (CO) methods of
GPR with 300 MHz bistatic antennas. Soil water information in the near ~ 0.1 m at distance
intervals of 10 cm was acquired along a 1 km long transect. As reference measurements, the time
domain reflectometry (TDR) and frequency domain reflectometry (FDR) probes were buried at
200 m intervals along the transect to sample soil water content data at 10 cm and 20 cm depths
respectively. These 3 ground experiments, i.e. the GPR, TDR and FDR, were designed to map the
spatial heterogeneity of soil water content along the 1 km long transect and to serve as reference
experiments for a satellite system with a horizontal spatial resolution of 25 km.

The GPR method, revealed strong heterogeneities in both spatial and temporal soil water con-
tent distribution, an information not covered by the discrete point measurements offered by TDR
and FDR. Geostatistical analyses of the spatial soil water content distribution showed a corre-



lation length between 50—102 m. This meant that TDR- and FDR-derived soil water content
information which were acquired at distance intervals of 200 m were uncorrelated. Soil water
content in Dano, Burkina Faso, West Africa during the raining season show strong spatial hetero-
geneity and spatial variability. It shows strong correlation with precipitation and no correlation
with evaporation. Considering the strong heterogeneity in the spatial soil water content distri-
bution pattern in Dano (which point measurements fail to explain), the larger volume of GPR
data (> 9000 as compared to 6 from discrete point measurements) and the additional errors in-
troduced by the invasive character of point measurements, I see GPR-derived soil water content
as the more appropriate ground truth for comparison with satellite measurements than that from
discrete point measurements. GPR has further advantages over discrete point measurements for
being quasi-continuous, non-invasive and fast.

Vi
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Zusammenfassung

Das Hauptthema dieser Arbeit ist die Charakterisierung der Bodenfeuchte in der ungesittigten
(vadosen) Zone mit Hilfe des Bodenradars (ground penetrating radar, GPR). Es wurden kontrol-
lierte GPR Experimente an Deichmodellen sowie Feldexperimente in der halb-trockenen Burkina
Faso Region in Westafrika durchgefiihrt. Mit GPR misst man die Ausbreitungsgeschwindigkeit
von elektromagnetischen Wellen durch den Boden und bestimmt daraus den dielektrischen Koef-
fizienten des Bodens. Mit Hilfe einer Kalibrationsgleichung kann dann der Feuchtegehalt des Bo-
dens bestimmt werden. Die allgemein anerkannte Kalibrationsgleichung von Topp et al. (1980)
wurde angewandt, um den Bodenwassergehalt durch dielektrische Koeffizientenmessungen zu
bestimmen. Alle Daten wurden mit der Reflexw Software prozessiert.

Der erste Teil der Arbeit befasst sich mit Infiltrationsexperimenten an einem Deichmodell
(8,0m x 2,2m X 1,4m). Hierzu wurde die Guided Wave Sounding (GWS) Methode ange-
wandt, eine invasive Anwendung der GPR Technik mit einer 500 MHz Antenne. Zum Vergleich
mit GPR-hergeleiteten Bodenwassermessungen wurden an der gleichen Stelle des Deichmodells
Messungen mit der Time Domain Reflectometry mit Intelligible Microelements (TRIME-TDR)
Methode durchgefiihrt. Diese Experimente fanden am Kamm des Deichs statt. Wihrend des Ex-
periments wurde das Deichmodell bis zu verschiedenen Wasserstinden zwischen 0 und 1,25 m
geflutet. Bei jedem Wasserstand wurde die Wasserverteilung im Deich auf Grund von Infiltration
untersucht. Der Zeitabstand zwischen den Messungen betrug 24 Stunden, um zu gewihrleisten
dass der Deich einen quasi-stationdren Zustand erreicht hatte. Die Resultate aus den Infiltrations-
experimenten an den Deichmodellen zeigten, da die Randzone zwischen 2 Bodenschichten in
einer Tiefe von ca. 0,6 m den groBten Wassergehalt mit 0,32 m*m™ anzeigte. Diese Anoma-
lie ist hochstwahrscheinlich auf mangelnde Kohésion der Bodenpartikel in dieser Zone zuriick-
zufiihren, wobei ein bevorzugter Wasserinfiltrationspfad in dieser Zone erzeugt wurde. Parallele
Experimente auf dem 2 m langen Deichkamm wurden mit der Common Midpoint (CMP) Meth-
ode mit einer 900 MHz Sende- bzw. einer 500 MHz Empfingerantenne durchgefiihrt. Die CMP
Methode zeigte eine geringere Auflosung als die GWS Methode und der Vergleich der Feuchte-
daten beider Methoden ergab einen mittleren Abweichung von 0,06 m*m~. Die Datenerfassung
und -verarbeitung der CMP Methode sind sehr arbeits- und zeitintensiv. Dies macht die Methode
besonders fiir Feldexperimente uninteressant.

Weitere Experimente dieser Arbeit wurden an einem realititsgetreuen Deichmodell durchge-
fiihrt. Dieses Modell wurde mit Wassersprengern kontrolliert beregnet. Fiir die Experimente
wurde die GWS Methode angewandt und auf der nassen Oberfliche des Deichmodells durchge-
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fiihrt. Es wurden 2 Bodenwasserverteilungsphasen untersucht direkt vor und nach 72-stiindiger
Beregnung. Die Resultate der Experimente ergeben, dass die oberste Schicht von 0,3 m den
hochsten Wassergehalt aufweist. Innerhalb dieser Schicht nimmt der Bodenwassergehalt mit
der Tiefe ab. Unterhalb der obersten Schicht bis zu einer Endtiefe von etwa 1,6 m nimmt der
Wassergehalt hingegen wieder zu. Die Bodenschicht zwischen Oberfldche und etwa einer Tiefe
von 0,3 m reprisentiert eine inhomogene organische Auflage (Boden). Dieser Boden zeichnet
sich im Gegensatz zum unterliegenden Sand durch eine besonders hohe Wasserspeicherkapaz-
itdt aus. Die Zunahme der Bodenfeuchte in den Sandschichten darunter ist auf die Einsickerung
von Wasser aus den oberen Schichten und eine Stauung des Wassers an der Basis des Deiches
zuriickzufiihren.

Zusitzlich zur GWS Methode wurde ein Experiment mit einer hingenden Metallstange (ca. 25
cm Linge und 4,5 cm Durchmesser) durchgefiihrt. Diese Stange wurde durch ein Zugangsrohr
in Abstinden von 5 cm herabgelassen, wobei das GPR im Common Offset (CO) Modus betrieben
wird. Das Experiment lieferte nicht die erwarteten Ergebnisse, da bei bestimmten Tiefenlagen
der Metallstange keine Reflexionen aufgezeichnet wurden. Diese Anomalie wurde moglicher-
weise durch destruktive Interferenz der einfallenden und der reflektierten Welle am oberen Ende
der Metallstange hervorgerufen.

Die Infiltrationsexperimente mit GWS und TRIME-TDR an den beiden Deichmodellen lassen
folgende Schliisse zu:

e Mit GWS und TRIME-TDR bestimmte Bodenfeuchteverteilungen zeigen vergleichbare
Trends mit einer mittleren Abweichung von 0,11 m*m™. Dies geringe Abweichung bei-
der Methoden zeigt, da neben den herkommlichen Methoden zur Bodenfeuchtemessung
wie TRIME-TDR die GWS Methode eine geeignete Alternative zur Erfassung der Bo-
denfeuchte darstellt. Die GWS Methode hat dariiberhinaus den Vorteil einer viel grofleren
Tiefenauflosung. Des weiteren kann der Anwender durch die modale Analyse modellierter
gefiihrter Wellen die Dampfung der elektromagnetischen Wellenausbreitung durch den un-
tersuchten Boden sinnvoll bestimmen.

e Die GWS Methode kann begleitend zu etablierten Methoden wie lokalen Temperaturmes-
sungen, Piezometrik, konventionellem TDR und die Tomographie des spezifischen elek-
trischen Widerstands (ERT) zur Uberwachung von Leckagen in Didmmen verwendet wer-
den, um deren Sicherheit zu gewihrleisten.

Der letzte Teil der Arbeit befasst sich mit Feldmessungen zur Bestimmung der Bodenfeuchte.
Diese wurden in West Afrika in der Nihe des Bontionli Faunal Reserve bei Dano in Burkina Faso
durchgefiihrt. Dabei wurde die scheinbare Bodenwellen Methode (bei welcher GPR zuerst im
Wide Angle Reflection and Refraction (WARR) Modus und spiter im common offset (CO) Modus
angewandt wird) entlang eines 1 km langen Profils mit 2 monostatischen Antennen mit einer
mittleren Frequenz von 300 MHz benutzt. Referenzmessungen wurden mit der konventionellen
time domain reflectometry (TDR) durchgefiihrt. Zusitzlich wurde eine Simple Soil Moisture
Probe (SISOMOP) entlang des Messprofils in 200 m Abstdnden positioniert.
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Die experimentellen Ergebnisse und geostatistischen Eigenschaften von Bodenfeuchtemustern
konnen wie folgt zusammengefasst werden:

e Die scheinbare Bodenenwelle wird im nassen Boden stidrker abgestrahlt als im trockenen
Boden. Dies kann darauf zuriickzufiihren sein, da die kapazitive Kopplung zwischen den
Antennen und dem Boden bei feuchter Oberflidche besser ist als bei trockener Oberflache.

e Der Bodenfeuchtegehalt zeigt starke zeitliche wie auch raumliche Heterogenititen. Die
zeitliche Abweichung wurde durch Niederschlags- und Evapotranspirationsraten bes-
timmt. Die untersuchte Region war im Mittel flach, also spielte die Topographie keine
wesentliche Rolle bei den zeitlichen und rdumlichen Verteilungen.

e Modellversuche der scheinbaren Bodenwellen-Frequenzabhéngigkeit zeigten eine bessere
Abstrahlung und bessere Registrierung bei Hochfrequenzantennen als bei Niedrigfre-
quenzantennen. Fiir geschichtete Medien im schwach niedrigen Frequenzbereich ist die
scheinbare Bodenwellenregistrierung des Empfidngers normalerweise zusammengesetzt
aus mehreren scheinbaren Bodenwellenphasen, die sich entlang der Trennflichen von
geschichteten Medium ausbreiten.

