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Introduzione In italiano

Il campo elettromagnetico, il cui comportamentoesatitto dalle equazioni di
Maxwell e le relazioni costitutive, puo essere it utilizzando tre tipi di approcci
non esclusivi: analitico, numerico e sperimentdllenetodo analitico, ci fa sapere
esattamente il valore del campo elettromagnetieoappena cresce la complessita del
problema, le approssimazioni drastico dobbiamo idengre se stessi riflettere sulla
affidabilita risultato. Il Metodo sperimentale, ltfa parte, fornisce dati attendibili,
salvo la precisione degli apparecchi, tuttaviapdonghi e costosi.

Infine, i metodi numerici offrono soluzioni la caiccuratezza e data dalla
gualita dei modelli matematici utilizzati, in temgagionevoli e costi contenuti. Tra
guesti, ci sono due gruppi principali: i metodi mEminio del tempo e metodi di
dominio della frequenza. In questa tesi, abbiamataussia il metodo
analitico/numerico, sia il metodo sperimentalelparonferma dei risultai ottenuti.

Il Ground Penetrating Radar (GPR) e entrato in megli ultimi 20 anni in
ingegneria civile, geologia e archeologia, perlavazione di oggetti sepolti e per lo
studio delle proprieta fisico-chimiche del suoloiilevamento di mine sepolte € stato
anche un tema di notevole interesse, in partic@arausa dei potenziali del GPR per
I'individuazione delle mine con involucro di plastiche contengono poco metalli o
niente. Oggi, un gran numero di organizzazioni rsbalavorando su sistemi GPR, e
tra tutti i sensori proposti per lo sminamento uitaio; il GPR ha avuto di gran
lunga il maggiore finanziamento della ricerca dadslorzo ad esso dedicati.

In questa tesi abbiamo presentato lo scatterinty@igagnetic da parte degli
oggetti sepolti e sperimentalmente si e dimosttatso delle tecniche GPR nel
rilevamento delle mine e la verifica della presedizemateriale inquinante negli strati
portanti della pavimentazione stradale. || mezzo pasere assunta non dispersivo,

lineare, omogeneo.



La principale applicazione di questo lavoro € qudklla rivelazione di oggetti
sepolti o della esplorazione e caratterizzazioné sl@tosuolo con tecniche
elettromagnetiche, con particolare riferimento astesni GPR-UWB (Ground
Penetrating Radar- Ultra Wide Band) che utilizzaegnali a banda larga per i loro
fini.

| sistemi GPR sfruttano i fenomeni di scattering@ &h producono per effetto
dell'interazione tra I'energia elettromagneticadiata e le discontinuita del mezzo di
propagazione: i dati rilevati, se ben interpretgthssono dare informazioni sulle
caratteristiche elettriche e magnetiche del terrencsulle dimensioni e sulla

disposizione di oggetti ivi sepolti.

L'antenna di un sistema GPR-UWB irradia un seguialdurata compresa tra
0.1 e 50ns (la larghezza di banda e dell’'ordine @iz ). Importanti parametri
caratteristici dei sistemi GPR sono la risoluzierla profondita di penetrazione.

Per quanto riguarda le caratteristiche di risolneidi questi sistemi, si possono
distinguere una risoluzione verticale, che indee@adpacita di riconoscere due oggetti
a diversa profondita, ed una risoluzione orizzantalhe si riferisce all’abilita di
rilevare separatamente due oggetti alla medesimstardia dalla superficie del

sottosuolo.

L’azione che il terreno svolge sulla radiazionedeate € quella di operare un
filtraggio passa basso del suo spettro: allaumrerdalla frequenza il segnale penetra

di meno nel terreno.

D’altra parte, pero, avviene che la risoluzione liorg al crescere della
frequenza. La scelta da effettuare per 'impulsecditazione si fa di volta in volta in
base alle specifiche del caso, cercando di corgu@itu possibile questi due aspetti

contrastanti.
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In questa tesi, lo scopo era quello di utilizzapersnentalmente le tecniche
GPR per la rilevazione delle mine e la verificaa@rresenza di materiale inquinante
negli strati portanti della pavimentazione stradale

Nel capitolo 1 dopo aver descritto brevemente libsdag delle onde
elettromagnetiche da oggetto sepolto, e il metaalte dlifferenze finite nel dominio
del tempo (FDTD) che e un metodo numerico petvige le equazioni di Maxwell,
abbiamo parlato del sistema GPR (Ground Penetrattaglar), che e la
strumentazione utilizzata in tutti gli esperimeintiquesta tesi . La prima sezione di
guesto capitolo € stata dedicato allo scatterinlle dende elettromagnetiche da
oggetto sepolto.

La seconda sezione analizza il metodo FDTD forndedfmrmule che sono
direttamente implementati nel programma di simalagi E stato discusso anche su
come il dominio computazionale e costruita, conealcoli sono effettuati e quali
sono le condizioni che rendono i risultati delimsiazione affidabili.

La terza sezione analizza la teoria del sistem& @Pla sua applicazione
principale nel rilevamento di mine e la verificdldgresenza di materiale inquinante
negli strati portanti della pavimentazione stradade la teoria di come puo essere
possibile ottenere e risolvere alcuni parametrisigjnale elettromagnetico come la
costante dielettrica e umidita nel terreno.

Nel secondo capitolo, lo studio della rivelazioral@ mine in un ambiente
controllato si € basata sulle simulazioni in dugeedimensioni con il programma
GPRMax che implementa nel suo codice il metodo FDTB misure con lo
strumento GPR hanno completato lo studio per cordes le simulazioni. | confronti
tra risultati delle simulazioni e misure GPR codurio.

Nel terzo capitolo, dove ho fatto gli sperimenti ladoratorio, ho studiato una
valutazione del contenuto di argilla in sottoforeldondazione stradale con GPR. In



vii

guesto capitolo si cerca di dimostrare sperimergatm il metodo di calcolo della

costante dielettrica in situazione di presenzanddita nella pavimentazione stradale.

Il capitolo quattro e stato dedicato ad un esparimeealmente in una strada

esistente in cui si valuta il tasso di umidita €®@RR per la stabilita della struttura

stradale. | risultati sono molto interessanti espo® essere una base di dati per la

struttura viaria per i futuri studi in questo campo
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Introduction

Electromagnetic field, whose behavior is descrililyd Maxwell’'s equations and
constitutive relations, can be obtained using thypes of not exclusivapproaches:
analytical, numerical and experimental methods. Il methods let us know the
exact field but, as soon as the complexity of theblem grows, the drastic
approximations we need to consider reflect theneselon result’s reliability.
Experimental methods, on the other hand, providevitis reliable data, within the
accuracy of the apparatus; however, they’re timesaming and expensive. Finally,
numerical methods offer solutions whose accuragien by the quality of the used
mathematical models, at reasonable time and casong them, there are two main

groups: time domain and frequency domain methods.

Ground Penetrating Radar (GPR) has come into usethe last 20 years in
civil engineering, geology and archaeology, for die¢ection of buried objects and for
soil study. The detection of buried landmines Has been a subject of considerable
interest, in particular due to radar’s potential tfee detection of plastic-cased mines
which contain little or no metal. Today, a largenier of organizations are working
on different parts of GPR systems, and among atl $lensors proposed for
humanitarian demining; GPR has had by far the getatsearch funding and effort
dedicated to it.

In this thesis we have presented an electromagsetittering by the buried
object and experimentally we demonstrate to ugheiGPR techniques in landmine
detection and road monitoring. The medium can baraed linear, homogeneous and

non dispersive.



The main application of this thesis is that of dete buried objects or the
exploration and characterization of the subsurfeetromagnetic techniques, with
particular reference to the UWB-GPR (Ground PetiayaRadar-Ultra Wide Band)

signals using broadband to their purposes.

Systems exploit the GPR scattering phenomena t@iraas a result of the
interaction between the electromagnetic energyatadi and discontinuities of the
means of propagation: the data collected, if pilgpanterpreted, can provide
information on electrical and magnetic charactessof the soil and size and layout

of objects buried there.

The antenna of a UWB-GPR system radiates a signdliation between 0.1
and 50 ns (the bandwidth is of the order of GHzpdrtant characteristic parameters
of GPR systems are the resolution and depth oftygios.

Regarding the characteristics of resolution of ¢hegstems, we can see a
vertical resolution, which is the ability to recazm two objects at different depths,
and horizontal resolution, which refers to the ibilo detect two separate objects at

the same distance from surface of the soil.

The action takes place on the ground that the emtidadiation is to operate a
low-pass filtering of its spectrum: the frequenogreases the signal penetrates less

into the ground.

On the other hand, however, is that the resoluitngproves with increasing
frequency. The choice to be made for the impuls#a&tion is done from time to time
according to the specifications of the case, tryiamgcombine as much as possible
these two contrasting aspects.



In this thesis who the scope was to use the GPRhigues for Landmines

detection and road monitoring, is an experimeiasis.

In chapter 1 after describing briefly the scattgrai electromagnetic waves by
buried object, and the finite difference time damaho is the numerical method to
resolve the Maxwell equation, we told about the b penetrating radar who is the
instrumentation used in all experiment in this the§he first section in this chapter
was the scattering of the electromagnetic waveluned object. The second section
analyzes FD-TD method providing formulas to be dalye implemented in the
simulator program. How computational domain is thuibw calculations are carried
out and which are the conditions that make simuhatesults reliable are discussed,
too. The third section analyzes the GPR theoryhasdnain application in landmine
detection and road monitoring with the theory oivhbcan be possible to obtain and
resolve some parameters of the electromagnetialsidee dielectric constant and

moisture content in a ground.

In the second chapter, it can be seen that aftanalation in two dimensions,
an experiment measurement was made with a GPR antpaced with the

simulations in the three dimensions with FDTD.

In chapter three, who the experiment was done labaratory, we study an
evaluation of clay content in substrate and roashdiation with GPR. In this chapter
we try to demonstrate experimentally the methodcatulation of the dielectric

constant in situation of the presence of moistnn@ad pavement.

The chapter four was dedicated to an really expartmn an existing road
where we evaluate the moisture with GPR for thbiléa of the road structure. The
results are very interesting and can be a datafbaseghers road structure for future

study in this domain.



Chapter 1: Ground Penetrating Radar and the

Electromagnetic Scattering

1.1. Scattering of the electromagnetic waves by buriedbjects

1.1.1. Introduction

The electromagnetic scattering problem from bur@gects is a subject with
important applications to the remote sensing of éaeth internal structure, to the
detection of explosive mines, of pipes, conduitd amnels, to the communication
through the earth, or to biomedical imaging. Fas tteason, it has been widely
discussed by many authors in the past, both frahearetical and a numerical point
of view.

The study of this problem, involve the knowledgenwdiny techniques. It is
particularly important to have the availability affordable analytical and numerical
models that can simulate also complicated environisnél'he algorithms for solving
the inverse problem give, in fact, results with scapproximations: the possibility of
using an accurate method for the solution of diseeittering is important to help the
understanding of the buried scenarios.

Among other possible methods, | decide to studymedent here the so-called
Cylindrical Wave Approach(CWA), for the possibiligf working with analytical
formulas and physics understanding at the same. fithss method revealed to be

accurate and flexible in application to variousgtial scenarios.



For example, plane-wave scattering by a perfeaydacting or dielectric
circular cylinder, in a homogeneous and isotropedinm, is a classical problem and
has been studied by many authors [1]. Such prolidéms a more complex form in
the presence of a planar discontinuity for the tebéeagnetic constants, and several
resolving techniques have been developed for tlatesmg by objects above a
dielectric half-space or buried in it.

A more general characterization of scattering byidouobjects can be dealt
with by considering a multilayered medium. Suchrabfem turns out to be a really
hard task, since multiple reflections occurring wesn the scatterers and the
interfaces must be taken into account. Differenthoés are reported in the literature,
for a general multilayered medium and for the patéir case of objects embedded in

a slab between two half-spaces.

In this section, the study of the electromagnetattering problem with a
rigorous solution to the two-dimensional scatteqmgblem of a plane wave by a set
of circular cylinders, with infinite length and adlel axes, buried in a half-space, is
presented. The Cylindrical Wave Approach (CWA) ¢hployed in [3] and [4], to
solve scattering by objects buried in a semi-itdinmedium, is here applied to a

layered geometry|[5].

1.1.2.Geometry of the problem

The involved media are assumed linear, isotroppopdygeneous, dielectric, lossless,
and separated by planar interfaces. The scattbears parallel axes and they are
parallel to the planar interfaces of separationvbeh the media. The whole structure
infinitely extends along the direction of the cglers axes, and the propagation vector



of the incident wave lies in the plane orthogomathe interfaces and the cylinders

axes. Thus, the problem can be considered two dimeal.

P(£.2) Medium 0
] ' (€0, Lg)
y e
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Figure 1.1. Geometry of the scattering problem

Two states of linear polarization for the incidéetd are dealt with, since any
other state of polarization can be expressed bguperimposition of:
 E or TM polarization - The electric field is pdlel to the cylinders axes. The
magnetic field and the propagation vector lie ia ffiane orthogonal to the cylinders
axes. For this reason, the E polarization is alsited transverse magnetic (TM),
being the magnetic field transverse to the axebetylindrical scatterers.
* H or TE polarization - The magnetic field is dbetto the cylinders axes. With the
electric field lying in the orthogonal plane, thepblarization is also called transverse-
electric (TE).



Each component of the electromagnetic field canob&ined by Maxwell
equations, once known the field component pardatiethe cylinders axes, which
coincides with the electric and magnetic field Ebeand H polarization, respectively.
In the whole analysis, this field component is esgnted by a scalar function V,
which in each medium of the structure takes intwoaat all the interactions. A time
dependence ®', beinge the angular frequency, is assumed for the fields, will be

omitted.
1.1.3.Theoritical Analysis

The geometry of the scattering problem is showfigare 1.2: N circular cylinders
(conductors or dielectric) with possibly differgatii are buried in a linear, isotropic,
homogeneous, dielectric, lossless half-space (mediwvith permittivitys, = gyn?).

A monochromatic plane wave, with wave vedtdying in thexz plane, impinges at
an anglep from medium O (a vacuum) on the planar interfadé wiedium 1.