¢ Es konnte keine Korrelation zwischen dem mittleren Bodenfeuchtegehalt und dem Vari-
ationskoeffizienten (CV, Verhiltnis der Standardabweichung zur mittleren Bodenfeuchte)
emittelt werden. Die Anpassung der linearen Regression beider Daten ergab R-quadrat
R? = 0,306. Der F-test lieferte fiir N = 8 und k = 2; F ¢ = 2.64. Dieser Wert ist geringer
als der kritische Wert von 5,99 fiir 95 % Signifikanz. Die Untersuchung zeigt, dass eine
eindeutige Aussage iiber die Beziehung zwischen dem mittleren Bodenfeuchtegehalt und
dem Abweichungskoeffizienten nicht moglich ist. Untersuchungen von anderen Autoren
konnten hierzu bislang auch keine eindeutigen Ergebnisse liefern.

e Geostatistische Modellierungen von Bodenfeuchtedaten zeigen sich in der Form der Mo-
delle konsistent. Die Ergebnisse zeigen eine Art Periodizitit (hole effect). Diese Periodiz-
itat wird hochstwahrscheinlich durch Heterogenitéiten im Boden, welche die Entwicklung
von priferenziellen Wasserinfiltrationspfaden beeinflussen, hervorgerufen. Hierbei wird
ein schwingungsartiges Verhalten iiber dem Sill erzeugt.

e Messfehler und kleinere Verdnderungen der Bodenfeuchteverteilung, die durch den
Nugget-Effekt angezeigt werden, weissen eine steigende Tendenz bei grolerer Feuchte
(R*=0,88; F| ¢ = 44 > 5,99 bei 95 % Signifikanz) auf.

e Der mittlere Feuchtegehalt war fiir die Korrelationslinge (R> =0,07; F 16 = 0.46 < 5.99
bei 95 % Signifikanz) nur wenig ausschlaggebend. Diese Eigenschaft wird wahrschein-
lich von unterschiedlichen Prozessen kontrolliert. Die Korrelationslangen lagen zwischen
54 m und 102 m. Die Ergebnisse dieser Analyse (fiir eine Bodenfeuchte im oberflichen-
nahen Bereich fiir Tiefen bis 0,1 m) zeigten, da die Bodenfeuchtedaten, die durch die
Referenzmethoden TDR und SISOMOP im Abstand von 200 m entlang einer 1 km lan-
gen Linie gemessen wurden, unkorreliert sind. Die optimalen Positionen fiir TDR und
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SISOMOP Messpunkte wiren ungefdhr alle 50 m. Dies konnte jedoch erst nach einer
Erkundungskampagne mit GPR festgestellt werden.

e Ein Vergleich von GPR-abgeleiteten dielektrischen Koeffizienten mit denen aus TDR und
SISOMOP zeigten mittlere Abweichungen von 0,86 bzw. 2,10. Die relativ gro3 Abwei-
chung zwischen dem GPR und SISOMOP Werten konnte auf die groBere Tiefe zuriick-
zufithren sein, bei welcher die letztere Methode die Bodenfeuchteinformation misst. Die
Erkundungstiefe bei GPR und TDR war ~10 cm im Vergleich zu ~20 cm bei SISOMOP.
Schwankungen bei beregnungs- und verdampfungskontrollierten Bodenfeuchten waren
also am stédrksten in der oberen Schicht (~ 0,1 m) des Bodens gegeniiber den tieferen
Schichten. Es sollte auch erwédhnt werden, dass der Unterschied im dem Bodenfeuchtege-
halt zum einen bestimmt durch GPR und TDR, und zum anderen bestimmt durch GPR
und SISOMOP teilweise von den verschiedenen Frequenzbereichen dieser Ausriistungen
abhingt. Der Dielektrizitdtskoeffizient des Bodens ist frequenzabhiéngig, also registrie-
ren die Instrumente verschiedene Dielektrizitdtskoeffizienten. Aus diesem Grund sind
die verschiedenen Methoden nur bedingt vergleichbar. Die mit GPR bestimmten Boden-
feuchtegehalte zeigen eine starke rdumliche Variabilitit in Dano. Die Datenmenge betrug
mehr als 9000 pro Profil. Im Gegensatz dazu konnen die Punktmessungen (Anzahl = 6)
von TDR und frequency domain reflectometry (FDR) diese rdumliche Variabilitit nicht
erfassen, so dass ein Alias Effekt entstehen kann. Der invasive Charakter von TDR und
SISOMOP und die relative kleine erhaltene Datenmenge (im Vergleich zu GPR) konnte
eine zusitzliche Fehlerquelle darstellen. So bleibt abschliessend festzustellen, dass die
Bestimmung der Bodenfeuchte mit GPR sinnvolle Eingangsdaten fiir die grof raumige
satellitengestiitzte Bodenfeuchtebestimmung von Dano liefern kann.

Schwierigkeiten und offene Fragen

Die GPR Technik basiert auf Messungen des Dielektrizititskoeffizienten. Das Problem bei Bo-
denfeuchtenbestimmungen, die auf dielektrische Messungen basieren, ist, dass das Verhiltnis der
Bodenfeuchte zur Bodenbeschaffenheit und Struktur sehr komplex und noch nicht komplett ver-
standen ist. Es wurden iiber die Zeit bereits mehrere Mischungsmodelle vorgeschlagen, die das
dielektrische Verhalten des Bodens und dessen Interaktion mit Wasser beschreiben, aber bisher
konnte das komplexe Bodenwassersystem nicht vollstindig befriedigend dargestellt werden.

Die Kalibration ist ein weiteres Problem bei dielektrischen Messmethoden. Der ideale vo-
lumetrische Wassergehalt sollte besonders von der untersuchten Bodenart abhidngen. Als
einzige universelle Kalibrationsgleichung wird i.a. die nach Topp et al. (1980) (die unab-
hingig von der Bodenbeschaffenheit, der Bodenstruktur, Salinitdt und Temperatur ist) bei wis-
senschaftlichen Bodenuntersuchungen akzeptiert. Jedoch zeigen sich Abweichungen von dieser
Kalibrationsgleichung , z.B. bei organischen Boden (z.B. Roth et al, 1992) und vulkanischen und
mineralischen Boden mit niedriger Dichte (z.B. Miyamoto et al. 2001, Regalado et al., 2003).
Die Frage ist, ob es eine in-situ GPR Methode gibt, durch welche Informationen iiber den Bo-
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denfeuchtegehalt nur durch eine einzige Messung erhalten werden kann. Und ergeben sich durch
eine solche Methode zusitzliche Informationen iiber die Bodenleitfahigkeit, Porositit, Salinitit
und Struktur?.

Bislang gibt es keine allgemeine akzeptierte Formel, die eine exakte Berechnung der Unter-
suchungstiefe beim GWS Verfahren liefert. Die Berechnung von Sperl (1999) aus Modellver-
suchen, die in dieser Arbeit angewandt wurde, gibt nur einen Néaherungswert fiir diese Tiefe.
Abschitzungen zur Eindringtiefe elektromagnetischer Wellen werden iiblicherweise in Relation
zur Wellenldnge der abgestrahlten Welle gebracht. Die Bestimmung der Eindringtiefe héingt
allerdings vom Bodenfeuchtegehalt ab. So nimmt mit ansteigendem Bodenfeuchtegehalt die
Eindringtiefe elektromagnetischer Wellen ab. Es bleibt allerdings ungeklirt, inwieweit zusétz-
liche Faktoren wie Oberflichenrauhigkeiten, die Vegetationsdecke oder die Polarisierung von
Wellen die Bestimmung der Eindringtiefe beeinflussen. Moglicherweise konnten numerische
Modellierungen Antworten auf diese Fragen liefern.

Ein Vergleich des mittleren Bodenfeuchtegehalts und des Variationskoeffizienten (CV) zeigte,
dass mit dem Bodenfeuchtegehalt (R*=0,306; F 16 = 2,64 < 5,99 bei 95 % Signifikanz) auch die
Variation anstieg. In der Fachliteratur gibt es verschiedene Erkenntnisse. Wéhrend Autoren wie
Hubbard et al. (2002) einen Anstieg der Variation bei hoher Bodenfeuchte berichten, erwéhnen
Miyamoto et al (2003) aber eine Verringerung der Variation mit der Bodenfeuchte. Dagegen
berichten andere Autoren wie Western et al. (2004) sowohl iiber einen Anstieg als auch iiber
eine Verringerung der Variation bei ansteigender Bodenfeuchte. Es bleibt daher offen, welche
Faktoren die Variation des Bodenfeuchtegehalts kontrollieren.
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Chapter 1

Introduction

1.1 Project Objectives

The main objective of this research is to estimate soil water content in the vadose zone with the
GPR technique under controlled and field conditions. The research is, however, conducted with
the following additional objectives in mind:

e To validate the GPR technique as efficient and appropriate for soil water content estima-
tion by comparison with co-located measurements from available conventional tools like
time domain reflectometry with intelligible micro-elements (TRIME-TDR), the time do-
main reflectometry (TDR), gravimetric soil sample method and the simple soil water probe
(SISOMOP).

e To investigate the spatial variability of soil water content with the help of geostatistical
modelling.

e To study through infiltration experiments on dike models the feasibility of the GPR tech-
nique in detecting leakages in levee structures.

e To study the influence of soil water content on cloud formation.

o To upgrade the theoretical knowledge of GPR as a vital tool for soil water content estima-
tion.

1.2 Thesis Layout

Chapter 1 introduces the reader to a short history of the GPR technique to give him an insight of
its origin. This is followed by a literature review on the research topic. Chapter 2 discusses var-
ious techniques used in assessing soil water content information. This discussion comes under
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two main groups: techniques based on dielectric permittivity measurements (e.g. ground pene-
trating radar, time domain reflectometry, frequency domain reflectometry) and techniques which
are based on a different property (e.g. gravimetric soil sampling method, electrical resistivity
method, neutron moderation method, neutron magnetic resonance method). The advantages and
limitations of the methods are discussed. Precautional measures to be taken for field work with
GPR, radiation characteristics of the antennas and their resolution as well as survey methods and
procedures (such as the common offset (CO), common midpoint (CMP) and wide angle reflec-
tion and refraction (WARR) methods) commonly used in GPR and which were applied in this
work are highlighted in Chapter 3. Fundamental equations which describe the theoretical back-
ground of GPR and properties controlling the propagation of electromagnetic wave propagation
in the soil are discussed next in Chapter 4. Chapter 5 treats the dielectric properties of the soil.
Two to four-component dielectric mixing models of the soil, the frequency dependence of the
dielectric coefficient and dielectric polarization of material are discussed. Chapter 6 discusses
the GPR ground wave and the influence of the frequency on the apparent ground wave velocity
through modelling. The application of the guided wave sounding method in investigating water
infiltration in flood controlled dike models is discussed in Chapter 7. Here, infiltration experi-
ments on two dike models are performed under controlled flooding and precipitation conditions.
Discussion includes reference and co-located measurements with the time domain reflectome-
try with intelligible microelements (TRIME-TDR). Chapter 8 discusses the spatial and temporal
variation of soil water content with the ground wave method on a field scale in a semi-arid region
of Burkina Faso, West Africa. Soil water content distribution is analysed using classical statistics
and geostatistics. Spatial soil water data acquired by GPR along a 1 km long transect are com-
pared with reference measurements from conventional time domain reflectometry (TDR) and
frequency domain reflectometry (FDR). The ground measurements with GPR, TDR and FDR,
which were to measure the spatial soil water variability, served as reference for a remote sensing
satellite system, Advanced Microwave Scanning Radiometer-Earth Observing System (AMSR-
E), with a horizontal spatial resolution of 25 km. The final chapter, Chapter 9, gives a summary
of the work. Appendix I describes results of GWS and TRIME-TDR experiments on dike model
A with the 900 MHz antenna. Appendix 2 discusses the modal analysis of guided wave propaga-
tion along a metal conductor in the soil. Appendix 3 highlights remaining plots of the comparison
between GPR and point measurements in Dano, the frequency distribution of soil water content
and geostatistical modelling of soil water distribution. The general description of the Subsurface
Interface Radar (SIR®©) System-3 equipment used, and an overview of the dike models on which
my controlled experiments were performed are given in Appendix 4.

1.3 Previous Work with Ground Penetrating Radar

This section focuses on previous work with GPR in the area of soil water content estimation.
However, as prefatory to this I introduce the reader to a short history of the GPR technique.



1.3 Previous Work with Ground Penetrating Radar

1.3.1 GPR History and Trends

Ra-d-a-r is an acronym which means Radio Detection and Ranging. Radar is a technique based
on electromagnetic theory (fathered by Heinrich Hertz in 1864) and Maxwell’s equations which
were formulated by James Clerk Maxwell in 1886. The very first application of electromagnetic
waves in locating remote metallic objects is attributed to a german physicist Hiilsmeyer, who de-
veloped the Telemobiloskop, a prototype of the modern radar equipment in 1904. Six years later
the exact description of this technique for locating buried metallic objects was given by Leim-
bach and Lowy (Lowy and Leimbach, 1910). Lowy developed this technique further in 1911 and
could indicate the depth of buried interfaces by studying the interference between the reflected
wave from the subsurface and the ground wave. Edward Victor Appleton continued the history
by applying the basic principles of electromagnetic wave reflection to estimate the height of the
ionosphere above the ground surface in 1924. Hiilsmeyer (1904) succeeded in determining the
structure of subsurface features using pulsed techniques from the knowledge that dielectric con-
trasts in subsurface materials produced reflection of waves propagating through them. However,
the first application of the GPR is accredited the german geophysicist W. Stern who first sounded
the depth of glacier correctly in 1929 in Austria (Robin (1930)). The radar technique became
apparently dormant until about 1950 when research interests in the technique was reawaken by
the discovery that snow and ice were transparent to high frequency radio signals. Radar altime-
ters on board aeroplanes read the distance above the ice surface wrongly resulting in numerous
accidents of aeroplanes crashing into the Greenland ice (e.g. Evans (1963); Thompson et al.
(1979), Clarke (1987)). Research interests in radar glaciology grew after this and subsequent
researches were geared towards this area. Endangered soviet pilots recognised the importance of
radar altimetry and soviet physicists including Bogorodsky and Rudakov, developed the theory
of electromagnetic wave propagation through glaciers in 1955 (Bogorodsky et al. (1985)). The
ability to detect subsurface tunnels and buried objects was of major concern during the world war
IT and short range radar technique gradually gained much attention for this purpose. Researchers
like Lerner, Enticknap, Guillette, Nackoney and Chick continued this investigation after the war
at the Lincoln laboratories (Lerner et al. (1967)).

In 1957, Armory Waite, a US army signals researcher, successfully employed seismic techniques
and satellite radar interferometry to obtain data on ice depth in the course of expeditions made in
the Artic and Antarctic (e.g. Waite and Schmidt (1962); Waite (1966);Rinker et al. (1966)). In
1960, John C. Cook first proposed the use of airborne VHF radar for the detection of subsurface
reflections for ice and snow measurements (Cook (1960)) and supported by others he successfully
used the application to detect reflections from buried objects (Moffatt and Puskar, 1976). Robin
and Evans came out with the first VHF radar-echo sounding system in 1963 (Evans (1963); Bai-
ley et al. (1964)). This whipped up the interest of other researchers to develop time domain short
pulse radar systems which were used to map thick sheets of ice and glaciers in the in the Artic
and Antarctica at operational frequencies ranging from 30 - 600 MHz (e.g. Evans (1963); Bryan
(1974); Behrendt et al. (1979); Walford (1985), Evans et al. (1988); Gogineni et al. (1998)). Dur-
ing the Apollo 17 Lunar Sounder Experiment (ALSE), in 1970, an orbital imaging radar system
operating at 3 radar wavelengths of 60 m, 20 m, and 2 m (5, 15, and 150 MHz) was used to detect
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and locate subsurface geologic structures and to generate a continuous lunar profile and surface
images of the moon (e.g. Brown Jr (1972); Simmons et al. (1972); Leonard et al. (1974)). By the
mid 1970s the pulse type GPR had found diverse applications for various non-invasive research
interests. For example, the technique was employed in subsurface measurements of the water ta-
ble (Caldecott et al. (1972); Morey (1974)), field scale mapping of potential pipeline routes in the
Canadian Arctic in 1975 (Hagrey and Miiller (2002)), for permafrost measurements (Annan and
Davis (1976)) and for the location of salt deposits (e.g.Thierbach (1974); Unterberger (1978)).

The first digital GPR system was introduced by Sensors and Software of Mississauga, Ontario in
the mid 1980s and this enhanced the use of the technique which had been restricted by logistic
problems of the earlier commercial analogues. By the beginning of 1990 GPR had become one
of the standard tools for environmental, engineering, archaeological, geological, geotechnical,
meteorological and many other practical investigations into the subsurface.

1.3.2 Literature Review of GPR Soil Water Investigations

The GPR technique measures the volumetric water content of the soil from its apparent dielectric
permittivity measurements through the use of calibration equations that relate the soil water
content to the dielectric permittivity. Topp et al. (1980) carried out petrophysical experiments at
frequencies between 1 MHz and 1 GHz on a wide range of soil specimens placed in a coaxial
transmission line in the laboratory and out of this estimated the volumetric water content 6, using
empirical relations derived from measurement of the relative dielectric permittivity &,. Their
corresponding calibration equation (see section 5.18, p. 52) which is a third order polynomial
in &, is widely used by many authors to estimate the volumetric water content from the direct
measurement of the relative dielectric permittivity. It is also used in this work to estimate 6, from
&

GPR has been non-invasively applied by many investigators to explore soil water. The speed with
which GPR data can be acquired, the sampling depths and data resolution depend on the mode of
operation, the type of medium and operational frequency. Over the past two decades reflection
(common or multi-offset methods), apparent ground wave, air-launched surface reflection coef-
ficient, amplitude spectra as well as structure transillumination methods of the GPR have been
employed by different authors to investigate soil water content.

Reflection methods are of two kinds—the single or common offset reflection method where the
antennas are maintained at a constant separation and moved as a unit along the survey line and
the multi-offset reflection methods e.g. common-midpoint (CMP) and wide angle reflection and
refraction (WARR) methods, where the antenna separation is stepwisely varied. These methods
involve the use of the two-way travel times of the reflected GPR signal to deduce the radar wave
propagating velocities as well as the electrical properties of the soil and with these calibrate the
soil water content. The use of the reflection data permits not only the determination of soil water
content estimates at comparable horizontal resolution with other methods discussed shortly, but
also enables greater investigation depths to be reached.
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Ulriksen, 1982 investigated the common offset GPR reflection time data and estimated volumet-
ric water content (VWC) at various shallow depths under controlled conditions making use of
artificial reflectors at known depths. Shih et al. (1986) and Asmussen et al. (1986) were able to
identify the water table in a coarse textured soils with the help of the single offset reflection data.
They observed that the difference between the water table depths from observation wells and
radar profile was within 10 cm. Under the assumption of a homogeneous soil water content dis-
tribution Vellidis et al. (1990) determined the wetting front movement in the vadose zone of sandy
soils by studying GPR reflection data from a buried metallic pipe. Fischer et al. (1992) showed
using common offset GPR method with 100 MHz antennas in both fluvial and non-fluvial envi-
ronments that a focused image can be produced by reverse time migration or through the use of
any of the migration algorithms previously developed for seismic data. Reflections from buried
metal reflectors were used by Grote et al. (2002) to determine the average VWC with a precision
of £0.01 m*m™ as compared to co-located gravimetric-derived water content estimates. Stoffre-
gen et al. (2002) used the reflection travel-time of a 1000 MHz GPR antenna from the bottom of a
lysimeter to estimate the VWC to a standard deviation of 0.01 m*m~. Gish et al. (2002) used the
reflected signal from metal plates buried laterally in trench side walls of varying depths between
0.5 m and 1.5 m to identify subsurface convergent flow paths resulting from funnel flow which
are critical for determining field-scale water and chemical fluxes. Clement and Ward (2003)
monitored the effectiveness of surface barriers by measuring the water content in the barrier us-
ing GPR ground wave reflection data. Grote et al. (2004) injected water into layered pavements
over a period of several months and studied the vertical and horizontal variation of the layer
water content with time using reflection data from ground coupled GPR common offset travel
time data to quantitatively estimate the sub-asphalt water content under engineered conditions.
GPR-derived water content estimates showed a difference of +0.02 cm*cm™ as compared with
estimates from gravimetric techniques. Lunt et al. (2005) have successfully investigated GPR
reflections associated with a low permittivity clay layer located 0.8 — 1.3 m below the ground
surface in a winery and estimated the soil water content (above the reflector) with the aid of
100 MHz antennas. The clay layer which was identified with field infiltration tests and neutron
log probes was coincident with the GPR-derived VWC values. The GPR incident wave is not
totally reflected at an interface but part is refracted and scattered and the intensity of the reflected
wave depends on the boundary reflectivity and the type of material traversed. With this informa-
tion Parsiani et al. (2004) observed that reflected wave is attenuated, convolved, and compressed
differently, as it travels through distinct materials and by defining and calculating a material char-
acteristic in Fourier domain (MCFD) at every reflection, he determined the characteristics of the
media by distinguishing between the wavelet properties of the electromagnetic signal before and
after reflection from the media.

Besides the often used single offset reflection method of acquiring subsurface hydrological infor-
mation the GPR has also been operated in a in invasive mode similar to the operation of the time
domain reflectometry (TDR) to successfully assess soil water content variability to about 1 m
depth on dike models. The guided wave sounding (GWS) method, discussed in chapter 7, makes
use of the two way guided wave reflection time data from the lower end of a metallic rod lowered
by constant increments through an access tube into the soil to determine its water content (e.g.

11
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Igel et al. (2001); Schmalholz et al. (2004) Preko and Wilhelm (2006); Preko and Rings (2007)).