A main reference frame (MRFY,¢,{) , with normalized coordinates= ky,x and

{ =koz, ko= Zﬂ//lobeing the vacuum wave number is introduced. Moreoae

reference frame RF is centered on the™qcylinder axis (q= 1,2,...,N) : both
rectangular §,, {;) and polar g,,8,) coordinates are considered, Wéth= kox, =
E—Xqr g = kozqg =(—1q , pq = koty. The ' cylinder, with dimensionless radius
a, = koagq, has axis located iryf,n,) in MRF.

The presence of the planar interface is taken aticount by means of its
complex plane-wave reflection and transmission fagefts, I;;""(n)) and
;"™ (ny), respectively: the unit vectan! = n{ & +nj{is parallel to the wave

vector of the generic plane wave impinging from medi on the interface with



mediumj(i, ] = 0, 1). Here and in the following, the symbalsnd || are used to
indicate the orthogonal and parallel (to the irstegf) components, respectively, of a
generic vector. The time dependence of the fielassumed to be i, wherewis
the angular frequency, and will be omitted througtltbis section.

The solution to the scattering problem is carriatio terms ofl/ (¢, ¢), which
represents thg-component of the electric/magnetic field:= E, (¢, ) for ™Y
polarization andV = H,,(¢,{) for TEY polarization. Oncé/(¢,{) is known, it is
possible to derive all the other components of electromagnetic field by using

Maxwell's equations.

_ reflected field Medium 0
- n ; (0. o)
incident | |
. h 3 I( T 7 )
field :(p‘ Vi :P ] Y \\&scanered—transmnted field
! ki n ’ \
: st

.
scattered-reflected field

N,

scattered
field

Medium 1
(g1, 1))

Figure 1.2. Decomposition of the total field.

In order to obtain a rigorous solution 3¢, {), the total field is expressed as
the superposition of the following six terms, prodd by the interaction between
incident field, interface and cylinders ( figur}t.

* V;(&,{): incident plane-wave field;



* V.(§, () : reflected field, due to the reflection in mediGrofV; by the interface;
*V.(&,0) : transmitted field, due to the transmission iedmm 1 ofV; by the
interface;

V. (&,0) : field scattered by the cylinders in medium 1;

* V-(&,{) : scattered-reflected field, due to the reflectiormedium 1 ofi; by the
interface;

* Vs:(&,0) . scattered-transmitted field, due to the transioisin medium 0 of; by

the interface. The explicit expressiond/pf V., , andV; can be seen in [6].

The scattered field ¥can be written as the sum of the fields scattened
medium 1 by each cylinder, expressed by a supdimosif cylindrical functions with

unknown coefficient&y, .

V:(£,0) = ZlfY=1 Y VOChlile_il(ptCWl (ny&n,n1Gp) (1.1)

In (1.1), V, is the incident plane-wave amplitudg, is the angle of the
transmitted plane wave, according to Snell's law,
CW,(n&p,ne Q) = Hl(l)(nlph)e”"h, WhereHl(l) is the first kind Hankel function of
integer orderl; the termile™®¢t has been introduced for symmetry with the
expression of/;. Note that (1.1) gives the field associated te pwoint having
coordinates § ¢) in MRF as a function of the coordinat&s,¢,) in RF, being
§=xqtégand{ =n,+,.

Making use of the addition theorem of Hankel fumies [7], we can express in
the RF a cylindrical wave emitted by thd'bylinder, as
Y (nypp)ett?n =

eilehq % Zrtloi—w(_l)mHl(}-zn (nlphq)eimehq]m (nlpq)e—imeq (12)
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After some manipulations, the following expressfon the scattered field in RHs

obtained:
+ 00 N 400
GED =Vo D Im(mpg)e™a )" > cyiteitor
m=-—co h=1l=—o0
€Y)
Hy,” (n1pg)
x |lew,_. (n&,.,n 1-6,,)+—=——"965, 6
[ l m( 1th 1{hq)( hq) ]m(nlpq) hqYml
(1.3)

where d,q and gy, is the Kronecker symbols. Note that (1.3) givesfibld associated
to the point having coordinateg,({,) in MRF as a function of the coordinates
(pq,84) in RK, beingé = x, + pgcosf, and=n, + p,sinb, .

To express the fieldsgvand \; , the presence of the planar surface is taken
into account by considering the reflection and graission of each elementary plane
wave constituting the Fourier spectruf of the cylindrical functionCW. Such
Fourier spectrum is defined as follows:

Foumy) = [ CW,(u, v)e ™7 dy (1.4)
with explicit expression

2 ilul ’1—nﬁ {e—i{’arccosn” (u > 0)
e

ll—nﬁ elitarccosn (u < 0)

The scattered-reflected fieM,, is given by the sum of the fields scattered by

F(un) = (1.5)

each buried cylinder and reflected by the interfafféer some algebra calculus we

have:
N 400

Vo = z z Vochei®e P RW,[ny (=2xn — &1), 110n]
h=1 f=—o0

(1.6)
whereRW(u,Vv) are the reflected cylindrical functiofiss], defined by
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+00
1 .
RWg(u,v)zﬁj T1o(my)Fe(u, ny)e™dn,

a.7)
Starting from (1.6), making use of (1.7), (1.5) afdhe expansion of a plane
wave in terms of first-kind Bessel functions, afseme manipulations we obtaify,

as a function of the coordinatés,, 6,) in RF,

400 N +o
Va6, = Vo D Jm(mupg)e™a )" )" cuyile 0 X RWpy o[ <1s (2
m=—oo h=1f=-o00

+Xq) M1 (Mg = 1))
(1.8)
The scattered-transmitted field is given by the safnthe fields scattered by
each buried cylinder and transmitted to medium 0

N +oo
VD) = ) ) Vol e O TWy .G 1)

h=14=-c0
(1.9)
TheTW, are the transmitted cylindrical functiofd, defined by
+00
n _il1— 2 )
TW,(u,v, x) = ﬁ f Tyo () Fe(—nyx,my) X € i1-(namy) (u+)()em1n,|vdn”
(1.10)

Once the expressions of all the fields have beeengithe boundary conditions
on the cylinder surfaces have to be imposed: dughéohypothesis of perfectly
conducting cylinders, the tangential componenteftbtal electric field must vanish.
The following equation has to be written for TM @otation:

Ve + Ve + Virlp =kga, =0 Withq=1,...,N (1.11)

In the TE case, using Maxwell’s equations we have
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a .
oo (Ve + Vet Vedlpgmiya, =0 Withq=1,.., N (1.12)

By using the orthogonal property of the exponentiahctions, after some
manipulations, it is possible to obtain a lineastsyn for the unknown coefficients,
for both TM and TE cases

hq(TMTE) q(TM,TE) m=0,+1,.,+0 q=1,.,N
A Che = By,

=1f=—00
(1.13)
with
A’Tlnqg(TM TE) = e_iwt {[(1 - 6hq)CW€—m(n1€hq' nl(hq) + RW{’+m(_n1Xq -
X Matlg = )] X G TP (n1g) + SngOem) (1.14)
BCI(TM TE) _ —T(n )eml(nJ-X‘I"'n"nq)e_lm(ptG(TM TE)(Tll(Zq) (115)

whereG ™ () = Jn(x)/HY (x) andGy ™ (x) = J1 () /H (x).
Once the system (1.13) has been solved, the tietet@nagnetic field is completely

determined in any point of the space and for bolanzations.

Although no approximations have been introducetha theoretical basis of
this method, dealing with numerical procedures ibbviously necessary to truncate
the series in (1.13) to a finite number of elements

hq(TMTE) q(TM,TE) m=0,%+1,...+ qg=1,..,.N
A h == Bm

=1{=—00

(1.16).
The choice of the truncation index d&$ = 3n;a, where a is the maximum
dimensionless radius,(q = 1,...N), usually reveals an efficient truncaticnterion,

showing a good compromise between accuracy andwatigmal heaviness [9].
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A check of such criterion is shown further. However all the performed
computations we required a convergence on the sigmificant figure: to this aim, in
some cases we had to use larger values of M.

The evaluation of the generalized cylindrical retigel and transmitted wave
functionsRW, (u, v) andTW,(u, v, ) has to be numerically carried out. In fact, in all
practical cases, the expressions of the refle@mhtransmission coefficienfsandT
do not allow an analytical evaluation of the intdgrin (1.7) and (1.10). In order to
develop an efficient integration algorithm, one hadake into account the infinite
extension of the integration domain, since thetgmucannot neglect the evanescent
components of the spectrum. Moreover, the spectaimhe cylindrical-wave
functions shows a highly oscillating behavior as #xpansion orddrincreases. A
suitable algorithm for the integration of tiRéV,(u, v) functions has been developed
in [10] and [11], where adaptive techniques of Gearstype have been employed,
together with convergence acceleration proceduascessively, the algorithm has

been generalized to integrate also®ié (u, v, y) functions [12].

To validate the employed approach, one of the ncasgs founded in literature
we consider the mutual interaction of two burietinders placed as in figure 1.3. The

study of multiple scattering by two objects hasrb® subject of several papers [13].
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Figure 1.3. Geometrical layout for the study obtiteracting buried cylinders

Many of them dealt with scatterers in a homogen@oedium but, to our knowledge,
in the literature similar studies for the case adtterers buried in a dielectric half-
space are not present. When the scatterers aemdaigh from each other so that the
mutual interaction can be neglected, the totaltsezad intensity should look like the
one obtained by non interacting cylinders, butrdgsemblance should be reduced as
their distance decreases. Such expected behaviactislly obtained with our
simulations which are shown in figure 1.4, whéfg | is plotted as a function &,

for four different values of the normalized distadc= k,d, when p=2, a=1, ¢‘:o°,

X=2.6,p=50 and for TM polarization.
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Figure 1.4. The effect of the distamtteon the scattered-transmitted field, for the cguafation of
the figure 1.3.

In the same figure the corresponding pattern far interacting cylinders is reported,

too (dashed curves).
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We have considered the 2-D plane-wave scatteriruplgm by a set of
perfectly conducting circular cylinders buried imialectric half-space. The proposed
method may deal with both TM and TE polarizatiosesaand yields results in both
the near- and the far-field zones. Moreover, it rhayapplied for any value of the
cylinder size and of the distance between the olestand the surface.

The presented technique could be used for the cieaization of suitable scenarios in
the context of Ground Penetrating Radar applicati@@PR) [14], which usually
employ purely numerical FDTD techniques [15]. Farthore, our method may be
employed in iterative algorithms for the solutiohioverse problems, where fast,
efficient and accurate forward solvers are neesiede the forward problem has to be
solved repeatedly [16].

Convergence checks and a self-consistency test lmeen performed.
Comparisons have been made with available restdtsepted in the literature, with
very good agreement. The multiple scattering betvte® buried cylinders has been
considered in some detail.

In this section we generalize the scattering probsolved using the CWA
approach. In the following it was developed a FDi@thod that was used for
simulation in chapter 2. This method was seen atewnd versatile for resolution of
the Maxwell's equation in time domain and with axww@ate FFT it was easy to have

also the frequency domain.
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1.2. The Finite Difference Time - Domain Method

1.2.1 Introduction

Electromagnetic field, whose behavior is descrililyd Maxwell’'s equations and
constitutive relations, can be obtained using thypes of not exclusivapproaches:
analytical, numerical and experimental methods. Il methods let us know the
exact field but, as soon as the complexity of theblem grows, the drastic
approximations we need to consider reflect theneselon result’s reliability.
Experimental methods, on the other hand, providevitis reliable data, within the
accuracy of the apparatus; however, they’re timesaming and expensive. Finally,
numerical methods offer solutions whose accuragiven by the quality of the used
mathematical models, at reasonable time and castng them, there are two main

groups: time domain and frequency domain methods.

1.2.2 Finite difference time domain method

The finite difference time domain method (FD-TD)isiumerical method that
performs all necessary calculations using a digaet version of Maxwell's
equations applied to the finite discretized regidrere electromagnetic field is to be
solved for. FD-TD relies mainly on Yee’s algorithwiich describes how[17]:

- Maxwell’'s equations are modified;

- space region is discretized to obtain the comjmnal domain;

- calculations are carried out on electromagnétid tomponent with respect to time.
To completely define the method, an analysis offéflewing aspects should be done,
too:

- numerical stability;
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- numerical dispersion;

- boundary conditions.

FD-TD, like every numerical method, has strengtimsl aveaknesses but
nowadays, because of the increased capacity oérducomputers, the weakness of
the FDTD method like memory and time consumingl amentual post-processing
are managed without any problem. It is for that HD-method become more
powerful method and is used by many authors.

In fact, FD-TD is versatile and intuitive because tomputational domain that
represents the electromagnetic device to be studibdilt up like an experimental
apparatus. As a result, the method can be usedrddicp unexpected effects
beforehand. It must be stressed how FD-TD algoritbines heavily on the choice of
simulation parameters, such as resolutions ana thspective ratio, even for two
very similar devices. Those parameters are indegubritant to gain a simulated
behavior that truly reflects the real one and t&enaD-TD a valid tool for describing
the electromagnetic field variations the same wsytavould be done in real life
experiments.

FD-TD is wide-frequency ranged because the algorithuses behaves like a
linear system within the limits given by the congtidnal domain resolution and the
contour conditions quality, in particular the raaia boundary condition (RBC)
mathematical model. In addition, since Maxwell’'siations are applied in each point
of the electromagnetic system to be solvedEoandH are known everywhere. Most
important, the device can assume any shape andl tppilsing any material (as long
as the respective expression for Maxwell's equatame adopted in the mathematical
description of the electromagnetic field). The olniyit is the resolution and shape of
the lattice adopted: if there are curved surfaneas computational domain that uses
cubic elementary cells, an approximation is unaabiel.
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Since an open system has an infinite extensiorcaludilation introduces limits
for domain dimension and calculation time, it's @ggary to simulate the radiation
condition at infinite distance, exactly as it hapgpein an anechoic chamber.
Unavoidable reflections are introduced in the systeonceptually, if no dissipative
materials are adopted and power is continuously iputhe device, the energy
contained in the computational domain will diverg@artunately, there are RBCs
models that make this process very stmwnpared to the time needed to reach steady
condition with very good accuracy, too.