A number of investigators have also used the multi-offset GPR reflection data to measure soil
water content variability. For example, Fisher et al. (1992) recorded a 40 channel wide aperture
GPR data set using a multi-channel format akin to that of seismic surveys. Results showed a
marked improvement over single-channel recordings in noise reduction and depth penetration,
spatial positioning and reduction of diffraction artefacts. Tillard and Dubois (1994) used the
CMP ground wave reflection data to measure soil water content and to detect millimetre-wide
discontinuities such as fissures in the subsurface geological formations. Greaves et al. (1996) as
well as van Overmeeren et al. (1997) investigated soil water content variation from multi-offset
reflection data. The latter correlated water content estimates with the physical properties taken
by soil cores and piezometry of the water table surface over a period of 13 months. Soil water
content so determined was comparable to that taken with the capacitance probe measurements.
Weiler et al. (1998) investigated the possibility of using the GPR as an in situ soil water detector.
They made use of multiple reflection data from variably located reflectors to estimate water con-
tent under natural conditions and found this comparable with independent water measurements
from both augur holes and the conventional TDR. Al Hagrey and Miiller, 2000 studied reflections
from 3 buried sand bodies saturated with water to various salinities to estimate the pore water
content and salinity of sand. They observed that the reflection coefficient increased with the
salinity of the soil water. Their results provide auxiliary assistance to addressing environmental
issues especially in the areas of monitoring contamination and aquifer salinity. By operating the
GPR at a central frequency of 100 MHz in the normal move-out and common midpoint survey
modes, Nakashima et al. (2001) analysed data from multiple reflectors placed at discrete levels
to successfully locate the water table at a depth of ~ 8 m. This was accomplished through the
use of filtering and stacking techniques which suppressed noise and enhanced the signal-to-noise
ratio of the radar image.

Generally, the CMP survey is laborious and requires relatively more time investment and hence,
it is not very suitable for investigating large areas. Tillard and Dubois (1994); Greaves et al.
(1996) observed an error in the order of 10 % with CMP velocity determinations.

The apparent ground wave (see section 6.4) which propagates in the air side of the air-soil bound-
ary between the transmitter and receiver has also been greatly used to acquire soil water content
information in the upper ~ 50 cm. In this case the GPR is often first operated in the WARR mode
to define an optimal transmitter-receiver separation followed by the CO method which utilises
the predefined antenna separation. Du and Rummel (1996) used the common and variable offset
modes to identify the apparent ground wave and air wave. They observed that the CO showed
lower water content values in the coarse-grained soils than in the clayey. Du (1996) and Sperl
(1999) suggested formulae for defining the depth of influence of the apparent ground wave. The
former suggested that this depth was linearly dependent on the wavelength A of the propagating
GPR wave and put it approximately in the range 0.51 — A. The latter also observed that the depth
is a function of wavelength but after observing ground wave velocities from a series of modelling
exercises concluded that the depth of influence was not linearly dependent on wavelength as pre-
viously suggested by Du,1996 but was about 0.145 V1. Boll et al. (1996) used GPR-derived soil
water content estimates as a tool for detecting layers in the soil. They established several tran-
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sects on a fine loamy soil throughout the growing season and the subsequent fall period to find
the best time to reveal layer structures. This was made possible by actual measurements with
soil samples and by the spatially varying apparent ground wave velocity from the CMP survey
method. Lesmes et al. (1999) used 100 MHz antennas in the variable and CO modes to estimate
small scale soil water content in a 17 m? study site using the apparent ground wave data. Soil
water content values showed similar trends but their absolute values were less than those inde-
pendently determined from conventional methods. This difference they assumed was likely due
to a deeper zone of influence which was associated with the relatively lower frequencies used by
the GPR method. Huisman et al. (2001) studied 24 variable offset ground wave data with antenna
frequencies of 225 MHz and 450 MHz at various study plots of size 5 m X 2 m. The apparent
ground wave-derived VWC estimates had an accuracy of 0.024 m*m™3 and agreed well with both
TDR and gravimetric VWC estimates. Grote et al, 2003 investigated the ground wave at GPR
operational frequencies of 900 MHz and 450 MHz. They studied the ground wave travel times
and their amplitudes to enable estimations of the VWC in the uppermost ~ 15 cm of a vineyard.
Their results from 29 multi-offset GPR-derived VWC estimates compared well with independent
determinations from gravimetric and TDR techniques. Galagedara et al. (2005b) estimated the
temporal soil water variability under uniform irrigation and drainage conditions with 200 MHz
central frequency antenna in the CO mode. By comparing GPR-derived VWC estimates with
conventional estimates from vertically and horizontally installed TDR probes at varying depths,
they assessed the apparent ground wave sampling depth. Their results showed that GPR apparent
ground wave sampling depth during drainage varied from ~ 20 cm at high water content to ~ 50
cm at the lowest water content.

Other researchers like Mayer et al. (1998); Seher (1998) and Mayer (2005) have through exten-
sive modelling exercises explained the propagation and nature of the apparent ground wave. They
observed that it rapidly decays and highly attenuates sharply both vertically and horizontally with
a propagation velocity which equals that of the ground wave which generates it. Antennas must
hence be well coupled to the ground in order to effectively record it.

Small scale variability in soil water content in the order of a few dm’ based on the apparent
ground wave have also been investigated by researchers such as Igel et al. (2006) using a 700
MHz central frequency antenna over an 2 m X 1 m study area. They observed that heterogeneities
in the VWC in the decimetre scale were caused partly by variations in the vegetative rooting
intensities and the possible build up of hydrophobic and hydrophilic structures in the subsurface.

Since the last decade more researches are being focused in the use of other GPR-derived prop-
erties which are reliable and fast such as the signal amplitude or the amplitude spectra in the
frequency domain and surface reflection coefficient to determine the VWC. Unlike the methods
described so far which involve ground coupled antennas, a few papers have also discussed air-
launched surface reflection methods in which the antennas are raised above the ground. This
method which is quick and more suitable for field-scale application is based on the principle that
the amplitude of the reflected wave depends on the amount of energy reflected. Thus, a high
amplitude would correspond to a large dielectric contrast between two soil layers. Chanzy et al.
(1996) employed the off-ground GPR technique. They used 200 MHz dipole GPR antennas ele-
vated 5—15 m above the soil surface to measure soil water content in the uppermost 10—20 cm of
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the soil. They observed that the accuracy of the measurements was affected by other reflections
from the antennas support structure due to the cylindrical radiation pattern of the dipole anten-
nas used. Charlton 2000, discussed spatially distributed water content. The paper analysed the
maximum amplitude and full profile amplitude spectra of the ground wave from GPR operated
at frequencies 450 and 900 MHz and estimated the water content for a variety of earth materials
and solutions in a series of laboratory controlled experiments. Serbin and Or (2003) deployed a
suspended 1-GHz horn antenna over bare and vegetated soil surfaces and using surface reflection
magnitudes and propagation times determined the bulk dielectric permittivity and water content
of the soil. In a later discussion Serbin and Or (2004) used information from a suspended horn
antenna to obtain continual observations of near-surface soil water content dynamics within a
well-defined footprint. Water contents inferred from radar surface reflectivity (SR) measure-
ments fitted gravimetric data for the top 1 cm soil layer. This observation was confirmed by
comparison of SR data with deeper measurements (1-5 cm) obtained from the time-domain re-
flectometry method. Bano, 2006 modelled reflections from buried pipes on two simulated water
tables at depths of 72 cm and 48 cm in a sand box by profiling with 1200 MHz antenna above
sand box. He observed that the strength of GPR reflections, the modulus of the reflection coeffi-
cient and the thickness of the transition zone between the water tables decreased with increasing
frequency. Ghose and Slob (2006), related seismic and GPR reflection coefficients to porosity
and water saturation. The paper observes that this approach leads to a unique and more stable
estimates of porosity and water saturation at a sublayer boundary than using either seismic and
GPR data alone.

Structure Transillumination is a reflection based GPR survey method in which the transmitted
signal is picked by a receiver placed on the opposite sides of the structure to be studied. In
borehole transillumination surveys, for example, the signal may either be transmitted from the
surface to a borehole or from one borehole to another. There are two methods of data acquisition
here — the zero offset method where the midpoints of the antennas are placed at the same depths
and the multi-offset methods where the depths to the antenna midpoints are variant (e.g. Gilson
et al. (1996); Binley et al. (2001, 2002); Galagedara et al. (2003); Rucker and Ferré (2005)).
Cross borehole radar tomography makes use of the radar wave travel time between boreholes.
By studying anomalies associated with variations in the travel times, the amplitude or period
of the transmitted wave through the structure, the soil water content variability as well as high
resolution lithological information between the boreholes can be determined (e.g. Hubbard et al.
(1997), Eppstein and Dougherty (1998); Parkin et al. (2000); Binley et al. (2001); Peterson
(2001); Binley et al. (2002); Alumbaugh et al. (2002)).

Pettinelli et al. (2005) discuss a method which directly relates GPR to the conventional TDR and
gravimetric measurements. Here, the amplitudes of instantaneous GPR signal envelope of the
first 6 ns are compared with electrical properties (e.g. dielectric coefficient and dc conductivity)
extracted from TDR measurements and also soil water content measured using conventional
gravimetric technique. The results showed a good fit between the spatially varying GPR and
TDR properties.

The GPR technique has a brilliant future in soil water research. It is fast, cost effective, portable
and produces higher data resolution than the other known techniques. However, the technique is
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still young and the methodology and instrumentation are still in the development phase (Davis
and Annan (2002)).
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Chapter 2

Soil Water Content and Methods of its
Determination

2.1 Definition of Soil Water

Liquid water (H,O) is often thought of as a transparent, odourless, tasteless substance, which
is ubiquitous in nature. The human being (composed of about 66 % water) cannot do without
water, which plays a key role in a wide range of disciplines and industries and has a remark-
able influence on climate, plant growth and our lives. Interestingly, droughts result in famines
whereas floods cause disease and death. These characteristics make water perhaps the most
studied material on our planet.

Soil water is hydrologically defined as that component of water in the soil, that may be evap-
orated from the soil by heating between 100 °C or 110 °C but usually 105 °C until there is no
further weight loss (e.g. Gardner et al. (2001)). In the vadose zone soil water occurs under two
classifications: Bound and free water. Bound water refers to water molecules which are found
in the first few molecular layers surrounding the soil particles. They are tightly held to the sur-
face of the soil particles due to the influence of matric and osmotic forces (Baver et al. (1997)).
This water clings to the surface of the soil mineral grains so strongly that it does not flow under
the influence of gravity and cannot be removed without destroying its structure. It is also not
available to plants. This category of water comprises of capillary and adsorption water. Soil
water occupies about 0.005 % of water on the earth’s surface (Schlesinger (1997)). Matric and
osmotic forces acting on the water molecules decrease with distance. Hence, water molecules
located several molecular layers away are relatively free to move within the soil medium and are
thus referred to as free water. Free water is held solely by gravity. It is available to plants and
main source of groundwater. This division of water into bound and free fractions, however, de-
scribes only approximately the actual distribution of water molecules within the soil medium and
is based on somewhat arbitrary criterion for the transition point between bound and free water
layers (Hallikainen (1984)).
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Soil water content which is the amount of water a porous medium contains is defined in most
cases as the mass water content 6,, or the volumetric water content 6, . These are defined by

M

O = —- 2.1
M. 2.1
Vi

6, = — 2.2
v, 22)

where

M,, = mass of water evaporated for a minimum of 24 hours at 105°C
M, = mass of dry soil

V,, = volume of water.

V), = bulk volume of soil sample

Soil water content determinations by soil dielectric methods e.g. GPR and TDR are usually
expressed in this form either in units [cm*cm™] or [m*m™]. At saturation, 6, = @, where ® is
the soil porosity given by

_ volume of pores V. +V, 1 V, 2.3)
"~ volume of soil ~ V,+V,+V, Vy '
12 (2.4)
Ps

where

V. = volume of water + volume of non-aqueous liquid components e.g. oil, in sample
V, = volume of air in sample

Vo=V, +V,+V,

V, = volume of matrix

ps = density of dry sample

pp = bulk density of soil sample

2.2 Methods of Soil Water Determination

There is a large number of methods available for assessing soil water content. The selection of
a technique depends on weighing its advantages over disadvantages and the goal of the project.
Cape (1997) and Charlesworth (2005) discuss various vital points to consider before selecting
a particular technique. Direct methods e.g. gravimetric methods, involve the removal of soil
water either through a physical or chemical process and subsequently determining the amount of
water removed. Indirect methods, e.g. GPR, TDR, the nuclear magnetic resonance (NMR) and
electrical resistance method (ERM) involve the monitoring of a soil property (e.g. relative di-
electric coeflicient, electromagnetic reflectivity, hydrogen nuclei content or electrical resistivity)

18



2.2 Methods of Soil Water Determination

as a function of the soil water content. Data may be acquired by placing the equipment in contact
with the soil or remotely in which case the sensors are mounted on satellites or aeroplanes or on
structures above the soil surface.

In this section I discuss methods of determining the soil water content in two basic categories-
methods which depend on the relative dielectric coeflicient of the soil and methods which are not
directly dependent on this. The measurement resolution depends most cases on the soil type (e.g.
texture), soil sampling frequency, precipitation and evapo-transpiration but also on the frequency
used.

2.2.1 Dielectric Methods

The main quantity that is measured is the relative dielectric coefficient €,(= €/&y) of the soil.
This is a measure of the polarizability of a medium in the presence of an electric field and its
ability to sustain charge separations as stored potential energy. When electromagnetic waves
propagate through the soil the electrons within the atoms and molecules of the soil become
partially displaced creating a reverse electric field in the direction of propagation. This reduces
the strength of the main field. As the relative dielectric coefficient increases the strength of
the electromagnetic field as well as the propagating velocity is reduced. Thus, the stronger the
dielectric permittivity the slower the electromagnetic wave propagates through the soil. The
propagating velocity v can be approximately expressed as v = ¢/ /&, where ¢ = 3.0 x 10* m/s,
gy = permittivity of free space.

Wet soil comprises of solid particles, water and air (Hillel (1973)) and the relative dielectric
coefficient ¢, is a function of the operational frequency, temperature, porosity, lithology, water
content and pore fluid composition. The relative dielectric coefficients of dry sand, air and water
lies within the ranges 2 -5, 1 and 80 respectively (e.g. Davis and Annan (1989); Beres and Haeni
(1991); Daniels (1996)). See section 5.1.1. The soil’s permittivity is thus governed by the pres-
ence of water. The dielectric permittivity of a soil sample is hence related to it’s water content.
One of the most common empirical formulae widely used to determine volumetric water content
(VWC or 6,) [m*m~3] from measurements based on dielectricity is the formula due to Topp et al.
(1980) which is discussed in section 5.1.3. Eq. (5.18) applies to most types of soil irrespective
of composition and texture. However, for higher water content values e.g. above 50 %, prob-
able for soils with considerable amount of clay content, other calibrated relationships have to
be used as this calibration leads to wrong estimation of soil water content values. Charlesworth
(2005) puts the range of validity of 6, in the calibration equation of Topp et al. (1980) to be about
0.05 - 0.50m*m=3.

2.2.1.1 Time Domain Reflectometry (TDR)

The soil’s relative dielectric coeflicient &, is determined by measuring the two way reflection
time ¢ [s] taken by an electromagnetic wave to propagate along a transmission line of length /
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[m] placed in the soil. If the electromagnetic energy encounters a discontinuity along its path
of travel (e.g. end of line) part of the energy is reflected resulting in energy changes along the
transmission line. The time t can be assessed from the run of the voltage curve. If ¢ [m/s] and v
[m/s] are the speeds of electromagnetic wave in vacuum and through the soil respectively, then
c\? ct\?
== == 2.5
© (v) (21) 2.5)
A TDR probe usually comprises of two or three parallel metal rods which are inserted into the
soil to act as wave guides for the propagating electromagnetic wave. Electrical conductivities
values from about 0.8 — 1.0 S/m leads to overestimation of soil water content values (e.g. Dalton
(1992); Vanclooster et al. (1993)). An example of time-domain TDR probe is the TRIME (Time

reflectometry with intelligible microelements) which is discussed in section 7.2. The advantages
of the conventional TDR are:

e They possess slender probes of various configurations for different probe depths with min-
imal soil disturbance.

e They can provide additional information about the soil conductivity.

e [t is not very sensitive to normal saline soils.
The limitations are:

e The soil is disturbed during the installation of a TDR probe.
e It has relatively small sampling volume.

e The accuracy of probe depends on the coupling between it and the soil. Air gaps introduce
errors.

e It has limited application in highly conductive clayey soils.

e Soil-specific calibration might in be necessary for soils with high bound water content e.g.
volcanic soils.

2.2.1.2 Frequency Domain Reflectometry (FDR)

It operates on the principle that soil water content depends on the electrical capacitance of a
capacitor that uses soil as a dielectric medium. The capacitor usually comprises of metal plates
or rods which are buried in the soil. By connecting the capacitor as part of an electrical circuit
with an oscillator changes in the soil water will reflect on changes in the operating frequency of
the circuit. The frequency of the oscillator is adjusted until the resonant frequency is reached
when the amplitude becomes highest. This frequency is a measure of the amount of soil water
content in the soil. An example of an FDR probe is the simple soil water probe (SISOMOP). The
advantages of FDR are:
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e It is applicable in high saline soils where TDR normally fails.
e [t has a better data resolution than TDR.

e Liquids may be used for its calibration resulting in very good contact between the probe
and the soil (Jackson (1990)).

The limitations of FDR are:

e Small volumes of soil water content determined and method is not very suitable for field
scale measurements (Dirksen and Dirksen (1999)).

e It needs soil specific calibration.
e It needs careful installation to avoid the occurrence of air gaps between sensor and soil.

e [t has small measuring volume of about 10 cm radius.

2.2.1.3 Ground Penetrating Radar (GPR)

GPR measures the time taken by an electromagnetic wave to travel from the transmitting antenna
through the subsurface to receiving antenna. The velocity and reflectivity of the electromagnetic
wave are characterised by the soil’s relative dielectric coefficient &,, conductivity o, angular
frequency w and the relative permeability u, (see chapter 4, p. 39 for detail discussion). In a
region of very low electrical conductivity and negligibly small change in the soil permeability
(w), the soil’s relative dielectric coefficient g, is estimated from the electromagnetic wave velocity
v and 6, determined using Topp et al. (1980) calibration equation (section 5.1.3). GPR has among
others the following advantages:

e It is a non invasive method and can also be operated remotely without necessarily being
coupled to the surface of the soil.

e It has a large support volume for relatively more accurate measurements.
e [t offers fast acquisition of data and is hence, appropriate for field scale measurements.

e It is highly sensitive to water. The tool can provide an accurate depth-structure model of
the water bottom and sub-bottom sediments.

e Lithologic/facies units with thickness of the order of 0.1 m can be imaged with
intermediate-frequency units (200 MHz).

e [t detects both metallic and non-metallic objects.

e It has wide application e.g. groundwater research, geo-technical, environmental, archaeo-
logical, mine detection.
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Its limitations are:

e The penetration depth and ability to resolve objects at depths is highly dependent on the
electrical conductivity of the soil. A high conductivity causes great attenuation of the
signal resulting in lower penetrating depths.

e The bandwidth of the antenna is broad. This makes it difficult for the technique to resolve
two closely spaced targets.

e Data contamination may occur as a result of multiple reflections or spurious echoes (clut-
ter) from buried objects such as boulders and metal scraps.

e The performance depends on the electrical contrast between the target and the surrounding
medium. It does not perform very well in rain or soils saturated with water or in highly
saline soils.

e It needs specialised user and software to evaluate the data.

e Results are sometimes subjective and the interpretation depends on the experience of the
user because not all the techniques are standardised.

e Post-acquisition processing (migration) may be required in areas where significant struc-
tural relief is present.

2.2.2 Other Methods

2.2.2.1 Gravimetric Soil Sampling or Thermostat-Weight Technique

This method is very often used to determine the water content of a soil sample. The sample is
first oven dried at 105° C for 24 hours. The gravimetric water content 6,, [kg/kg] of the sample
is determined (DIN18121 (1988)) from the masses of the wet sample my, and dry sample m; as

_ Myer — M

0,, = (2.6)

ms

The volumetric water content 6, [m®/m?] of a soil sample is defined as the ratio of the volume of
water V,, to the bulk volume of sample V, i.e.

0 Vw nm,, _ Myer — N _ emms _ Ps
X 2

2.7)

B 7}1 B Pwa B Pwa Pwa - mpw

where V), = volume of dry soil (V) + volume of air (V,) + volume of water (V,,); p, is the bulk
density of the dry soil and p,, = 1000 kg/m? is the density of free water. The difference between
6,, and 6, is that the former expresses a mass to mass ratio kg/kg i.e. kg water per kg dry soil
whilst the latter expresses a volume ratio [m*m~] i.e. m* water per m? bulk volume of soil. The
bulk density may be determined by coating the soil clod with paraffin and measuring its mass in
air and water respectively (Campbell and Henshell (2001)). It has the following advantages:
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e The principle is simple and the equipment relatively less costly.

e [t leads to high precision measurements of the soil water content and it is hence used as a
standard reference against which other techniques are calibrated.