FD-TD method, was accused to be memory and timswuoimg. In fact, the
entire computational domain must be discretized @eanorized. Since elementary
cells must be smallompared to the smallest wavelength that needs wohsidered
(higher resolutions, i.e.: number of cells for eaafavelength, imply smaller
numerical errors) and smallest element insertedha device (i.e.: constitutive
parameters should change slowlyer a small number of cells). Moreover, a bigger
computation domain means longer simulation time: niamber of calculations for
each time interval and the time intervals neederk&mh steady condition grows as
the number of cells increases. Thus, for instaricie electromagnetic field at far
distance (i.e.: Fraunhofer region) is to be caledaa certain amount of post-
processing is needed otherwise computational dordamension would increase
exceeding memory resources and plausible calcolaime. And for this issue,

computers are powerful and reduced the calculaitoa.
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1.2.3 Yee’s algorithm

The computational domain is a lattice made up by aells, whose surface contains

all field components.
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Figure 1.5. Yee's unit cell. On the faces of thagimary cube, it can be observed how the field

components are arranged to obtain circuits.

The direction of all vectors is chosen identicafteéterence axes. Kx, Ay andAz are
the lengths of the elementary cell, each cell &¢bmputational domain is uniquely
identified by three integers i, j and k:

P = (IAX, JAy, kAZ2) (2.17)
SinceE andH are also functions of time, supposingto be the interval used to
discretize time, one can write:

E(P,t) = E(iAX, jAy, kAz, nAt) (1.18)
H(P,t) =H(iAX, jAy, kAz nAt) (1.19)

with n integer. In a more compact form:
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E(P,t) =E(, j, k,n) (1.20)
H(P,t) =H(i, j, k,n) (1.21)

Yee’s algorithm uses a “leap-frog” approach to ueddl field components in
each time intervaljAt. For instance, if the electromagnetic field isnpdetely known
until timet, to obtain how it evolves until time+ At , the magnetic field dtAt/2 is
calculated starting from electric field at tiheand the electric field at timtet At is
calculated using the magnetic field previously ot#d. Thus:

H(,j, k n+ 1/ 2) =F{E(o, p, g, N)} (1.22)
E(,j, kn+1) =Fg{H(o, p,g,n +1/ 2)} (1.23)

with o, p and q, all possible indices in the comagionhal domain anég , Fy the two
functions that let calculate one field from the eathin other words Maxwell’s
equations combined with constitutive equations,nolamy conditions and impressed
fields. Using this approach, the whole electroméigniéeld is updated as eacht
elapses and an “actual state — future state” approa not required, thus saving
precious memory resources. However, the leap-flgyaach doesn’t let us know
both electric and magnetic field at the same instanime; in fact, ifH is known at
generic time instam +1/ 2,E is known at time instamtor n +1.

Maxwell’'s equations need to be modified to worktloa@ defined computational
domain; specifically, they are to be discretizedhwespect to space and time. The
second order accurate algorithm central-differeioceula is adopted, in this thesis,
to represent both time and space derivatives. vesalt, iff = f (h), its derivative can

be approximated with:

Lo o P T) ==
f'(h) = -

Assuming an isotropic material, Maxwell's equatiacas be written as:

(1.24

0 yp__1 _r
H=—"VxE-LH (1.35
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2E=-VxH-2E (1.26)
wherep is the magnetic permeability; is the magnetic conductivity,is the electric
permittivity or dielectric constant anis the electric conductivity.

ConsideringH, and applying the central-difference formula for dérivatives in

(1.25):

Hx(l;].k;n"'1/2)+Hx(l;].k;n_1/2) —
At N

1 (sy(i,j,k+1/2,n)+ey(i,j,k—1/2) e,(i,j+1/2,kn)+e,(i,j—1/2,kn)
u(i,jk) Az Ay

p'(i,j, k). Hy (i ) (1.27)

To calculateH,(i, j, kn) , which the algorithm, because of the leap-frog
approach, doesn’'t memorize, the “semi-implicit” epppmation is used:

Hy (i k) = Aol o) (1.29

Such process has been demonstrated to be numestalile and accurate for each

value ofp’(i, j, k) O (0,+0), in (1.27). Substituting and rearranging (1.27):

( _plGjkat At

(st o) = 5 (=11, ) B

2.u(i,j k) 2.u(i,j.k)

(Ey(i,j,k+1/2,n)+Ey(i,j,k—1/2,n) Ez(i,j+1/2,k,n)+Ez(i,j—1/2,k,n)>

— - (1.29)

The following coefficients can be defined:

( _cr(i,j,k).At) At

ooy M) L. e

Co(i,j, k) = 1 cr(!il,j,Lk]).At ,Cp = 1 ga(li,]j,k).At
( +2.u(i,j,k)) ( +2.u(i,j,k))
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(1_p’(i,j,k).At) At
. _ 2.u(i,j,k) . . _ u(ijk)
Da (lr]' k) - ( p’(i,j,k).At) ' Db (li]! k) - ( p’(i,j,k).At) (130)
1+5——= 1+
2.u(ijk) 2.u(ijk)

Applying the same procedure to @ and H components and adopting the
coefficients in (1.30):

Hy(ij,kn+1/5 | =D,G,j,KHG,j kn—1/2) + Dy, j k).
2

Ey(ijk+1/20)~Ey(ijk=1/2n)  E,(ij+1/2kn)—E(ij—1/2kn)
( Az Ay ) (1.31)
H, (i,j, k,n + 1/2> = Da(i,j, KHy (i,j, k,n — 1/2) + Dy (i,}, k).
E,(i+1/2,jkn)—E,(i—1/2,j,kn)  Egx(i,jk+1/2,n)—E4(i,jk—1/2,n)
( - _ - ) (1.32)
HZ <1, j, k, n + 1/2) = Da(iy j; k)HZ(ll jl k! n-— 1/2) + Db(li j' k)'
Ex(ij+1/2kn)—Ex(ij-1/2kn)  Ey(i+1/2jkn)-Ey(i-1/2,jkn)
( - - ) (1.33)
E, (i,j, k,n + 1/2> = Ca(i,), KEL(i,j, k,n — 1/2) + G, (i, j, k).
(Hz(i,j+1/z,k,n)—Hz(i,j—1/2.k,n) _ Hy(jk+1/2m)-Hy(jk-1/ 2'“)) (1.34)
Ay Az '
Ey (i,j, k, n —+ 1/2> = Ca(i;j; k)Ey(I;]; k; n-— 1/2) + Cb(iij' k)
Hy(i,jk+1/2n)-Hy(i,jk-1/2n) H,(i+1/2,jkn)—H,(i—1/2,j,kn)
( - _ - ) (1.35)
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E, (i,j, kn+ 1/2> = Co(i,j, KE, Gij, ko — 1/2) + Gy (i, K.

Hy(i+1/2,j, k) =Hy (i=1/2,jkn) Hx(i,j+1/2,k,n)—Hx(i,j—1/2,k,n))
( - n (1.36)

Having described how the discretized time-spaceaions built up and the
calculations needed to be performed on the eleetyoetic field, stability, accuracy

and boundary conditions are to be discussed to makaulation possible.

1.2.4 Courant’s condition

To avoid numerical instability, the smallest tinmerementgt, must satisfy Courant’s

condition, which states:

St < 8t = ! (1.37)
T e () () ()

beingvax the maximum expected wave velocity in the simalatlomain andx, Ay

andAzthe dimensions of Yee’s elementary cell.

The condition can be obtained from Maxwell's equadi as described in the
appendices; it's worth noticing that Courant’s gigbcriterion is strictly related to
the derivative model adopted, central-differencenida[18]. Choosingt very near
to otmin, as defined in (1.37), allows reaching steady tmmdin a smaller number of
time increments and, as a consequence, a smalheeriual error; in fact, the more
time increments are performed, the more calculatiare done and the longer the
simulation lasts. Since every machine floating poaiculation involves rounding-off
and is based on all past calculations, error isoaatonically increasing quantity. In
addition, if any RBC is adopted, its model introdsianore spurious reflections as
time elapses. On the other hand, to have a bidiggr is necessary increasing Yee’s

unit cell dimension and a coarser discretizatiorsfgdce region. Since discretization
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directly affects the model accuracy, overall simtiala accuracy is consequence of a
trade-off among all simulation parameters, fixeteraall mentioned considerations.
Parameters choice, as a result, is a matter ofriexe, exactly as it happens when

developing an experimental apparatus.

1.2.5 Numerical dispersion

Numerical algorithms that use Maxwell’'s equations {ime domain) cause a
“dispersion”; in other words, a phase velocity adgn occurs when a wave
propagates in the computational lattice exactlyitdsappens in dispersive media.
Generally, phase velocity of modes obtained nurablyicdiffers from light speed in
open spacs;, because of wavelength variations, propagatioection, discretization
type and eventual anisotropies.

Normally, the phase velocity deviation, aliasmerical dispersion, introduced
by FD-TD algorithm is caused by the propagatioection of the generic wave front
that it's not necessarily parallel to Yee’s unil€sides. In other words, if we suppose
a spherical wave originating from a point in thetite, electromagnetic field
propagates at different phase velocities for daffiiedirections.

In [17] the numerical dispersion evaluation of d-FD implementation that
uses central-difference formula and semi-implipp@ximation is shown. Numerical
dispersion is given as a function of wave propagasingle measured with respect to
the normal of Yee’s unit cell generic fade, and R, the adopted resolution. It can be

noted that wavelengths in dielectric substanceganerally smaller than open space.
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Figure 1.6 Numerical dispersion expressed as Ntim@ad Phase Velocity, that is the ratio between

the simulated phase velocity and the real one @Gpééght, for open space).

If numerical dispersion is not properly accounted fnaccurate results can be
generated because of latencies, phase errors, dis@ranterference (e.g.: multiple
paths), anisotropy and pseudo-diffraction. So, fgefonning an FD-TD simulation,
after the maximum phase error to be tolerated xedfi a good evaluation of
discretization resolution should be obtained. Obsip, the special resolution must
be, in any case, adequate to represent the highasal frequency to be accounted for
(i.e.: sampling theorem). The phase error can lwaght in terms of the path

difference occurring between the real and simulatade:
Ap = 2m 2 (1.38)
Ao

being A, the radiation wavelength.
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To get a rough expression that relates phase &rnasolution, the following
relationship for the path difference can be considesupposing a wave traveling in

open space:

% XC—U (1.39)

The formula (1.39) expresses the difference betleeistance that the actual wave
covers at the speed of liglat, and the one traveled by simulated wave at speeid,
the smallest time increment .

Substituting forAl in (1.39):

Ap = i—:At. (c—v) (1.40)
Lettingn be the normalized phase velocity, as definedgaré 1.6,v/c:

Ap = i—:At. c.(1-n) (1.41)
Considering one dimension:

A A
m=§m=ﬁm (1.42)

whereN, is the proportionality constant that representsdiseance covered by wave
front scaled by the unit cell side dimensidn,.

o _ )= oy (A0
Ap =" ZN,.c.(d M—ZE%M4n) (1.43)

If R= Ax /A0, representing the adopted resolution, is the nurabeells needed to

cover a wavelength distance in x direction.

_ Ny (1-7m
Supposing that =n (0,R), as done to represent figure 1.6:
_ o Ny (1-1(6,R)
A = ”R(nwm) (1.45)

Phase error is linearly increasing with distanced anversely proportional to

discretization resolution. To consider the worssec#’'s necessary picking out the
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minimum value of normalized phase velocity, thatws at6 = 0 (or6 =g / 2 ).

Therefore:

_ & 1-n(0,R) _ & 1-Nmin(O,R)
Apmax = 21 R ( 7(0,R) ) =2m R ( Nmin(0,R) ) (1.46)

In FD-TD method application, it's often necessany expression of the
maximum length of computational domain relatedhte &llowed maximum phase

error. Rearranging (1.46):

_ APmax (1_77min(R)) R (1.47)

Xmax 2 Nmin(R)

If numerical dispersion is not accounted for, siatigins can give inadmissible or non
physical results, caused by multiple spurious ogiftes and refractions.

Because expressions (1.46) and (1.47) have beed fouone direction, care must be
taken when not-cubic unit cells are used for diszagon. As a rule of thumb, taking
account of numerical dispersion considering theetwesolution adopted is a good

assessment.

1.2.6 Bérenger's PML

If at least one dimension of an electromagnetidesysis not finite (e.g.: a device
which radiates in open space, such as an antesinag resources are limited, the
computational domain must be truncated and, asnaegmence, a contour condition
that lets waves trespassing truncation radiatd deds in open space is necessary.
There are lots of RBC models and many of them lisedncept obne-wayoperator
[19], a method that, in theory, allows propagaiimone direction only. Other models
simulate open space radiation through a surfaceloging layers made up of
particular materials, even not real. This approaek used by Bérenger to realize his
perfectly matching layer (PML) in 2D case [20] elgtextended to 3D by Katz [21].
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The system to be simulated is surrounded by PMhgra physical dissipative
material characterized by high losses, which ig teapped in a PEC surface. Usage
of correctly implemented PMLs, can help obtainimgudations with reflection ratios
smaller than —50dB, comparable to most anechoimbkes. In practical situations,
there is more than a PML, with different materiahstants, which follow an arbitrary
profile pattern: usually, the more layers are usi@, overall back reflection is

lowered.

1.2.7 The FDTD simulation

The calculation of an electromagnetic problem g BDTD method is divided into
several phases:

1) The system under study is analyzed taking irdcoant all the elements that
determine the minimum spatial resolution;

2) having decided on the spatial resolution, weldbtine computational domain
consists of Yee cells and determines the samptitegual of time;

3) the different boundary conditions are imposedhenstructure;

4) the discretized version of Maxwell's equationspplied cyclically with the leap-
frog scheme injecting the forcing term due to fistairces;

5) finished the calculation; the results are cadldcand are subject to possible post-
processing.

In the first phase is determined by the qualitytied calculation: in addition to the
geometric complexity of the system to be analyzed necessary to determine the
frequency ranges of the radiation that it will istzand what effects may be prevalent.
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In this section, we described the FDTD method foivieg Maxwell's
equations. This method is used for the problemedéating buried objects and is the
basis of the principle of resolution of GPRMax sa@ite that has been used for FDTD
simulation in chapter 2. Next section will discussdetails the Ground Penetrating

Radar with his application in Land Mines detectam Road monitoring.

1.3. Ground Penetrating Radar

1.3.1.Introduction

The basic theory behind the ground penetratingrragltem has been in use since the
early 1900’s. The first known use of electromagnsignals to locate remotely buried
objects is attributed to Hulsmeyer with a Germatempiain 1904[22]. The system that
Hulsmeyer used was a continuous wave transmissigar rsystem. The pulse radar
system, very much like present GPR systems, wadewvaioped until the mid 1900'’s.
In 1962, Husenbeck developed the first pulsed ragatem to investigate buried
features[23]. Today, pulse GPR systems are manu&ttcommercially for use in
many geophysical fields.