Some disadvantages are:

e The determination of the desired quantity 6, requires the measurement of the soil bulk
density p.

e The heating might destroy organic components of the soil sample due to oxidation effects
leading to error in the mass.

e Repeating measurements in the same area through time may cause undesirable damage to
the soil.

e [t is labour intensive and procedure becomes more cumbersome if soil content information
at great depths is required.

e V, may change by heating the probe, so that p, changes.

2.2.2.2 Neutron Moderation Measurements (NMM)

Fast moving neutrons emitted from a radioactive decay source 41Am/°Be are slowed (ther-
malised) through elastic collisions with hydrogen particles present in the soil. Hydrogen is every
effective in thermalising fast moving neutron by virtue of its high nuclear and scattering cross
section (Vanclooster et al. (1952)). Water is the main source of hydrogen (H*) in the soil. Hence,
the change in the number of counts recorded by the NMM reflects the amount of water in the
soil. NMM has the following advantages:

e [t is not sensitive to soil salinity.
e [t is not sensitive to air gaps in access tubes.

e [t can measure large volumes of soil water.
The limitations are:

e Readings take a relatively long time.
e A radioactive source is used and this stirs the fear of radiation hazard.
e Readings become more difficult and errors increase as one get very close to the soil surface.

e Soils containing high amounts of organic matter and clay may require extra calibration as
these are also good sources of hydrogen.
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2.2.2.3 Neutron Magnetic Resonance (NMR)

This technique is based on the principle that nuclear spins undergo precession in a magnetic field
at a frequency which is directly proportional to the magnitude of the local field. The technique
principally measures the nuclear magnetisation of the spins of hydrogen nucleus (proton). The
nuclear spins of the hydrogen nucleus are perturbed out of their equilibrium positions through
the application of an external field. The relaxation times accompanying the signal decay as the
spins return to their initial equilibrium state are measured. This contains vital information about
the amount of soil water, the soil porosity, concentration of paramagnetic ions and the presence
of ferromagnetic minerals. NMR has the following advantages:

e The technique is non-invasive.

e [t responds only to protons present in water. Thus, no signal is observed if no water is
present.

e There is a very good relation between liquid water, pore size and the NMR signal that often
requires no or very little calibration.

The limitations are:

e The accuracy of the signal produced by the precessing protons is influenced by the strength
of the signal, the ambient electromagnetic noise and the type of software used.

e The signal amplitude is often low (~ 10 nV - 600 nV) as compared to relatively higher am-
bient noises present. The presence of power lines are a major source of noise. Soundings,
generally, need to be at least 1 km from any power line.

e The presence of ferromagnetic substances e.g. magnetite in the soil highly attenuates the
NMR signal.

2.3 Conclusion and Outlook

I have discussed different techniques and methods of measuring soil water, their principles, ad-
vantages and limitations. There are certainly a large number of other methods e.g. tensiometer
field methods (TFM) which measure soil water matric potential, suction measurement systems
e.g. tensiometers which measure soil water suction and heat dissipation systems among many
others which could not be discussed. The dominant controls surrounding the selection of a par-
ticular technique for a field campaign should not simply be the advantages and limitations that
technique may have but also other considerations like the user’s skill level and expertise required,
the type of soil, the exploration depth, accuracy and soil water ranges expected as well as the cost
should be looked at.
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The gravimetric method is often set as a standard reference against which soil water estimates
from the other methods e.g. GPR and TDR are compared. There is often a problem with this
comparison. The gravimetric method with its thermal application liberates all the water from the
soil sample until it records no change in mass. In effect, the soil water content registered by this
method is the sum of both bound and free water whereas the electromagnetic methods measure
only the free water component in the soil. Soil estimates from the gravimetric method are hence
always expected to be higher than that measured by the other methods.

In many other cases it is usual to compare GPR estimates with the TDR. Here too, there are
resulting disparities. TDR-derived VWC estimates are based on point to point observations that
are later extrapolated over a whole survey region whereas GPR estimates principally covers a
whole areal extent. Soil water content starkly varies spatially (e.g. Igel et al. (2006)) being
influenced by the non-uniform vegetative root systems, soil texture, porosity and micro-fractures.
In a heterogeneous environment where the VWC is highly variant such extrapolation of a local
observation likely introduces large errors and might not at all be representative of the regional
soil water trend. Besides, faulty coupling between the sensor and the soil generates an air pocket
around the sensor which introduces errors (e.g. Stacheder (1996)). The length of cable may
introduce further errors in TDR calibration (e.g. Logsdon (2000)). The TDR measures in the
gigahertz region while the GPR measures in the frequency range of about 10 MHz to 1 GHz.
Accompanying irregularities in the difference in operating frequencies are discussed further in
section 7.8, p. 110.

One problem of comparing GPR derived water content information with other invasive dielectric
techniques is the difficulty in setting data acquisition to a common sampling volume, frequency
and data resolution. Perhaps the GWS method (discussed in chapter 7) answers part of these
problems and may be used as an alternative to TDR in comparing GPR-derived soil water infor-
mation.
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Chapter 3

GPR Data Collection and Survey Design

This chapter discusses the factors that contribute to a successful field campaign and the basic
methods used in GPR. A brief discussion is given on dipole antennas and their radiation charac-
teristics.

Before embarking on a practical field campaign with the GPR a prior knowledge of the survey
area with respect to the nature of the soil, the type of target to expect, the exploration depth sought
after, the type of antennas to use and their resolutions are important elements to the logistics and
success of the campaign. These factors are interdependent.

3.1 Factors Affecting the Performance of GPR

3.1.1 Nature of the Soil

The propagation of the signal depends on the nature of the soil and its water content. GPR
performs poorly due to attenuation of the signal, especially, in wet soils with good proportions
of organic and clay compositions. In soils of this nature it is often difficult for GPR to penetrate
deeper than a few metres irrespective of the strength of the antenna. In dry soils, however, it
is possible to record penetration depths as high as 100 m. The Topp et al. (1980) calibration
equation, which I used to convert the relative dielectric coefficient into soil water content is
based on a low loss porous medium whose electrical conductivity is less than 100 mS/m.

3.1.2 Frequency of the Antenna

The use of high frequency antennas results in higher data resolution and discrimination but the
GPR signal is in this case highly attenuated. Lower frequencies give higher exploration depths
but relatively poorer data resolution and discrimination. Antennas with frequency ranges be-
tween 300 MHz and 900 MHz were used in this work. For given survey sites antennas were also
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selected in such a way that the Nyquist frequency fy was not exceeded (e.g. Keary and Brooks
(1991)). The Nyquist frequency is defined by

1

=5 =2 (3.1

where At is the sampling interval and f. is the central frequency of the antenna.

The Nyquist frequency is the highest frequency at which a signal can be sampled without any
unwarranted distortions (aliases) in the data. The presence of frequencies higher than fy on
the data causes higher frequency components to be superimposed on the data within the Nyquist
interval. For the work on the dike model at the Federal Waterways Research Institute in Karlsruhe
(section 7.5) where a maximum depth of 3 m was envisaged, the 500 MHz antenna was employed
using a sampling number of 256 samples per trace and a time window of 80 ns. This corresponds
to a sampling interval

80
At = 756 = 0.3125 ns (3.2)

and from equation (3.1), fy = 1.6 GHz. The choice of the 500 MHz antenna was better than that
of the 900 MHz antenna. The latter would have given a frequency (= 2 X 900 MHz) of 1.8 GHz
which, being greater than fy, would have invited spectral aliases into the data.

3.1.3 The Length of the Time Window

The length of the time windows for the field work was always selected to be a little more that
the expected target depth. For example with work on a dike model with a depth of 1.4 m using
the 500 MHz antenna, a time window of 40 ns was employed based on an assumed average
propagation velocity of 0.1 m/ns in the soil. Hagrey and Miiller (2002) suggests that the optimal
length of the time window should exceed the expected targeted depth by about a third.

3.1.3.1 The Sampling Interval

This refers to the rate at which the GPR signal reaching the receiver is sampled and it depends on
the frequency of the transmitter. It is usual to sample with sample intervals of 256, 512 or 1024.
As the frequency of the signal is increased the sampling interval should also be correspondingly
increased, however, within the Nyquist sampling limit. A sampling interval of 256 was used for
all data collections in this work. A way of improving the data quality (e.g. Hagrey and Miiller
(2002); Lutz et al. (2003)) has been to ensure very good coupling between the antennas and the
ground especially for the work in Burkina the direct ground wave was of primary interest and as
much as possible maintain a consistent configuration of the antennas throughout a survey.
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3.2 Survey Methods

3.2.1 Modes of Measurement

GPR data can be acquired from two basic operational modes, namely, the fixed offset or the
Common Offset (CO) and the variable offset modes (e.g. CMP and WARR).

3.2.1.1 Common Offset Mode

Fig. (3.1) shows reflection paths and resulting radargram of an ideal planar reflector for GPR
operation in the CO mode.

T R T R
N S | 1 Survey
line
Planar reflector
(a) Reflection paths of a planar reflector
Distance [m]
-~ 2\ _ . . J
z 6633 o
: T
=

(b) CO radargram of a planar reflector

Figure 3.1: Schematic illustration of the CO field procedure showing reflection paths and corre-
sponding radargram for an ideal planar reflector
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In the Common Offset mode the separation between the transmitting and receiving antennas are
fixed and both antennas are moved together as a unit either by pulling at constant pace or fixing
aboard a vehicle or aeroplane and moved at constant speed. The CO profiling produces an image
of subsurface dielectric variations (in the form of reflections) as a function of a two way travel
time. The CO measurement mode is easy, fast and highly suited for field scale measurements.
Fig. 3.2 shows reflection paths and the corresponding radargram for an isolated point reflector.

survey points
1 2 3 4 5 6 7

point reflector
(a) Reflection paths of a point reflector

1 2 3 4 5 ¢ 7 Distance [m]

- ~~
P
/’ \\
N
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j\\}
Y

(b) CO radargram of a point reflector

Figure 3.2: Schematic illustration of the CO field procedure showing reflection paths to and
from an isolated point reflector and corresponding radargram
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3.2.1.2 Variable Offset Mode: CMP, WARR

Usually for sounding purposes, and to obtain a velocity-depth information about objects beneath
the surface we operate the GPR in the variable offset mode. One of such modes is the Common

Midpoint (CMP). Figs. 3.3 and 3.4 show the CMP procedure and resulting radargram respectively
for the case of an ideal planar reflector.

Transmitter positions Receiver positions
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Figure 3.3: Schematic illustration of the Common Midpoint (CMP) field procedure.
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Figure 3.4: Schematic illustration of radargram from a buried planar reflector.

Here the common midpoint of the antennas is fixed at the point of observation and the antennas
are moved apart in opposite directions at constant increments along a survey line. In this GPR
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mode electromagnetic wave reflections from the same reflectors below the surface are recorded
by the receiver.

In the schematic radargram shown in Fig. 3.4, reflections below the common midpoint appear in
the form of a diffraction hyperbola and from this information about the depth to the reflector and
the propagation velocity of the electromagnetic wave can be determined. The CMP survey mode
helps to acquire a first hand knowledge about the investigation site and it is reasonable to carry
out a CMP prior to the major investigation. CMP was used for reconnaissance survey in Dano,
Burkina Faso and was further used to acquire information of the soil water content distribution
on a dike model at the University of Karlsruhe. In the Wide Angle Reflection and Refraction
(WARR) mode, one of the antennas (in Fig. 3.5, the transmitter) is fixed in one location while the
other is moved away at constant pace along the survey line. The WARR mode was used together
with the CO mode to acquire data in Burkina Faso (see section 8.2.2, p. 119).

T R R R R R
o I I = R = [ Survey
line

Planar reflector

Figure 3.5: Schematic illustration of the field procedure of WARR. T and R are transmitter and
receiver positions respectively.

3.3 Radiation Patterns of Antennas

The antennas used in this work are dipole antennas. These radiate and receive polarized electro-
magnetic wave fields in a complex 3-D elliptic-based cone, Fig. 3.6. Reflections recorded on the
radargram may be from objects lying at anywhere along the GPR wavefront and not necessarily
directly beneath the transmitter position (e.g. Yilmaz (1987); Keary and Brooks (1991)).

A dipole antenna (Fig. 3.7) comprises of a pair of insulated metal rods of lengths / with a gap
between them. Usually the gap is positioned at the central point between the rods such that
21 = /2. A high frequency (HF) voltage applied across the gap generates an HF current along
the rods which in turn transmits electromagnetic waves into the ground. In the receiving mode
electromagnetic waves reaching the rods (e.g. after reflection from the ground) induce a current
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Figure 3.6: Complex 3-D elliptic-based cone radiation of the radar antenna (Modified from Neal,
2004)

and a corresponding voltage across them. The transmitted GPR signal often induces a slow-
decaying wow which interferes with the waves reaching the receiver depending on the depth of
the reflector, the electrical properties of soil and the proximity of the transmitting and receiving
antennas. The wow should first be corrected for before processing the data further. This was done
help of the Reflexw software tool dewow, Sandmeier (2007). The electrical waves produced on
the rods have fixed wavelength. Periodic reflected waves incident on the antenna are the prime
cause of antenna resonances.
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Figure 3.7: Schematic illustration of a dipole antenna.

The radiation pattern of the antenna depends on the distance from the dipole. There are three
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major regions (Fig. 3.8):

e The reactive near field is the region closest to the antenna where the reactive field pre-
dominates. For most antennas this region is defined by

A
i < = 3.3
i< oo (3.3)

where r; is the distance from the source and A is the wavelength. The wave fields predom-
inantly decay by a factor of 1/r;>.

e The radiating near field (Fresnel Zone). This region is defined by

A 2D?

BAID S A Qi 34

2n " A 34)
where D is the largest dimension of the antenna. The angular distribution of energy de-
pends on the distance of the observer from the antenna and the wave field predominantly

decay by 1/r?.

e The radiating far field. Here, the angular field distribution of the antennas is approxi-
mately independent of distance from the antenna and this region is defined by

2D?
P> 3.5
> — (3.5
For small antennas (with D < A) the far-field begins at about r; = 104 (Balanis (1997);

Schubert (1999)).

A GPR antenna placed in a homogeneous isotropic ground-air interphase radiates symmetrical
spherical waves into the air and ground. Fig. 3.9 illustrates the spatial distribution of the various
types of wavefronts radiated by a transmitter as seen in the far field of the dipole antenna. The
air wave propagates along the air side of the ground-air interphase. Part of the energy travelling
along the ground-air interphase below the ground (i.e. the ground wave) becomes transformed
into an inhomogeneous airwave whose amplitude decreases rapidly with increasing distance from
the interphase. This is the phase recorded by the receiving antenna and I refer to it as the apparent
ground wave (see section 6.4, p. 66). Still another part gives rise to a lateral wave, the so-called
head wave. The picture presented here is only an idealised case to explain the various types of
wavefronts radiated by the antenna. The medium is in fact heterogeneous due to the contrasting
material properties.

Knowledge of the form of radiation pattern of an antenna gives information about the antenna’s
resolution in a medium. The main energy from the antenna is usually transmitted into the ground
in the form of an elliptical lobe with its tip at the position of the transmitter. Part of the energy
degenerates into secondary lobes in the vicinity of the main lobe (Fig. 3.10)

In order to reduce energy losses from the transmitter, radiations into the upper half-space (air)
should be reduced. Furthermore, interferences from other radiation sources such as mobile
phones and televisions and reflections from objects in the upper half space should be minimised.
A way of doing this is to carefully shield the antennas without reducing their performance. The
antenna systems used in this work were all shielded.
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radiating far field
zone

radiating near field
zone

reactive near field
zone

Figure 3.8: Radiation zones of a dipole antenna.
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Figure 3.9: Radiated wavefronts close to a transmitter T,

3.3.1 Antenna Resolution

The resolution of the antenna is defined in two ways:

e The ability of the antenna to determine the exact location of a subsurface reflector in space

and time and

e the ability of the antenna to resolve two closely spaced subsurface structures.



Chapter 3. GPR Data Collection and Survey Design
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Figure 3.10: Radiation characteristics of a dipole placed on a homogeneous isotropic half space
perpendicular and parallel to dipole axis respectively (modified after Tsang et al. (1973).

The vertical resolution is controlled by the wavelength 4 = v/f. From the wave theory two
structures are optimally resolved if they are separated by a distance given by }1 of the central
wavelength (e.g. Sheriff 1977, Yilmaz (1987), Reynolds (1997)). For reflectors whose separa-
tion is within this distance reflections interfere constructively producing a distinctive observed
reflection. Features that are closely apart can be best imaged by using high frequency antennas.
The dike model at the University of Karlsruhe comprised of thin soil layers of thickness ranging
from 0.01 m to 0.02 m. The use of antennas of central frequencies 500 MHz and 900 MHz
meant that I worked within a dominant wavelength range of 0.1 — 0.2 m rendering the individual
soil layers whose thickness were less than 0.025 m unresolved. However, from the GWS method
used here (see chapter 6.3) reflections from the end of a metal rod positioned at intervals of 0.025
m could be vividly resolved. In the modelling exercises using the GWS the plastic sheath of the
metal rod of about 0.001 m thick and the air pocket of corresponding thickness were too thin
against the dominant wavelength of the 500 MHz antenna used. They were hence not considered
in the modelling.

3.4 Conclusion and Open Questions

We have discussed the various factors like soil type, antenna frequency (and Nyquist frequency),
sampling interval and length of time window that influence both the operation and quality of data
registered by GPR. We have also discussed the commonly used GPR operational methods of CO,
CMP and WARR. These methods were applied in chapter 8 to estimate soil water content in the
Dano region of Burkina Faso, West Africa.
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The method to apply in the field will depend on the description of the target, its expected depth
and the frequency of the antennas. The coupling between the ground and antennas contributes to
data quality. In all applications of GPR there exists a trade off between the depth of penetration
and the resolution. The use of HF antennas gives a higher data resolution, however, the depth of
penetration in this case becomes low due to the high attenuation of the signal.

The success of GPR in field campaigns depends (besides factors mentioned above) on effective
planning (taking into consideration resources like budget, personnel and other additional equip-
ment which might be useful), right data acquisition, processing (including logical checking and
editing of raw data) and right data interpretation. These depend on the expertise of the user, the
type of equipment as well as the software used.

Now there remain open questions to be answered in the future. Will it be possible to develop
a standardised GPR technique by which right from data acquisition through processing to inter-
pretation not a whit of the expert know-how of the user will be required? Will such a standard
permit in-situ field measurements of soil texture and porosity? Would it be possible through a
single measurement to acquire information about the dielectric coefficient and electrical conduc-
tivity of the soil?
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Chapter 4

Theoretical Background of GPR

In this chapter I discuss the fundamental equations underlying the application of GPR. In partic-
ular I discuss the phase velocity approximation of electromagnetic waves propagating through
media assumed to be non-magnetic with negligible losses.

GPR uses high frequency pulsed electromagnetic waves (typically from 10 MHz to 1 GHz) to
acquire subsurface information. A transducer generates a broadband electromagnetic wave (im-
pulse). This wave is radiated from a transmitting antenna, travels through the ground at a velocity,
which is determined primarily by the electrical properties (the dielectric coefficient, conductiv-
ity, and magnetic permeability) of the ground, to a receiving antenna. The latter registers the
travel time and amplitude of the signal. Part of the energy, known as the airwave, travels directly
through the air from the transmitter to the receiver. Part of the transmitted energy known as the
direct ground wave travels through the soil along the air-ground interface (Berktold et al. (1998))
to the receiver. Another part reaches the receiver after reflection from a medium with contrasting
material properties.

4.1 Propagation of Electromagnetic Wave through Material

The propagation of electromagnetic waves through material is described by Maxwell’s equa-
tions. GPR waves are electromagnetic with frequency range of about 10 - 1000 MHz and obey
Maxwell’s equations. In the differential form these equations are written as

VxH(r,7) = j(r,t)+‘9Dg’t) 4.1)
VxE(rf) = —aBg”) 4.2)
VD, = pr,0) (4.3)
V.-Br,f) = 0 (4.4)
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Chapter 4. Theoretical Background of GPR

where

H(r,r) : magnetic field intensity [A/m]

E(r,r) : electric field intensity [V/m]
D(r,t) : electric displacement [AS/m?]
B(r,t) : magnetic induction [Vs/m?]
j(r,f) : current density [A/m?]

o(r,f) : free charge density [As/m’]

r . position vector [m]

t : time [s]

The medium propagated by the electromagnetic wave is considered under the following assump-

tions in order to simplify our analysis:

e The medium is isotropic i.e. the material properties &, u, and o are scalar.
e The material properties &, u and o are real and spatially variable.

e Changes in the field vectors are linear.