Ground Penetrating Radar (GPR) has come into usetbe last 20 years in
civil engineering, geology and archaeology, for dle¢ection of buried objects and for
soil study. The detection of buried landmines Has bheen a subject of considerable
interest, in particular due to radar’s potential tfee detection of plastic-cased mines
which contain little or no metal. Today, a largenier of organizations are working
on different parts of GPR systems, and among a#l $lensors proposed for
humanitarian demining; GPR has had by far the getatsearch funding and effort
dedicated to it.
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GPR works by emitting an electromagnetic wave ithi® ground, rather than
into the air as in many radar applications, usimguatenna which does not need direct
ground contact(in other domains direct contactfierorequired, e.g. non-destructive
testing). GPR systems usually operate in the miav@wegion, from several hundred
MHz to several GHz [24].

Buried objects, as well as the air-ground interfazause reflections of the
emitted energy, which are detected by a receivegnaia and associated circuitry.
GPR can produce a fuzzy depth “image” by scanriegstispected area, and/or using
an antenna array. The antenna is one of the mosiatparts of a GPR system. What
particularly matters for the detection of objectsai background medium, e.g. mines
buried in soil, is the difference between the et@oagnetic properties of the target (in
particular its dielectric constant) and those a background (the GPR works as a
target-soil electrical contrast sensor). The amafnénergy reflected, upon which
reliable detection is based, also depends on thectsdh size and form. Spatial
resolution depends on the frequency used, andes@ution needed to cope with the
smaller anti-personnel landmines requires the didagh frequency bands (up to a
few GHz). These higher frequencies are, howeveticpéarly limited in penetration
depth.
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Figure 1.7. A physical GPR systems: impulse tinreaio

GPR systems can be subdivided into four categodepending on their
operating principle. The first type is an impulsed domain GPR, where the emitted
pulse has a carrier frequency, modulated by a naliyinectangular envelope. This
type of device operates in a limited frequency earand has in most cases a mono-
cycle pulse. The second type of time domain GRReaso-called Chirp Radar, which
transmits a pulse train waveform where the cafregguency of each pulse is rapidly
changed across the pulse width. Frequency domaiR Ekhsmits a signal with a
changing carrier frequency over a chosen frequeaoge. This carrier frequency is
changed, either continuously, for example in admsweep (Frequency Modulated
Continuous Wave Radar, or FMCW), or with a fixeeps{stepped frequency radar).
The term Ultra Wide Band (UWB) GPR is generallydugar systems operating over
a very wide frequency range (in relation to theinttal operating frequency).
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1.3.2 Physical base

The GPR method operates by transmitting a veryt gectromagnetic pulse into the
ground using an antenna. The centre frequencypisdly in the range of 10-2000
MHz. Abrupt changes in dielectric properties capsets of the electromagnetic
energy to be reflected back to the ground surfatere it is recorded and amplified
by the receiving antenna. The recorded signalgstered as amplitude and polarity
versus two-way travel time (figure 1.7). The elentagnetic wave propagates in air
with the speed of light (0.3 m/ns). In the groutitg velocity of electromagnetic
waves is reduced since it is dependent on theiveldielectric permittivity,s,, the
relative magnetic permeability,, and the electrical conductivitg, The velocity of

electromagnetic waves in a host material is given b

v = c (1.48)

1+ [1+(55)2

Erly >

where c is the electromagnetic wave velocity in vacuum (hs), e=¢¢o the
dielectric permittivity and, the dielectric permittivity in free space (8,858E/m),
o = 2rf the angular frequency, where f is frequency, tredexpression/me is a loss
factor. In non-magneticyf = 1) low-loss materials, such a clean sand andegjrav

wherec/we ~ 0, the velocity of electromagnetic waves is reduicethe expression

v = C/\/e_r (1.49)

The equations 1.48 and 1.49 shows that the velo€iglectromagnetic waves
propagating in the ground is decreased compardbetwelocity in the air. In low-
loss (i.e. resistive) materials the maximum de@aasa factor of nine, which is the
velocity of electromagnetic waves in fresh wate®8d m/ns). Several processes lead
to a reduction of the electromagnetic signal stilengAmong the most important

processes are attenuation, spherical spreadingeoénergy, reflection/transmission
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losses at interfaces and scattering of energy.t&8oaj is due to objects with a
dimension similar to the wavelength and is theeeforost pronounced for higher
frequencies. Special attention should be drawécattenuation, which is a function
of dielectric permittivity,e, magnetic permeabilityy, and electrical conductivity,

as well as the frequency of the signal itsel2rf. The attenuation coefficient is

expressed as:

/1+(&)2—1
A=w [ep——m (1.50)

2

In low-loss materials, whe@we = 0, the attenuation coefficient is reduced to

a=2 |E (1.51)

21/ €

The attenuation is proportional to the electricahductivity, which leads to high

attenuation in materials with high electrical coaikity.

1.3.3.Data acquisition

Doing the measurements with GPR, it is necessaryddscribe what is the
methodology to have the data. The following sectiores the comprehensive advice
and good practice in GPR field techniques.

Reflection profiling

In reflection profiling mode the antennae are kafptonstant separation, while they
are moved along a profile (figure 1.7). The elatimgnetic pulses are transmitted at
fixed time or distance interval. The signal is relsal and displayed immediately on a
computer screen as GPR profiles, in which the ea@rtaxis is two way travel time in

nanoseconds and the horizontal axis is distancegdlee measured profile. The GPR
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data are either collected along a sii profile or in a grid of profiles to obtain : or
pseudo 3D information on structures in ground. The GPR data can also
acquired alondines so densely spaced that the line spi equals the ste size along
the line. This leads to 8D data cube, where data also can be disp as time or

depth slices.
Monostatic Bistatic
TX/RX 600-600 Mhz TX/RX 600-1600 Mhz
TX/RX 1600-1600 Mhz TX/RX 1600-600 Mhz
Transmitter — r Transmitter
Signal . . Signal
Processorr -« Receiverer | <— Receiverer —» Processorr
PC Display PC Display
Antenna TX
Antenna TX/RX
A A \J

Antenna RX

Pavement surface

A
. A
Pavement interface 1 A T A

Pavement interface 2

Pavement interface 3

Figure 1.8. Principles of GPR in reflection profiling moc

To ease the work in the field, the GPR systermr be mounted on a car or slec
which is towedby a person or an -terrain vehicle. The acquisition speed
comparable to walkingpeed for the most systems. '~ productivity per field da
depends on thmdividual survey setup and the accessibility ig field. If there are
topographic changes along the C profiles it is important that the topograg
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variation is surveyed precisely, so that the GP®Rilps can be displayed with correct
topography. As a result the reflections will bepthyed with the true dip and

geometry.

Common mid point

A common midpoint (CMP) dataset is also called &oaiy sounding, since the
technique is commonly used for signal velocity essdment. In CMP mode the
antennae separation is increased for each recordithde they are kept over a
common midpoint.

A CMP plot contains the direct wave transmittedha air above the ground,
the direct wave transmitted in the ground and waeélected from interfaces in the
ground, where the dielectric properties change[Zhis is related to the fact that the
electromagnetic wave velocity in a medium decreasg#ls depth, together with

increasing water content with depth.

1.3.4. Solil dielectric properties

Dielectric medium properties are a critical paraandbr most methods, because the
dielectrics control the contrast between the olpéstudy and the medium it is buried
in. Additionally the dielectric medium propertiesntrol propagation, attenuation, and
reflection of electromagnetic waves. The dielecpioperties of materials are a
function of (among others): texture, bulk densityneralogy, organic matter content,
and frequency, but especially water content [26].

Soil data from a wide range of environmental sgittemperate, tropical, and
desert), show that soil water content varies wi@dalgt over distances of less than one
meter [27]. This variability has important implicats for sensors that are affected by
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the soil water content, as their performance mayasgable over short distances. The
performance of a sensor under specific soil comustican be predicted using a
thorough understanding of the physics of the salessensor system.

To predict the performance of electromagnetic sengois common to use
models that estimate the soil dielectric propertddthough a wide variety of models,
each with it is own characteristics, has been megpno complete model is available
that can describe the dielectric properties ofiefspall its variables. This makes it a
challenge to select the best model for each oatasio

1.3.3.1. Phenomenological models

Phenomenological models such as Cole-Cole [28]eiu/e [29] relate characteristic
relaxation times to frequency dependent behavia ofaterial. These models allow
for assessment of complex dielectric propertiessfwecific frequencies. The Cole-
Cole relaxation model describes the induced p@#om effects as a function of

frequency. The complex dielectric permittivity dae described as [30]:

* _ Es—€&€x0 _ jadc
e(f) = [€°° G e Bl T Znfes (1.52)

where g and ¢,, are the static value of the dielectric permityiviind the high-
frequency limit of the real dielectric permittivjtyespectively. For wates; and g,

equal 80 and 4.22, respectively, depending on testpe. g, is the dielectric
permittivity of free space (8.854-10 F/m) [31]. . is the dielectric relaxation
frequency of the material (17.1 GHz for water [32]). is the electrical conductivity
and B is an empirical parameter to describe the spreacklaxation frequencies,
which increases with the complexity of the mixt3&[ For distilled water, or other
pure liquids with a single relaxation frequen@yjs zero, resulting in the original

Debye model[34]. For tap water and moist sandys$oit 0.0125 and 0.3 according
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to Heimovaara [35] and Roth et al[36], respectivebpme other values fg¥ are
reported in literature [37].
According to the Cole-Cole model the complex re@stgtor impedance can be

expressed as:

R*(w) = R, {1 —m (1 — )} (1.53)

(1+jwr)€

where R, is the dc resistivitym is a variable (0.1-1.0) depending on the mineral
content,o is the (radial) frequency, (range 1d - 10%) is the time constant, and c is a
variable (0.2-0.6) depending on the grain sizeibistion. Roth et al. report a value of
8 for t in moist sandy soils [38%. values for different materials have been repairied
the literature[39].

As seen from the formulations above phenomenolbgitadels need
recalibration for each specific material. Therefarés difficult to use these models to
describe the dielectric differences between vargimigitypes.

1.3.3.2. Volumetric models

Volumetric models describe the dielectric propertid a soil based on the relative
amounts of the different soil constituents and rthandividual dielectric
characteristics. The basic input parameters tonaltlels include solid matter, pore
space, and volumetric water content. Dependindhentodel, input variables such as
organic matter and bound water may provide additiomccuracy for specific
conditions. Usually, frequency dependence is ri@ranto account.

The models have been calibrated, for example, ag-tiomain reflectometry.
Over the years different volumetric mixing modet¢s/& been proposed [40] that can
be grouped in different types such as Arithmeticerage, Harmonic Average,

Liechtenecker - Rother, and Time-Propagation [Fhle Complex Refractive Index
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(CRI) model or exponential model, which is basedtba Liechtenecker-Rother
model, is one of the most popular methods[42]. TR+ model for a material with

components can be written as:

(1.54)
wherev: is the volume fraction of thid' soil constituent, and is an empirical variable
(0.5 according to some authors[43]). The scalingtolaa. gives CRI and other
volumetric mixing models a semi-empirical naturbee® parameter can theoretically
vary from —1 to +1 but for multiphase mixtures sashsoils values between 0.4 and
0.8 have been found. Other valuesdaeported in the literature are 0.3345, 0.46 for
three-phase systems and 0.65 for four phase systetnsling bound water. Several
attempts have been made to give more physical tishe scaling factor. It has been
shown that the value ofi also (inversely) correlates with the measurement
frequency[44].

Recently, a new volumetric mixing equation baseeklyuwon the depolarization
factors of different soil constituents has beemomiiced. This model has a strong
theoretical basis and tries to overcome some prabkdat exist in other volumetric
mixing models. In this approach the measured p&uiytis related to the volume-
weighted, sum of the permittivity of the individuahaterial constituents. A
depolarization factorg) is introduced to account for electric-field reftians at the

material interfaces. In this mixing equation:

(e-1) =) (e~ DSw,
i=1

(1.55)
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wherev: is the volume fraction of th&" soil constituentSis related to the electric
field refraction in soil, which is in turn a funeoti of the shape and surface roughness
of the grains. Theoretically, the depolarizatiorctéea can be calculated for all
materials but currently this is only possible fantogeneous materials with regular

shaped grains.

1.3.3.3. (Semi-) Empirical models

Empirical models are mathematical descriptionshefrelationship between dielectric
properties and other characteristics of a medigpe@ally volumetric water content
and texture information. There is not necessariysical basis for the mathematical
description. Therefore, an empirical model may dodyvalid for the data that were
used to develop the relationship. Many empiricatlete have originated in the field
of time-domain reflectometry (TDR), and were orgly used to predict the soil
water content from the velocity of electromagneignals along TDR probes in the
soil.

The classic Topp model uses a third order polynbtoialescribe the relation
between soil volumetric water contef) @nd bulk or apparent relative permittivity

(Ky) for measurements taken below the relaxation faqu of water:

K, = 3.03 + 9.36 + 1466% — 76.763 (1.56)

The regression is an average of TDR measuremdstyated over a frequency
range of 1 MHz to 1 GHz for several soils and hawed very successful for a wide
range of different soils and soil moisture conaiioLedieu et al.[45] propose a linear
relationship between soil water content &dwhich can be used to expand the Topp

model for higher water contents. The model fundiespecially well for frequencies
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around 100 MHz. At higher frequencies and moisttoatents close to saturation
(6~0.4) the Topp-model over-predicts the bulk relapeemittivity by up to 20%.

At very low water contents the Topp-model does parform well, especially
for soils with large clay content. There exist vas empirical models similar to
equation(1.56) that are suitable for specific somihditions. The bulk density has a
profound effect on the relation betwegmandK,. Soils with high content in organic
matter usually have a lower bulk density. Converdioctions have been proposed to
account for the bulk density and porosity variasidmetween organic and mineral
soils. Dielectric measurements of samples highrgamic matter content show that
equation (1.56) may under-predicby about 30%. An alternative function has been
proposed to account for this effect. The presericdigned ellipsoidal particles, for
example in bedding planes of sedimentary depasgs, has an effect on the effective
permittivity.