Egs. (4.1-4.4) are coupled in the time domain by the following constitutive relations

D(r,t) = e(r)E(r, 1) = go5,(r)E(r, 1)

B(r,7) = u(nH(r, ) = pou,(r)H(r, 1)
j@x, 1) = o(nE(r, 1

Egs. (4.1-4.4) can now be written using Egs. (4.5-4.7) as

OE(r, t
VxHr, ) = o@Er, 1)+ ss(r) é‘; )
OH(r, 1)
VXE(r, 1) = —pou(r) o
t
V.smEmn = 280
2]
V-u()H(r,tr) = 0
where
&o :  permittivity of free space = [As/Vm]
o =4rx 1077 : magnetic permeability of free space [Vs/Am]

(4.5)
(4.6)
4.7)

(4.8)
4.9

(4.10)
(4.11)

However, if the material properties &, 4 and o are dependent on frequency (respectively on time),
i.e. if the medium is dispersive, then, the constitutive relations are expressed as convolution
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4.1 Propagation of Electromagnetic Wave through Material

integrals
D(r,5) = & f &(r, DE(r, 1 - T)dt (4.12)
B(r,)) = uo f (e, DH(r, 1 = T)dT (4.13)
jon = f o(r, DE(r, 1 - T)dr (4.14)

—00

So far the Maxwell’s equations have been expressed in the time domain only. All time dependent
variables expressed as f(¢) can then be transformed into the frequency dependent variables F(w)
through Fourier transformation integrals (Egs. (4.15) and (4.16)):

+00

Flw) = f f(H)e ™" dt 4.15)
f(r) = 1 f F(w)e™ dw (4.16)
2

where w = 2nf [rad/s] is the angular frequency. We make the following additional assumptions
to simplify our analysis:

e [t is homogeneous i.e material properties &, u and o are independent of position.

e The medium is source-free i.e. p(r,w) = 0

e The medium is non-magnetic and the magnetic permeability u is assumed to be that of free
space i.e. u(w) = uo.

e The medium is conductive, non-dispersive and possess electrical properties which are in-
dependent of temperature, pressure and time.

e A harmonic wave E(r, w) = Eq ¢/®™“? propagates through the medium.

Maxwell’s equations expressed in the frequency domain are

VxHr,w) = jIr,w)—-iwD(r,w) (4.17)
VXE(rr,w) = iwB(r,w) (4.18)
V-Dr,w) = p(r,w) (4.19)
V-B(r,ow) = 0 (4.20)
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The constitutive relationships that describe the material properties of the medium simplify to

D(r, w) = e(w)E(r, w) = gye,(w)E(r, w) 4.21)
B(r, w) = p(w)H(r, w) = pop(w)H(r, ) (4.22)
J(r,w) = o(WE(r, w) (4.23)
where

g (w) : relative permittivity (dielectric coefficient) of medium

g(w) = gog(w) : permittivity of medium [As/Vm]

u(w) = o (w) : magnetic permeability [Vs/Am]

ur(w) : relative magnetic permeability

o(w) : electrical conductivity [S/m]

We make use of the vector identity
VXxVxV=VV-V)-VV (4.24)

for any vector V. Taking the curl of Eq (4.18) and considering V- E(r, w) = 0 for a homogeneous
medium and also the constitutive Eqgs. (4.21-4.23), we have

VErw) = [iwpwow)- o uw)ew)]Er, )
= —wPuouw)ey (a(w)—i(’(“’))E(r,w) (4.25)
Eow

The differential Eq. (4.25) can be solved by considering the ansatz of a plane wave solution

E(r,w) = Ege'®™) =1, (4.26)

The Fourier transformation of Eq. (4.26) is
E(r,t) = Ege™"5 (t - 1) 4.27)

with the impulse function (¢ — 1)

Eqgs. (4.26) and (4.25) give
K (w) = guw* + iouw (4.28)

Eq. (4.28) shows that in a conductive lossy medium the wave number & is a complex quantity.

Let us consider a plane wave propagating in the z-direction, and make the ansatz
k,(w) = B(w) + ia(w) (4.29)

for the z-component of the wave vector.
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4.1 Propagation of Electromagnetic Wave through Material

Now, substituting Eq. (4.29) in the equation of a plane wave propagating in the ¢é}-direction,
E(r, w) = Ege'® =% we have .
E(r, w) = Ege™ e (4.30)

where (3 the real part of k is termed the phase or propagation constant, and « the imaginary part
is referred to as the attenuation constant of the wave.

Taking the square of Eq. (4.29) gives

kA (w) = B* + 2iBa — o 4.31)
Comparing Eqgs. (4.28) and (4.31),
B> —a’ = suw® and Pa = % (4.32)
Solving Eq. (4.32) gives
[ Wue o\ I’
Blw) = |— 1+ (&) +1 (4.33)
] 1
wrue o\ ’
o = [TEE| |1+ (E) -1 (4.34)

The skin depth A corresponding to the attenuation « is given by

1

The phase velocity v(w) [m/s] of the wave is

w

Substituting Eq. (4.33) into (4.36) gives

";[ 1+ (wig)2 + 1]r (4.37)

The quantity o/we expresses the ratio of the conduction current j = oE to the displacement
current 0D/t = —iweE = j, in material.

Ww) =

The conduction and displacement currents are out of phase with the applied electric field through
a phase angle ¢. The tangent of the angle ¥} (= dielectric loss angle) which is the complement of
¢ is termed the material loss tangent. Thus,
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Chapter 4. Theoretical Background of GPR

== (4.38)
weé

j

,E
In a very low conductive medium where o < ew and at relatively low frequencies (0.01 -
1 GHz) which is the typical operative frequency of GPR, the conduction current is negligibly
small compared with the displacement current i.e. o/ew < 1. Eq. (4.37) then simplifies to

tan ¥ =

1 1 c
V= = = (4.39)
VEH VEoErHoHy VEH-r
where ¢ (= 3.0 x 10® m/s) is the speed of electromagnetic wave in vacuum and
! (4.40)
c= .
VEoHo

The velocity of GPR waves in a low conductive medium under these conditions is hence, mainly
controlled by the dielectric coefficient g, i.e. with u, = 1,

C
Ve

Eq. (4.41) represents the phase velocity approximation of electromagnetic waves in non-
magnetic low loss media. This approximation is used in throughout this work to determine
electromagnetic wave velocities in the soil. The wavelength A of the GPR operating at a central
frequency f [Hz], then, becomes

V=

(4.41)

1=2="
" e

However, for GPR operating in a more conductive medium at frequencies such that o-/we > 1

Eq. (4.37) becomes
_ w  [22xf \/10{f
V@) = uo \/47r- 1070 o (443)

Now, as it is evident from Eqs. (4.41) and (4.43) the velocity of the GPR wave is mainly con-
trolled by &, o and f. The quantities &, and o at particular frequencies are themselves complex
functions of frequency. Eq. (4.41) is applicable to most materials within the average conductivity
range of 0.003 — 0.3 S/m (Du 1996).

(4.42)

Fig. 4.1 shows a plot of the phase velocity against frequency for a medium with € = 9 (see Ta-
ble 5.1, p. 50). At frequencies below 0.1 MHz the velocity is influenced by both the conductivity
and frequency. Within the GPR operative frequency range of 10 MHz - 1 GHz, the velocity is
nearly independent of frequency for conductivities below 0.1 S/m. At higher frequencies above
about 1 GHz the velocity once again becomes frequency-dependent as a result of relaxation ef-
fects of water.
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4.1 Propagation of Electromagnetic Wave through Material

1 2
0" 1 electric conductivity
- [MS/m]
0
-§- 102 - 1 - | water relaxation
: frequency effect
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Figure 4.1: Frequency dependence of the phase velocity in a medium with &, = 9 at different
electrical conductivities (modified after Annan, 1989).

In a similar way we obtain a simplified attenuation constant @ from Eq. (4.33) as

a=2 /5 (4.44)
2 Ve

The attenuation of the GPR signal is governed mainly by o and &. This relationship is valid only
for a homogeneous soil without impedance contrasts (Theimer et al. (1994)). Where the signal
comes across an impedance contrast, part of the energy which is proportional to the magnitude
of change (Reynolds (1997)) is reflected back. If Z; and Z, are the impedances of soil layers
immediately above and below the impedance contrast, then the reflection coefficient RC is given
as (e.g. Brewster and Annan (1994); Hagrey and Miiller (2000); Lunt et al. (2005)):

-7,
a Z, + 7,
The impedance Z is characterised by the ratio of the magnetic to the electric energy density. Con-

sidering a harmonic electromagnetic wave D(x, f) = Dye “" %9 then, it follows from Egs. (4.1)
and (4.8) that

RC (4.45)

oD
VxH=j+ m = (0 — iwe,&))E (4.46)
. i .- .=
—iw (8, + —) &E = —iwe, g0E = —iwD 4.47)
Eow
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and )
g =g+ -2 (4.48)
Egw

B-H M pul W
D-E &&E?  &eFE? E2

Hrfto Mrfo _ M _ u
= \/so(m;%) i \/(Hg) i \/8(1 + i) (40

For o/ew <« 1 and u, = 1, Eq. (4.50) simplifies to

z= - K 4.51)
£ E0Er

Eq. (4.45) can then be written with Eq. (4.41) as

(4.49)

1 1
_ ZZ _Zl _ Nen Verl VEr1 — V&r2 _ V2 — Vi

Z, + 7, \/’197 + x/‘lsﬁ VEM + VER Vo +Vq

RC

(4.52)

where €,; and g, are the dielectric permittivities of the soil layers immediately below and above
the impedance contrast (transition zone) and v; and v, are the corresponding electromagnetic
wave propagation velocities. RC determines how sharp a boundary reflection may be. A well-
defined change in &, with depth gives in a sharp signal reflection whereas pulse widening results
from gradual change in &, (van Dam et al. (2002)). Eq. (4.52) shows that the phase of the
electromagnetic wave velocity at a soil layer boundary remains unaltered for v, > v;. There is,
however, a phase shift of 180 ° when v, < v;. Thus, the value of RC ranges between +1 and —1.
I used this criterion to correctly pick and process the reflected phases of the GPR signal from the
radargram in experiments Common Midpoint (CMP) method of GPR.
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Chapter 5

Dielectric Properties of Soil

Two electrical properties of the soil, the dielectric permittivity € and the electrical conductivity o,
and a property of the electromagnetic signal i.e. its frequency, w = 2n f, control the propagation
of electromagnetic waves in the soil. These are of prime interest in GPR measurements. They (&
and o) control two importance processes - energy dissipation and storage in the dielectric mate-
rial - and influence the amplitude and propagation speed of radar waves. At high frequencies &
controls the phase velocity while o controls the attenuation and the penetration depth of the elec-
tromagnetic wave. These two properties are strongly dependent on the volumetric water content.
It should be mentioned that € and o are also controlled by the hydraulic properties of the soil
such as porosity, permeability, retention capacity, sorptivity, salinity, transmissivity, infiltration
rate and soil water tension. However, this discussion is only restricted to the relative dielectric
coeflicient, electric conductivity and signal frequency which I see as most vital controls in GPR
soil water measurements. For a detailed description of the electric and hydraulic properties of
rocks and soils the reader is kindly referred to sources like Parkhomenko (1967); Hasted (1973);
Schon (1996); Olhoeft (1987, 1994, 1998); Terzaghi et al. (1996); Singh (1997); Bell (2000);
Smoltczyk (2001); Hull et al. (2003), Pansu and Gautheyrou (2006) for more information.

5.1 Dielectric Permittivity of Materials

The dielectric permittivity is characteristic of the material polarization which describes the re-
sponse of bound displacement c