Brisco et al. [45] present results for measurememith a field portable
dielectric probe (PDP) at different frequenciesgiag from 0.45 to 9.3 GHz. The
measurement variability is rather large and the memof soils studied is small. As a
result, the third-order polynomial functions thet @resented for each frequency may
contain a significant error. At frequencies belovownd 50 MHz the dielectric
permittivity depends strongly on soil type. Basednoeasurements of 6 soils at 1, 5,
and 50 MHz it is shown that at the lower frequesdtliee soil type has a strong impact
on bothe’ ande” .

Third-order polynomial functions for the data measuat 1 MHz and 50 MHz
are given. Also data presented show that the sffetcthanges in volumetric water
content and soil water temperature on the relatipssbetween frequency (1-50
MHz) and ¢*. Semi-empirical models are powerful and useful rldg between
empirical models and volumetric models. These n®d#ten use a volumetric

mixing model as their base and have been calibfated specific set of soils. The



43

models include information of physical backgrouriddielectric behavior. They are
sometimes able to describe frequency dependenvioehbut may only be valid for
the data that were used to develop the relationsiinig models by Dobson and
Peplinski use input of the percentage of clay aaddsin a soil, as well as the
volumetric water content and bulk density to caltell the complex frequency
dependent properties of field soils. The model bihdist uses Debye relaxation
parameters, which is related to textural charasties, and a semi-empirical

parametef§ to calculate the complex frequency dependentsoperties.

1.3.5 Penetration depth

The penetration depth is controlled by the GPR reefitequency, the electrical

conductivity and the attenuation of the subsurfdeposits. In low-loss deposits, a
low centre frequency achieves a large penetratiepthd whereas a high centre
frequency results in a lower penetration depth. [fbeature on GPR investigations in
sediments reports on penetration depths of up ooita®0-40 m for 40-50 MHz, of

10-25 m for 100 MHz, 5-15 m for 200 MHz and onljeas meters for 500— 1000

MHz. The maximum penetration depths are obtainattyrclean sand and gravel [46]
or sandstone [47].

How fast the GPR signal is attenuated depends plymen the electrical
conductivity of the ground [48]. In pure dielectneaterials the signal is attenuated
very slowly, whereas in conductive materials suglelay or deposits with saline pore
water the attenuation is very fast and the penetratepth is decreased significantly.
Using a 100 MHz GPR system on clayey depositspéretration depth is limited to
a few meters. Application on a deposit with safioee water allows a penetration of a

few centimeters only.
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In the landmine detection, field GPR have shown sodl can have a very effect on
the performance of GPR systems for buried landndection. Under some soill
conditions the landmine signature is of high gyahhile under others no signature

can be detected at all.

1.3.6 Resolution

The vertical resolution depends primarily of thevelangth,i, of the propagating
electromagnetic wave, which is determined by th&@&®Rquency, f, and velocity,

of the ground material as=v/f. Theoretically, the distance between two rebest
should at least be ¥4 — ¥ of the wavelength to belved [49], though in practice the
distance should be %2 — 1 wavelength [50]. Using av&gelength, the vertical
resolution in dry sand with a velocity of 0.15 missabout 1.5 m, 0.75 m and 0.19 m
for a 50 MHz, 100 MHz and 400 MHz centre frequen®spectively. In saturated
sand with a lower velocity of about 0.06 m/ns, ¥ieetical resolution is 0.6 m, 0.3 m,
and 0.075m for a 50 MHz, 100 MHz and 400 MHz cefitegjuency, respectively.
The lateral resolution depends on more than theelgagth of the propagating
electromagnetic wave. The depth to the target dsawe¢he antennae focusing plays a
part. Neal[51] discusses in detail the differenpeats that have to be taken into
account in the evaluation of the lateral resolutionthe following chapters, we will
discuss largely on the field application of the GiARandmine detection and in the

road monitoring.
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Chapter 2: FDTD Simulations and GPR Measurements

for Land-Mine Detection

2.1.Introduction

In the last decades, many countries have beentedfdry wars that have left the
territory plagued by Explosive Remnants of War (EMVke mines, cluster bombs
and unexploded objects: Afghanistan, Angola, Burur@ambodia, Democratic
Republic of Congo, Iran, Iraq, the former YugostéaWwakistan, and Rwanda are only
a few examples. Clearing terrains from ERWSs, isffecdlt and dangerous task, that
is made harder by variability of environmental ates (e.g.: earth composition and
humidity, climate, and vegetation) and by modificas happening over time
(displacement and covering of objects).

Cost of clearance (typically $300-1000 per item oeet) is a limiting factor
that prevents substantial progress (200,000 mies®ved each year, compared to
some 100,000,000 on the ground). Such cost, as aselllowness and danger of
clearing operations, is largely determined by tHécdlty of locating buried ERW,
especially those that have very low metal contgata result, different sensors, active
or passive, have been used to analyze soils: tnaasslthat measure electromagnetic
fields, vibrations, thermal anomalies, and even etwlar properties have been
employed or proposed. Particular interest has lbeemsed on Ground Penetrating
Radar (GPR) systems[52], they are versatile andweak in conjunction with other
techniques to reduce probability of false alarmarddver, they can successfully
detect buried non-metallic objects because theyseanthe contrast among materials

characterized by different dielectric constants.
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Ground Penetrating Radars (GPRs) have been coeditgrseveral authors for
antipersonnel mine detection [53] and tested onfifld with encouraging results.
Optimization of GPR performance for such taskgenmmns of probability of detection
and discrimination, requires full comprehensionheaf scattering mechanisms of mines
and confounders, and knowledge of the intrinsidtéiraf the technology, appropriately
related to soil properties. Thorough charactearatdf ideal performance may be
obtained from parametric simulation in a wide ramgeconfigurations, based on
reliable modeling of the soil-mine/confounder systewhich must be validated
through experimental measurements.

To improve antipersonnel mine detection, the usae GPR system is foreseen.
However, an assessment of electromagnetic scajtdta to the finite volume of the
soil sample in the indoor laboratory had to be grened. In fact, the discontinuities
among soil, wood walls, air, and concrete baseroeuld introduce spurious echoes
interfering with buried-object response. Because ds versatility (i.e.: non
homogenous materials and wide-band pulses areyesspresented) the Finite
Difference Time Domain (FDTD) method has been ewygdoto perform the above
task: after benchmarking different implementatiagiging priority to the ease of use,
the freely-available simulator GprMax[54], has meeiccessfully employed to carry
out 2D and 3D simulation who whose compared with @PR measurement in a

controlled environment.
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2.2FDTD Simulation of GPR Measurements in a Laboratory Sandbox for

Landmine detection

2.2.1.Introduction

The main objective ofhis section, is to make sure thaguld be revealable maki
GPR measurements, the scattered field by the mirike laboratory of Cisterna
Latina. In fact, doing the FDTD simulation we cae $iow is the system respons

becompared with the GPR measureme
2.2.2.Simulation Setup
The figure 2.1shows the laborato setup ofHumanitarian Demining Laborato

(HDL), where the sandbox contains two buried surrogate<55] and other objects

of different nature (confouncs).

Figure.2.1 The Humanitarian Demining Laboratory box, (1.3%80.5) n°, placed on a concre

basement, filled by sand and confined by wood w

Since one dimension, 3.5 m, is larger than thersth@ssuming the obje
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sufficiently far from wood walls that contain thansl, and taking into consideration
the goal of the simulation, calculations can bdgrared on the smallest cross section
of the sandbox, reducing the number of dimensiamstwo(figure 2.2). Such
simplification decreases simulation time and memahpcation, thus letting us
modulate resolution accordingly. As a result, thearunder examination has been
represented as in figure 2.3, reasonably modelinephone[17]. The sandbox cross
section, whose size is (1.3x0.57 nis placed on a concrete basement (relative
dielectric constant, = 6 and conductivitg = 5x10° S/m) between two 0.025 m thick
wood walls €=2, 6=10* S/m). The sand has been supposed to beeg¥, c=10"
S/m): in fact, if it were wet, the electromagndird, due to a higher conductivity,
would attenuate faster, hiding possible back-sgadtandesired components [22].

The virtual monostatic GPR has been placed at t02bove the air-sand
interface, point “a” in figure 2.2, at = 0.65 m, and the mine at 0.14 m below the
transmitting antenna. Electromagnetic field has #&een recorded in points “b” and
“c” for two reasons: the first one was to checkt tthee moduli of the components
were identical due to system and impressed fieldnsgtry, and the second one was
to have an evaluation of scattered radiation againgerson working nearby. The
same holds for locations “e” and “f’. Additionallyhe field was recorded in “d” to
evaluate the maximum amount of back-scattering tdueoncrete reflecting back

towards the mine.
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Figure 2. 2. The cross section of the sandboxx(L3 nf, where an object resembling a mine
been placed 0.12 m below surfate GPR transmitting and receiving antenna (a).@20n abov

the air-sand interface. Additional receiving antesrhave been provided for (b, c, d, e, and f).

The modeled mine (figure 2.3) is 0.08 m wide artbGn high and made up by
plastic €=2,0=0), air, and explosive£3.5,0=0).

Figure 2. 3 Cross section of the 0.08 m x 0.05 m cylindricahe, made up by explosive and

enclosed by a plastic shell into two cavities.

The computational domain has been set up usingpadimensional grid with
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the leap-frog algorithm: because the cross seasoaon the Xy) plane, the field
components that have been calculated as a funefitime t, were H(t), Hy(t), and
E,(t) [53]. It is possible to obtain the missing comeots by applying the duality
property of Maxwell equations. The GPR transmiti&s supposed to be a current
line source, excited by a normalized differentiauSsian pulse [56], whose spectrum
has its maximum at 900 MHz. Since at about 2 GH¥Y®n wavelength in vacuum),
power spectrum drops by 10 dB, and the smallesémiéon in the domain was 0.05
m, start resolution was fixed to 4x1én. Every time a simulation was performed, the
FDTD-algorithm time step was calculated satisfyimg Courant condition [57].

The simulation duration has been chosen to be #s]1@bout four times the
time needed for light to cover the longest distancéghe computational domain

supposing it to be filled with the densest dielectr

2.2.3. Results

Different simulations were carried out to approdbk electromagnetic scattering
problem to be solved. First, an ideal situationexehthe environment was made up by
air (y = 0.5 m) and sand/< 0.5 m) only, was considered. After that, woodlsvahd
concrete basement were introduced, confining th@nefilled with sand into a box.
If not explicitly specified, all results are recedlin the “a” location (figure 2.2).

In the first stage, calculations in air, air witmsl, and air with sand and buried
mine were performed. Simulations in air showed @awyng unexpected echo, when
increasing resolution (figure 2.4. (b)). Since neitthe mine nor the sand was in the

domain, there was nothing that would cause a tafiec
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The delay of the echo suggested that there could greblem with the default
boundary conditions, which rely on the Higdon mod@R]. Switching to the
Berenger’'s Perfectly Matched Layer (PML), the edmappeared as resolution was
being increased.

To obtain the field scattered by the mine, thedfietcorded for simulations
without the buried object is subtracted from thes arcorded when the mine is
present. So, the result does not take into acdberfirst reflection due to the air-sand
interface but depends on how deeply the objedbisegl.

To have a first appraisal of simulation accuraexg tifferent sets of results have
been obtained:

- for each resolution, from thecomponent of the electric field scattered by the
mine, E° (t), we subtracted the one recorded for the calamatat the maximum
resolution (figure 2.5), obtaining a first assessmef simulation accuracy
(figure 2.6) [17];

- for the maximum resolution, thecomponent of the magnetic fielt;(t), has

been recorded since it gives an evaluation of absasimulation accuracy.
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As the computational-domain grid gets denser, bsolate error decreases and

Figure 2.5. z-component of the electric field(ff, scattered by the buried mine for the 0.00C
spurious echoes like the one ta9x10° s disappear (figure 2.6). A close-up of

absolute error evaluation has been provided fagure 2.7.

resolution.



54

s
ES()
15 | | | | | ‘
! ! ! ! ! |=+=Res=0.004 m
i i i i i ==Res=0.002 m

100 b i ,,,,,,,,,,,,,,,,,,,,,,,,,,, ——Res=0.001 m |

[V/m]

Figure 2.6 Difference between the z-componenh@fetectric field, E(t), scattered by the burit

mine for three resolutions and the one recordedter0.0005 m resolution.

An estimate of the simulation accuracy at a givesolution may be calculated
dividing the modulus of the maximum of figure 2.¢ the peak modulus of the
scattered electric field ,&t), reported in figure 2.5in this way, for the 0.001 m
resolution, the relative error is about 2.8% and reasonable to assume that, halving
the resolution (0.0005 m), a more accurate sinalatay be achieved.

Since the field is recorded in air, the maximum kpeeaither positive or
negative, of Kf(t) lets us evaluate the possible absolute accuratythe
simulation(figure 2.8): scaling the magnetic comganwith free-space impedance,
an equivalent 0.1 V/m electric field is obtainetisTvalue is plausible with the orders
of magnitude of relative errors previously calcetht since it is about 2% of the
maximum value of the estimated absolute error f&t)Eising the 0.001 m resolution
(figure 2.6).
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resolution.
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As a second stage, the presence of sand in theslmamasidered. Repeating the
simulations, a behavior identical to the one infihb& stage is obtained as resolution
increases. However, because the sand is now cdnfspairious echoes are observed
(figure 2.9).
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Figure 2.9. z-component of the electric field(ff, scattered by the buried mine for the 0.00C

resolution, in the laboratory setup.

By comparing the results in figure 2.9 and in fgu.5 it is possible to
estimate the effect of the laboratory setup. Te thim, we report in figure 2.10 the
difference between Kt) calculated in the presence of sand inside thedmk EXt)

for the case of an empty box.
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[V/m]

Figure 2.10. Difference between the z-componettiegtlectric field, E(t), scattered by the burit
mine in the laboratory setup, and the one for trst $tage (0.0005 m resolution).

The undesired electromagnetic field component mariramplitude, scattered
by the laboratory setup interfaces, is about 7.3%he mine ideal peak response
(figure 2.9). Such value is higher than the estuarror due to the resolution choice,
confirming that there is no need to increase tmepdational-domain grid density.

The speed of light in a material like dry sasg5) is lower than in the air: to
cover 1 m, it takes about 7.5%16, very close to the amount of time necessarsrfor
electromagnetic wave to reach the sand-concretxface and come back again
(figure 2.10 and figure 2.2). Such hypothesis igpsuted by the measure of°@)
below the mine (figure 2.11), in location “d” (figr12.2), where the unwanted echo

shows up starting at 4x16.
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Figure 2.11. z-component of the electric fielg(t measured in “d” (figure 2.2)located at 0.1 r

above the sand-concrete interface, for the 0.00083sulution, in the laboratory setup.

The other unwanted scattered components, $40° s (figure 2.10), are due to
the echoes coming from all the interfaces confirtimg box: such conclusion can be
drawn because the higher peaks’ order of magnitsidee same, whereas the field
underneath the mine decreases by a factor of @ofigure 2.7).

Comparing figure 2.10 and figure 2.9, it is evidémit the undesired echoes
coming from all the interfaces are about ten timesller than the signal indicating
the presence of the buried mine (figure 2.9). Anganin GPR systems are not
isotropic on thexy) plane, as the one considered in this chapterefiie a higher
directivity towards they direction is to be considered and reflections fithn lateral
interfaces decrease. On the other hand, it is ¢sgethat the ratio between the
magnitude of the field back-scattered by the sambiete interface and the one

scattered by the mine will not change appreciaBly. it is possible to conclude that
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figure 2.10 depicts the “worst case”.
In figure 2.12, fort >10° s, additional spurious scattered components §R(E)H

are observed: comparing their maxima to the ondigume 2.8, it is clear that all the
disturbing echoes due to the laboratory-setup fextes, do not influence the

simulation accuracy.

[A/m]

Figure 2.12. y-component of the magnetic fieJi{tH scattered by the buried mine for th&005 n

resolution, in the laboratory setup.

Comparing the fields calculated for resolution @®0n, at locations “e” and

“f” (figure 2.2), the same results are obtainedisTrappens for “b” and “c”, too.
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[V/m]

Figure 2.13. z-component of the electric field(t; measured in “b” or “c” (Figure 2. 2, for the

0.0005 m resolution, in the laboratory setup.

The amplitude of the electric field near the wooallsy (figure 2.13) is 40 dB
lower than the peak of,i#t) in air (b). If the antenna were more directive, the field
would be lower accordingly. The evaluation of figtlenuation near the wood walls
lets us calculate the power at which an operatdhénlaboratory would be exposed.
An observer standing near the GPR device, woulctesmpce a field 25% stronger,

instead (figure 2.9).
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Figure 2.14. z-component of the electric field(t measured in “e” or “f" (Figure 2. 3, for the

0.0005 m resolution, in the laboratory setup.

As the amplitudes of unwanted backscattered el®etgmetic-field
contributions due to the experimental setup, wibpect to the results obtained for
the first stage, are lower than 10%, it is possibleonclude that the sandbox of the
Demining Laboratory, “Sapienza” University of Ronag,Cisterna di Latina, Italy, is
adequate for benchmarking GPR performances: maasute can therefore be taken
into consideration for comparison to the other deng techniques examined in the
same facility. For this reason the next sectioh eiscuss the comparison of the

FDTD simulation with a GPR measurement in a colgdoénvironment.
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2.3.GPR Measurements and Tree-dimensional FDTD Sinhations.
2.3.1.Introduction

In this section using three-dimensional Finite Difference Time Com (FDTD)
simulations, the electromagnetic field scatteredivy different buried objects(figure
2.15) has been calculated and the solutions hase t@mpared to the measurements
obtained by a GPR system on a (1.3x3.5x0.5) sandbox, located in the
Humanitarian Demining Laboratot Cisterna di Latina, to assess the reliability of
the simulations. A combination of pre-calculatedTEDsolutions and GPR scans,

may make the detection process more accurate.

350 cm

Y
¥

80ecm !  95em | 95 cm |

i

130 cm
45¢cm 40em_ 45 cm

+

——>  Scanning Line (z)
Figure 2.15. Scheme showing where the objects Wweried: from left to right and from foto
bottom, the hammer head, the mine at 5 cm, theyeoguitainer, the mine at 1 cm, and the t

wax.
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To assess the GPR measurements capability to detdatlistinguish different
objects, two dummy mines, the metallic head of mrhar, a cylindrical container
filled by bees wax and another empty one, have bhesen. The field scattered from
all of them was both calculated and measured inatb@ratory. The results have been

compared and analyzed by cross-correlation.

2.3.2.Experimental Setup

Before scanning the sandbox with the GPR, the viatlg five objects were

buried below the air-sand interface, as in the mehshown in figure 2.15:

* a1l cmlong hammer head, at 2 cm below the surface

a dummy 8 cm diameter and 5 cm high TS-50 minei(@@.16), at 5 cm below
the surface;
* an empty 6 cm wide and 7 cm high cylindrical pastntainer, at 1 cm below
the surface;
e another dummy TS-50 mine, at 1 cm below the suyface
* a12cmwide and 5 cm high cylindrical containebeés wax, at 1 cm below the
surface.

After having buried the objects in the sand, themaing process took place: the
bistatic GPR system equipped with 1 GHz antennats€éEkko Pro — Sensors and
Software, figure 2.17) was dragged on the surfacthe z direction, gathering the
results with a step size of 1 cm. In this sectitwe, scans along line #1, right below
Area #1, and along line #2, above Area #2, have l@een in consideration. Scans
were repeated each time the polarization of on¢hefantennas (figure 2.17) was
changed. Table | shows how B-Scans have been fatdssiith respect to the

transmitting and receiving antennas polarizations.
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Table I: B-scans polarizations

Transmitting antenna

X z
xH- =
Receiving TE cross
antenne . —— -
™

When scanning on the sand along z direction, the distance traveled by the C

system was recorded using an odometer as showredeft of ficure 2.14.

Figure 216. The dummy 50 plastic mine, manufactured by Cking Associafe3.

2.3.3.Numerial Simulations

All the numerical simulations were carried out gsthe GprMaximplementation [58]
of the FDTD methodfd]. Five (20x20x50) crhvolumes, extracted from tt
experimental setup (fige z15), were simulated to collect the field b-scattered by
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the five items. Each volume, homogeneously distedtusing a 2.5 mm resolution to
obtain the computational domain, was surrounded@énenger’'s Perfectly Matching
Layer[60] and simulated twice, with and without the&ied object.

The (apparent) relative dielectric permittivity thie sand, was measured using
the Time Domain Reflectometry technique (TDR), [62]. The data were acquired
with a Tektronix 1502C cable tester equipped withR5232 interface and connected
to a coaxial probe consisting of three stainlesstsbds, having a diameter of 0.4 cm,
a distance of 4.5 cm between each couple of rodd, a length of 20 cm.
Measurements were taken in different positionshef $and box and an average of

3.5+01 was estimated for the dielectric permityivat the sand [63].

Figure 217. The Radar PulseEkko PRO, the GPR system eedplimy the experiments. T
transmitting and receiving antennas can be oriergitider along the x or theaxis: it is possibile t

obtain measurements for all 4 combinations of ge&rons (table 1).

To simulate the GPR system with the FDTD metho& fleld source
(transmitter) was synthesized as a dipole, poldrather along thex or thez axis,
and the exciting pulse was shaped to cover alfrtdguency range from 500 MHz to

1.5 GHz. In addition, all the electromagnetic fielmimponents were gathered 15 cm
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apart from the source (receiver), in thdirection. Multiple simulations were run to
obtain B-Scans: both the transmitter and the receantennas were moved together

along thez axis, at 1 cm step, over the objects.

2.3.4 Results

For all the results described in this section, mlenerical B-Scans were obtained
sampling the induced current on a dipole that wagblaced as if it were the receiver
antenna in the experimental setup. The B-Scans fhenGPR system were obtained
from the raw readings of the instrument. In additiall B-Scans have been limited to
6.5 ns, twice the time needed by an electromagneti@ to travel to the bottom of the
sand box: at more than 7 ns, a strong echo, caogdtie iron in the basement
concrete, was recorded.
After simulations and measurements, a good agretermemoticed in the B-

Scans. In figure 2.18, at about 80 cm, both metlogkes correctly detect the hammer
head and, at about 2 m, the fake mine, 5 cm ddeg.cbncavities of hyperbola are

similar, too.
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B-Scan (TE Scan) - Measured

0 0.5 o 15 2 2.5
scan length [m]

B-Scan (TE Scan) - Simulated

1 15
scan length [m]

Figure 2.18. TE BScans, obtained from scanning line #1, setting Wathsmitter and receive
polarizations along the »xis. The small volumes that were simulated, arignatl to ths

corrisponding real ones.

As it can be seen in figure 2.18, at theoordinate where the hammer head was
buried, the radar response is very strong and gingneffect, due to the coupling
between the metallic object and the GPR antensaearly visible. Such a feature is
not detectable in the simulation, were the sign@al @ the hammer head is less noisy.

Moving to line #2, a good agreement between siradland measured results is
noticed (figure 2.19). In addition, comparing figar2.18 and 2.19 at 2 m along the
direction, the radar section shows that the hyparimlower because of the deeper

location of the mine.
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B-Scan (TE Scan) - Measured

0 0.5 1 1.5 2 2.5 35 4
scan length [m]

B-Scan (TE Scan) - Simulated

scan length [m]

Figure 2.19. TE BScans, obtained from scanning line #2, setting Wthsmitter and receivt

polarizations along the x axis.

The back scattered signal recorded for the beesisvakaracterized by two
close hyperbolas, which may be due to the cornietiseobox containing the wax. In
particular, the second hyperbola located at abdutrB8in the z direction, shows better
when scanning the soil in cross polarization (feg@c20): probably such a result is

caused by some signal polarization effect.
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B-Scan (Cross Scan) - Measured

0 0.5 1 1.5 2 2.5 3 3.5 4
scan length [m]

B-Scan (Cross Scan) - Simulated

scan length [m]

Figure 2.20. Cross Escans, obtained from scanning line #2, settingttaesmitter polarizatiol

along the z axis and the receiver one along theix a

The comparison between the different measuremdégted 2.15 and figures
from 2.18 to 2.20), points out the problems we Wit the buried objects location. In
fact, during the acquisition, the antennas had mdke first layer of sand, changing
both the vertical and horizontal position of theg&ds. Moreover, the dry loose sand
may have affected the proper functioning of the roe@r, introducing a further
uncertainty in the horizontal position of the tasgdevertheless, the B-Scans can still
be used for buried object detection.

In this work, the TM scans were also measured amdlgted: however, the

results have not given additional information (fig2. 21) with respect to TE scans.
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B-Scan (TM Scan) - Measured

0 0.5 1 15 2 2.5
scan length [m]

B-Scan (TM Scan) - Simulated

1 15
scan length [m]

Figure 2.21. TM BScans, obtained from scanning line #1, setting lithsmitter and receivt

polarizations along the z axis.

To measure the degree of similarity between twocBRS, the cross-correlation
operation has been used [64,65]. Each B-Scan magesented by a matrix, for
example S, whose element is,J3ES(14t,j42), wheret (=0.1 ns) andiz (=1 cm) are
respectively the sampling time and the samplingespatervals (e.g.: a B-Scan over
50 cm for 6.5 ns is discretized on a 65 x 50 matiGonsidering two different B-
Scans, § MxN, and $, HxK, the cross-correlation matrix may be calculated as

follows:

M N
=ZZ Imn)S;h+m—-1,k+n—1]

m=1n

(2.1)
Vhe {(2—M)..H} and Vk € {(2—N)..K)}
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where the elements outside the matrices are cordideroes and both 8nd $ are
normalized to their respective standard deviatibes)g the standard deviation of each
matrix calculated from all its elements. Analyzi(®1), the size of the matrix is
(M+H-1)x(N+K-1).

The maximum of the cross-correlation gives a measifirhow two patterns,
represented by ;Sand $, are similar, without taking into account theilateve
positions:

R = max{r[h, k]} (2.2)

If S; and $ are the B-Scans obtained when the field scatteyetie soil alone
is subtracted from the one of the soil with theidairobject, (2.2) may be used to
discriminate the type of buried object from simeathtesults. Before applying (2.1) to
the calculated and measured B-Scans, an estimafidmw the R parameter is

sensitive, when changing the sand relative dietepermittivity, is needed.

Cross-correlations Maxima o100
= = - r

—g=1.25

| =t =150

0.95

0.9

0.85" -

0.8

0.75

0.7

0.65
1

Figure 222. As relative permittivity increases, it becondgicult to decide the sand dielect

relative constant by inter-correlating B-Scans.
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Considering the dummy TS-50 at 5 cm below the sarfa first simulation in
which the sand relative dielectric constant wasdipwas run, obtaining, S After that,
changing the relative permittivity from 1 (vacuutn)5, at 0.25 steps, a full series of
simulations was executed, obtaining several B-Saadghe corresponding S2=82(
Finally, (2.1) and (2.2) were applied to &d each 5 obtaining all the maxima values
for cross-correlation. For instance, when \#as calculated letting the dielectric
permittivity of sand be 1, the line in figure 2.2hose maximum is located g1,
was generated. If the above operation were repéattexach type of sand, all the lines
in figure 2.22 would be obtained.

Clearly, the maximum of cross-correlation is obtginwhen both Sand $ are
calculated using sands with the same electric tenki is interesting to notice
however, that, when increasing the sand relatieediric permittivity, lines show a
wider plateau: the patterns extracted from B-Sdagsome similar for electrically
denser sands. This behavior is probably due teldwrical properties of the explosive
partially filling the dummy mine. The sinking ohks forg,=1.75 may be caused by
the composition of the fake TS-50 mine: its averagative dielectric permittivity is,
in fact, close to 1.8, as it can be calculated ftbm model of the mine used in the
FDTD simulations.

Restoring the measured values for sand primarytaotssand considering; S
and S associated to the simulations of each buried tbjalt the possible

combinations of cross-correlations maxima have loadgulated (Table II).
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S Simulated
Hammer | TS50 at Empty TS50 at 1 Bees
Heac 5cn Containe cr wax
Hammer Head |1.000 0.977 0.901 0.867 0.692
TS-50 at5cm |0.977 1.000 | 0.956 0.917 0.734
@ |Empty Container| 0.901 0.956 | 1.000 0.847 0.849
c_é TS-50 atlcm |0.867 0.917 0.847 1.000 0.686
g; Bees wax 0.692 0.734 | 0.849 0.686 1.000

When S and $ are associated to the same buried object, R reaithe

maximum possible value, 1. In addition, becauseh Ixutattered fields had been

simulated, table Il is diagonal. The differencesoaghR are sometimes less than 0.1

(10%): discerning between couples of items is aratpon that may result difficult in

an experimental environment. Such statement isgoravhen substituting measured

values to & (table Ill): occasionally, objects identificationy cross-correlation

mistakes (e.g. row 4, bees wax has been recogag#édt were a dummy TS-50).
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scans
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S, Simulated
Hammer TS50 at Empty TSH0 at 1]Bees
Heac 5cnr Containe cr wax
Hammer Head |0.425 0.384 0.248 0.344 0.244
TS-50at5cm |0.448 0.458 0.289 0.412 0.28(
@ |Empty Container|0.477 0.504 0.302 0.457 0.292
% TS-50atlcm |0.481 0.528 0.322 0.508 0.386
3 Bees wax 0.490 0.524 0.246 0.404 0.291

Looking at the experimental and numerical resuhis, sandbox of HDL has

been confirmed a valid setup to assess GPR penfmesaA good agreement has been
found between FDTD simulations and measures, amd GIPR technique has
confirmed its capability to detect buried metalaod non-metallic objects: when

compared to other systems, such as the metal det&®PR scans lead to fewer false

alarms and, thus, to cheaper demining.

Even if both the numerical and the experimentallteshave shown GPR
detection accuracy, they have also demonstrated deaiding the type of buried

object by looking at B-Scans similarities by interrelation, sometimes leads to

errors. To make the recognition process more atsgudéferent algorithms or multi-

sensor techniques should be taken in consideration.
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Chapter 3: Evaluation of clay content in substrate

and road foundation with GPR

3.1. Introduction

The evaluation of clay content in soils is impottéor many applications in civil
engineering as well as in environmental engineeraggiculture and geology. This
study is applied to pavement engineering, but psep@ new approach, method and
algorithm that can be used also for other purpo€ésy in sub-base or sub-grade
reduces bearing capacity of structural layers ofepgnt. This induces frequently
damages and defects that have a severe negatiactiop road operability and
safety. Traditionally, the presence of clay in d soevaluated in compulsive water
content.

In this study we propose a new technique basedronr@ Penetrating Radar
(GPR) inspection. GPR is yet largely used for pay@nengineering applications and
this technique could be easily integrated in theésteyg systems, making the
inspection more effective. This method is basedhenRayleigh scattering according
to the Fresnel theory. Basically the GPR signdfedintly as usual, is processed in
the frequency domain. The method has been compatbdothers to evaluate as it
performs.

Ground-coupled Radar antennas were used for GPRs@aGPR operates
with two antennas with central frequencies abou® 6dHz and 1600 MHz.
Measurements are developed using 4 channels, 2-staho and 2 bi-static. The
received signal is sampled in the time domain at=d?.8125 x 16 ns. The
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experiments have been carried out in laboratoryngusiypical road material
adequately compacted in an electrically and hydrally isolated box. Clay
(montmorillonite) has been gradually added from @80%. GPR inspections have
been carried out for any clay content. The GPRafghave been post-processed both
in the time and in the frequency domain.

In the time domain, a real consistency of the teswhs assessed with those
expected to arise from the electromagnetic themwgsidering the different signals in
terms of time delays between pulses reflectioreediric constant and amplitude. In
the second step, the analysis was carried out enfrdguency domain, assuming
residual water content of dry clay, by virtue of gtrong hygroscopic capacity. As
expected, the scattering produces a non-linearuémcy modulation of the
electromagnetic signal, where the modulation isretion of water content, therefore,
indirectly, of the percentage of clay present ia $bil material. The frequency spectra
have shown a significant negative correlation betwthe shift of the value of the
peak and the clay content in the road materialeaadthe results show a decreasing
trend in the value of the peak frequency, with i& siqual to the FFT resolution (0.26
x 10° Hz), while the clay content varies from 0 to 30ther feedback has provided
from comparative analysis of spectra, it is possibl evaluate the selective behavior
of the clay, compared to specific frequency rafde main benefit of the method is

that no preventive calibration process is necessary
3.2. Materials and Methods

The laboratory of Road belongs to the Sciencesiaf Engineering Department of
the University of Roma Tre. The experience in labany required the use of a range

of instrumentations, listed below:
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1. Acquisition unitRIS who is the main instrumentation consis of a Radar
data acquisition ar control PC, a block antennas (twipole antennas at 600
MHz and 1.6 GHzominal frequence with fouchannel, two bistatic which
transmits at600MHz and receives the 1600 MHar vice vers, and two
monostatic whichtransmits and receives at the saamenna) and a whe

metric (encoder resolutic of 2.4 cm).

Figure 3.1. Type of GPR used in the laborata) PC Radar for control and acquisitio

pBlock antenna and ¢ Metric wheel

Others equipment was the electronic balance, ttmework and the vibrating tab

3.2.1. Acquisition of the starting material: the mxed of Magliane

To carry out the tesis ordel to reproduce in the moBkely form of road problems
the typical configuratior of materials forming the layersf background road
foundation andoundatior, it was decided to use the mixetfiMagliana soil typeO /
5 mm). The clay usedor the laboratory investigations iday montmorillonitica
characterizethrough a granulometrianalysis by wet.

Regarding granulometriccharacteristics of the claynateria used in the
experimentjt was considere reasonable to carry outsareenin on the same 0.250

mm sieve. In order toake the results of the experimesignifican and relevant to
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the actual shape of the load-bearing layers of mpawe, the field survey through
which we proceeded to evaluate the influence of d¢tegy material is selected
according to the values provided by standard-CNR D006 in "Construction and
maintenance of roads - Techniques of use of land'thfe classification of land for
construction of the layers of road structure.

In reference to the fraction passing the 0.075 newes it was decided to
consider a field of investigation for the conteritatay in the formwork varying
percentages from 0 to 30%.

3.2.2. Mixing Protocol

The considerable extent of the field investigatdrthe clay material (0-30%) led to
question what could be the minimum range of refegesuch that a mixing process
registered in time would provide a satisfactorypogse in terms of homogeneity of
the mixture established. In particular, the issnere attached to two types:

1. looking for a small size material that could stvow get closer to the size of the
material clay pollutant;

2. isolation of the same material to see the endhef process of mixing the
correspondences with the known value by weightadipant introduced upstream of

the process.

3.2.3.The density of reference: protocol compaction

Mixtures within the formwork must comply with themnal implementation of the
constituent material of the bearing layers of paemin this sense it is necessary to
provide greater thickening of the material undevestigation an operation of
compaction. Given the dry conditions of executioh tke test campaign, the
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immediately indicator who can be referred to tteesbf densification of the soil on
the formwork, after a process of compaction, isnfbtio be the density of the dry
sample, who is the ratio between the dry mass iblasd its volume. After defined
this indicator, the objective was to see an appaiggresponse in the same value for

the same land, but determined according to stanutakedures.

3.2.4.Basic parameters of mixtures: particle sizeral limits

The various test mixtures were characterized byigharsize analysis, at the end of
the mixing procedures, and vibration detection aigm formwork, was carried out
for each mixture from 0 to 30%, the sample of 706f gnaterial (4% about average
on the total weight of the soil vibrated) in orderoptimize the timing of the surveys,
the particle sizes were made from the highest pé&age of clay and continue around
the lower rates until no longer possible to caltutae limits of consistency[66].

The limits of consistency are the moisture of allannventionally assumed to
characterize the transition from liquid to plasttate; the plastic state to semi- solid
state and the semi-solid state to solid state.tfi@purposes of this discussion were
analyzed two limits (on mixtures with clayey mas¢between 18 and 30%): the limit

of the liquid state, and the plastic.

3.3. Results and Discussion

The analysis of data obtained by GPR IDS, usuallginary format are not readable
by a simple spreadsheet like Excel. For the creatibthe model, calculation was
made in the Matlab environment characterized bygh-performance language for
technical computing.
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The code makes use of electromagnetic theory drattien for the extraction
of the signal in time domain. To analyze signalthe frequency domain, we used the
fast Fourier transform. This allowed the extractiohdata matrix on which the

various calculations were performed on a spreadshee

3.3.1. Analysis in Time Domain

3.3.1.1. The field under investigation

The investigation in the time domain was made @ plospective of seeing how the
impact of the clay content in any soil type is. garticular, by reference to the
percentage of the clay content, we studied theviollg parameter:

-Time delays between the peaks of reflection signal

-The apparent dielectric constant of the matemalen investigation and

-The signal amplitude.

3.3.1.2. Time delay between the peaks of reflection

The objective of the first survey in the time domaias to analyze the trends of the
time delays between the main peaks, considerindgatiethat the signal in time is
subject to phenomena of attenuation, the considesaare related only to the first 4
peaks samples. The delay was calculated accordittietreference dt = 7.8125%410
nanoseconds who is the sampling time of the redesignal in time domain.
The comparisons made were of two types:

1. delay between the counter parts peaks relatedfereht configurations mixed

soil and clay;
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2. delay between the different peaks of the same kigmaach of the mixtures
created in the qualifying campaign in the labonator

The performing of calculation of the delay betwé&®&n consecutive peaks is to

identify the two step sampling values correspondiogthe peak amplitude: the

distance between them, measured in number of sammbe the abscissa was

multiplied by the value reference time, thus olsdithe desired delay.

Average signal

Amplitude [V/m]

Time [ns]

Figure 3.2. The time delays measured for the fost peaks of reflection

The interpretation of the data extracted with thatl&b code, highlighted a
problem of signal saturation of the first peak dodwo reasons. We know that the
digital signal is defined by a series of discreténts, and not continuously, and the
resolution of that data is just the time of samplilf the fluctuation amplitude is so
small as to beletermined with respect to time under the same kagapwhich
happens in the middle of the time window, is narsaothing, and returns the same
value of peak amplitude, until the extent of vaoiatof this is not new interpreted by

sampling resolution of the radar.



Average signal

Amplitude [V/m]

Time [ns]

Figure 3.3. The saturation of the signal on thstfpeak of reflection
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The solution was to report back to the first pehg,time abscissa of the central

value among the saturation and, if they are equalumber, the reference

abscissa axis is the average of the correspondimglss.
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Figure 3.4. Trend of the time delay between thet &ind the second peak amplitude
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At, peaks of reflection
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Figure 3.5. Trend of the time delay between thers@@and the third peak amplitude
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Figure 3.6. Trend of the delay between the thind ourth peak amplitude

The figure above (3.4, 3.5, 3.6) shows how thervatis between peaks for the
same signal are not constant, as it would havexpecat, because the system is
controlled, evidently this feature seems to be tedlato a problem of signal

attenuation.
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Regarding the trend of the reflections delay with increase in the percentage
of clay material, it is noted that there is an @age of the same dielectric constant,
consistent with what was expected. The increasesepce of clay causes an increase
in the state of densification of the material, @asing the contribution of the voids
between the suspect and increasing of the sokteatric constant greater air does not
change the size of the actual dielectric constarttigher values. This results in a
decrease in wave velocity in the middle, and aeotiftn of the signal to higher
degrees of densification of the material, with @asing delays.

From the figure, it is evident that the delay ie thost significant on the first
and second peak of reflection, for which it is takes a reference linear correlation
with a good value of & other temporal variations have minor responsebhsically,

although low correlation, also indicate an increafsithe phenomenon.

3.3.1.2. The trend of the effective dielectric cotent

The compaction of layers road pavement, has thectelff reducing the gaps in the
material, and consequently to increase the denshis reduction depends on two
main factors:

- grains fit assuming a more compact configuraspace;

- Some grains are broken, and the smaller parupea by this process go to fill in
some gaps.

If the material is wet, the behavior is complicateelcause the water first
lubricates the contact between grains, and secpndlyills the gaps in the
incompressible fluid. In the first case, the wdtetps the compaction, prevents the
increase in the density. As described in the objestof this study, our analysis is
directed to the case of material in dry conditicas suggested by the performance of
delays described above, the increase of the clagptage in the sample will lead to a
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decrease in speed of propagation of the signalhen hedium, as the area of

propagation of this is known and equal to the thess of the formwork (10 cm). The

report resulting from the electromagnetic theory= ¢ = C/ - and the
e
0

apparent dielectric constant can be found throngbrse formula with the range of
variation approximated equal to 2.5 units, andpbmts identified were interpolated
from a linear regression; line with a good coriielatcoefficient, an index adequate
sensitivity of the phenomenon with respect to tameter in question.

In this regard, it is reasonable to assume thatduevidence developed in the
future with the contribution of moisture, can berm@ware in terms of dielectric
constant: on the other hand this is likely duehte high difference of the dielectric

constant of wateref= 81) than in the test materiaks<5).

Trend of the dielectric constant
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Figure 3.7. The trend of dielectric constant reggeclay variation
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In this figure it is seen that respect to the iasmeg of the clay percentage, the
apparent dielectric constant increase. That itthva®xpectation and fill well with the

theory.

3.3.2 Analysis in the frequency domain

The principle under which analysis have been deeslofor assessment of the
percentage of clay through the investigation infteguency domain, is based on the
hypothesis that, assuming the variation of clayteenhwill result in a different

absorption of the radar signal as a function ofrtfiequencies. This, correspond to a
modulation of the frequency spectrum of the reakisignal than that transmitted. In
the frequency domain, radar signal is well represgbiby the frequency spectrum or

the energy distribution of the signal at differ&equencies.

Frequency Spectrum (0% clay)
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Figure 3.8 Example of frequency spectrum with elt§%

The GPR used in the laboratory corresponds to tbhdeimwith IDS RIS2K
centered at 600 MHz operating frequency, then tegquency spectrum transmitted
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have a maximum energy density in correspondencéhisf value. The field of
investigation for that domain took into account tiumdamental characteristics by
which it is possible to make a comparison betwa#ardnt spectra:

-The peak frequency;

- The trend of the spectrum.

For both aspects has been useful to conduct a etrepsive review in parallel
with the results obtained in the time domain, tafany evidence to support what is
already assumed.

Data processing has essentially tried to highligghiat might be the major
evidence found, in terms of comparative valueshef peaks frequencies, intensity
associated with them and the trend of the two &g with the aim to define
parameter sensitivity of the detectors who are @egbto the clay content.

To get an overview of the trends of the spectrdyand, the first stage of the
analysis provides a comparative overview of allgpectra of the field tests from 0 to

30 percent clay.
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Figure 3.9. Frequency spectrum from 0 to 30% a¥ cl
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As easily deduced from the figure above, the peadquency not undergoes
significant changes and equal about around of @te MHz frequency of the GPR
survey. Nevertheless, the next step was to chettieithange of slight value of the
frequency spectrum that takes maximum intensityjcc@rovide useful information

directly linked with increased percentage of claipithe formwork:

It can be seem that with increasing clay contémat ttend of the peak frequency
iIs decreasing: this trend is entirely the initiafecasts, but the magnitude of the
values, together with the step distribution of psirclearly poses in front a problem
of signal resolution in the frequency domain, samifo what happened in the time
domain for the interpretation of reflection delay.

As demonstrated in studies conducted in the dasttie mixtures soil we had
analyzed the presence of water, the rate would reolbstantially (up to values in the
range of 300 MHz), in this case however, clay isleadin dry conditions with
minimum water content, but still present. The spauotthen changes to lower values,
with a small difference as to be determining un@spect to the sampling resolution
of the FFT. The\f = (6.03 to 5.77) x 1DHz, corresponds exactly to the sampling of
the FFT between these two threshold values of u&sal cannot be seen anything,
and the only result which can be reference is linicethe fact that the peak frequency
has a decreasing trend with increasing clay.

In general, however, we can say that an increaselay carries a greater
guantity of water, though not high in absolute tgrimis value is very low at the
beginning, we can assume that the peak moves)\eaysunder the resolution of the
FFT, and when this becomes sensitive, then the fifegkency, moves to the lower
value (5.77 x 1DHz).

Future studies may be directed to try to resoleeRRT at a higher resolution,

S0 as to generate more sample points and be heatpfhls type of investigation in
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which the instrument seems to be less resolutbendetection of the phenomenon,

and therefore less sensitive to presence of clay.

3.2.5. The Trend of the spectrum

Further analysis was performed for comparison adcsp, with reference to the

configuration of the mixed unchanged, from timeitoe compared with the spectra
of the soil under investigation to the various petages of clay. The intent of this
investigation was to try to interpret, from an as& of all the different spectra, the
major findings noted in the changes in their forfsr the various percentages, we
took three figures (3.10, 3.11 and 3.12) that camehmeaningful comparisons. A
minimum percentage of clay, medium and maximum amalyzed. The results

demonstrate the verification of theory and feelligel what it was predicted.

Frequency spectrum (0% - 2% clay)
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Figure 3.10. Comparison of frequency spectra ((%bh&tgilla)
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Several considerations can be made on the obsanvatithe figures above:

- it can be seen in the first harmonic signalpiesl not change almost nothing in terms
of both form and intensity;

- the more evidence, however, is related to thetfet the presence of clay, seems to
attenuate the higher frequencies. In fact we hagsecandary peak that, for higher
percentages, goes to lower until it disappears tetelyg. This fact probably is related
to the phenomenon of attenuation of high frequexcie

- increased frequency of main peak (in terms adnaity). This trend could have two
explanations:

1. be due to the calibration process carried out far qualifying campaign,
characterized by several phases of recalibratidheftignal in reference to the
trend of increasing values of the amplitudes whié percentage of clay in the
time domain, thus also increasing the energy comtesignal at 600 MHz;

2. for some physical phenomenon, the presence of adayd be selective with
respect to frequencies, and then amplify the fraqes of 600 MHz, attenuates
around of the 900 MHz. There is indeed a higherlange and a higher range,
as if the clay would be to tighten the spectrum.

This last point may be a source of additional aggioms. The mechanism by
which attenuation of the spectrum on the one hamdesponds to the increase in the
values of the same peak could be related to disgezaergy in addition to that is
received, and then returns, loss less energy. Asguitihen, and the fact could be the
subject of future investigations, that the enemgsés are constant regardless of the
clay content, the energy of the signal transmiéted received on a spectrum (eg. that
at 0%), shall be equal to that characteristic oftlaer spectrum. Of course, this
reasoning remains in the field of hypotheses, asust of the achievements of these
are in fact empirical evidence for which it is difflt to provide a theoretical
justification.
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Chapter 4: Testing moisture with GPR for the

stability of the road structure

4.1.Introduction

Measuring the water content of soils is importamt &pplications such as flood
defense, agriculture, determining the geomorpholstibility of slopes, construction,
and finding the bearing capacity of structural fdations. Moreover, the variation of
the water content in space cannot be neglectethdst of these applications. In fact,
it has been demonstrated that different spatidfibligions of the moisture content
produce different effects. Some examples includeaffi generation for basins with
spatially varying saturation zones[67], foundatioaf structures with variable
moisture content[68] and non-homogeneous moististelilitions in the soil beneath
road pavement[69].

It has been widely demonstrated that an increaseater content in the sub-
asphalt layer can decrease the solil stiffness ausec pavement deflection. This
deflection can damage the surface in different wagpending on the temperature,
the asphalt characteristics, the age, the repstitand the loads weight. However,
there is one problem which affects pavements usallsr the infiltration of water
through the pavement brings plastic material iht® dubgrade or the sub-base of the
pavement. Furthermore, estimates of the water nbnte sub-asphalt soils are

necessary to determine the performance of pavednamage systems [70].
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Only a few techniques have been used to monitomter content in sub-
asphalt soils in the past two decades. The subalisphter content is often estimated
via gravimetric sampling, time domain reflectometneutron probe logging and
measuring the capacitance or resistance of devitesse methods are accurate, but
they also have many disadvantages. It is oftenssace to constrain traffic; they are
expensive and projects can be time-consuming; tl¢hads are invasive and
assessments of the moisture content in a large sueh as several kilometers of road,
are often unreliable.

Many authors measure the moisture content using,GRich is a non-
destructive technology. With GPR it is possibletdiect data quickly on the road and
obtain the volumetric water content of soil in unsated porous media, such as sub-
asphalt soil[71]. This utility of GPR has been dastoated for numerous applications
in the time domain, based on an evaluation of theectric permittivity[72].
Assuming that the porous media is a mixture ofdhpleases (solid, water and air), the
dielectric constant of water is significantly diémt than that of solid materials and
air, it is expected that the dielectric constanthaf mixture is dependent on the water
content.

The relationship between the dielectric constanta foil and its volumetric
water content has been extensively studied in #s¢ Warious empirical correlations
have been proposed, like the commonly used theaggested by Topp, which is
supposed to be valid for any type of soil [73]. Arer theoretical approach that
relates the soil water content to the solil permititiis based on dielectric mixing. It
uses the volume fractions and the dielectric pénntit of each soil constituent to
derive an approximate correlation, using a selfsgiant approximation that
represents the medium with the multi-indicator nj@dg

These aforementioned correlations and models usedvaluate the water
content in a porous medium are based on estimatbmise dielectric permittivity.
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The value of the permittivity is generally extratttom GPR measurements that
compute the delay time of reflections once a véduehe velocity propagation of the
wave in the medium is determined [75]. In some saee dielectric permittivity is
estimated from the amplitudes of the transmitted eeflected signals [76]. In any
case, these methods require calibration steps becduwe signal velocity of
propagation cannot be a priori assumed; in facteggends on the characteristics and
conditions of the materials. A more efficient amtf-sonsistent approach is based on

the GPR processing in the frequency domain.

In this chapter we use the GPR technique for ndnass/e monitoring of
volumetric water content in the layers of road paget. As we said earlier most of
the models used to calculate the water contentporaus medium are based on the
evaluation of electromagnetic properties of the emak and the layers of the
pavement. The parameter commonly used is the tleleconstant for typical
operating frequencies and typical environments diete is mainly influenced by
water content in the soil. The value of permitivis generally extracted from GPR
measurements, calculating the time interval ofectibn before determining a value
for the wave velocity in the medium [77]

In other cases, the relative permittivity is estiesafrom the amplitudes of the
signals transmitted and reflected[78]. In some gakewever, the volumetric water
content can be extracted from a direct analysithefelectromagnetic signal in the
frequency domain without the need of having to imbthe value of the dielectric
layer.

For this reason, GPR techniques that can be usedtimate the volumetric
water content within the layers of the road packesme be analyzed and studied with

respect to time domain or frequency domain.
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Firstly, the signal is analyzed in the time domaive study the amplitude
variations of the received signal as a functionimag. In this way the waveform that

is obtained is like in the figure 4.1.
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Figure 4.1. Waveform in the time domain

The waveform of the received signal that can belyaad according to
temporal distances of peak amplitude is based emmhount of the same magnitude.
It is possible to calculate the differences of tiamaval of reflections, this allows to
evaluate the wave velocity in the medium and tleecalculate the dielectric constant
of the layer.

The unsaturated porous medium under investigataon lie considered as a
mixture of three phases (solid, water and air) Wtace characterized by a significant
difference in the value of dielectric constant withter that has the greatest value of
all three.

The methods in the time domain base the estimateeacimount of water on an
evaluation of the dielectric constafjtand assuming that the dielectric constant for
water is significantly different from that of solidaterials and air, we can relate the
dielectric constant of the mixture with water carite

If the material has low electrical conductivity aGé#R data are acquired using

standard antennas operating in medium-high frequeargye (~ 100 to 2000 MHz), it
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is possible to estimate accurately in time dombedielectric constant according to
the time delay and amplitude of the signal.

In any case, this methods require calibration, beedhe speed of propagation
of the signal cannot be assumed a priori as it mi#gpen the characteristics and

condition of the materials.

Secondly, the received signal is transformed ih&ftequency domain through
Fourier transform and the remodeling of the freqyespectrum of the received signal
with respect to the transmitted one is analyzede process is based on Rayleigh
scattering of electromagnetic signal responsibtetlie remodeling applicable if the
incident wave has a wavelength much larger thasite=of the object that produces a
shift of the frequency spectrum. This modulatiom iginction of water content in the

stratum.

Moisture Calculus

N

Time Domain Frequency Domain
Analysis(based on dielectric Analysis
constant calculations)

Time Delay Amplitude

Figure 4.2. Block diagram of the methods of caltiafaof moisture with GPR.



97

4.2. Time Delay analysis in Time Domain

The travel time of electromagnetic energy throughhelayer was calculated as the
difference in arrival times of the reflections frdahe layers of the interface[79]. The
difference in arrival times is the distance of titiat elapses between the signal
transmitted from the antenna transmission and #raessignal received by the
antenna reception. The travel time of the doubksage through th& layer with the
data available is referred to as GRR

To calculate the dielectric constant of each layfst we calculate the travel
time through each level of layer estimating théoeiy (v) of the electromagnetic
wave in the medium at any point by using the trévee of the double passage and

the known average thickness of the layer (h);

2h
V=—
At

The velocity of the electromagnetic wave in the medis then converted to

(4.1)

dielectric constant using the formula given by Bawand Annan[74], and the
volumetric water content can be estimated usirg dielectric constant by the

processes that we will see in next section.

= (5)2 (4.2)

v

wherec is the velocity of propagation of plane electrometic waves in free space (c
= 0.3 cm / ns) and is the velocity of the electromagnetic wave witthe previously

estimated layer of pavement.

The test requires knowledge of the thickness hheflayers of the pavement
through invasive testing such as on-site drillimgooreholes. If the thickness of the
layers is unknown then we can assume a crossireylspe the material according to
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its characteristics and come to the calculatiotagér thickness h, and the dielectric

constant by the following formulas:

_2v

h_Atz
e=(;)

The method appears to be easy to use and apply diataly for almost any

(4.3)

environment, without errors in the estimate of tthelectric constant due to
attenuation of amplitude.

The data of travel time provide a precise evalmatbthe dielectric constant
for base layers formed from aggregate material lapdted underneath the asphalt.
The result of the dielectric constant is quite aataiand fully reflects the value that
calculated through laboratory analysis. Measuremait the dielectric constant
through time travel are more accurate when the gagnof the subsurface is known
or when data are collected with variable offset.

The GPR data with a higher frequency have a higesslution and therefore
lead to more accurate measurements of travel tongared to the data with lower
frequency [80].

In contrast, the method requires calibration, beedahe speed of propagation
of the signal cannot be assumed a priori as it m#gpen the characteristics and
condition of the materials. So you need to assediathe measurements with GPR,
destructive investigations like drilling in order éxtract the necessary information as
the true thickness of the layers and homogeneithe@Mmaterial in each layer.

This means that only measurements made at the saamplreally significant
and not always the results are extendable to tr@endomain of analysis due to the

heterogeneity of the system.
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4.3.Amplitude analysis in Time domain

The amplitude of reflection GPR data can be usesktinate the dielectric constant
in many areas of detection. The amplitude of tR&Rk@eceived signal is a function of
the strength of the transmitted signal, the distdmetween the GPR antennas and the
surface of land, the route of transmission, elecagnetic attenuatior) of materials
and interfaces encountered in the subsurface bsighal.

The amplitude decreases as the travel path andtteuation increases, GPR
signal cannot be detected after very short tragiigin environments with very high
attenuation [81]. The dielectric constant of thgels can be determined directly
through analysis of the amplitudes of reflectiortlef interface between two different
layers. The amplitude of reflection is linked tcetlpercentage of energy that is
reflected from an interface or transmitted to tle&trevel; high-amplitude reflections
indicate a high contrast between the dielectricstamts of the layers. For example, a
wet layer (with high dielectric constant) in a dayer (a low dielectric constant)
would produce high amplitude reflections while tiweo layers with water content
would give a reflection of low amplitude.

The amplitude of the reflection coefficierit;¢) can be used to quantify the
percentage of energy reflected in an interface fatures the top layer of dielectric

constantsg;) and lower &»):

_ VEi—Ve
1—‘12 - NNy (44)

To use the reflection coefficient in evaluating thelectric constant of a lower layer,
it is first necessary to determine the dielectnastant of the layer above. For GPR
data of the first layer, the dielectric constantlod material above it (air), is known

(¢air = 1). Thus, the extent of air-ground interfacdeefon can be used to determine
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the dielectric constant of the surface materidéraihich the amplitude of air-ground
reflection was calibrated with the amplitude ot#lection of a large metal plate.
The formula used for calculating the dielectric stamt of the surface layer from the
data by size of air-ground is given by[82]:

1+41 2
Eq = < i /Am> #.5

A
1_ 1/Am

where A, = amplitude of the reflection of a large metahtpl in volts per meter
(100% reflection wave EM) and;A amplitude of the reflection interface air -

surface in volts per meter.

After calculating the dielectric constant of thefaae material, the dielectric
constant can be estimated by the underlying laygirgy the amplitude of reflection of

the deeper interfaces;

e
o= e[| (46

where,g;, = the dielectric of the base layed, = the amplitude of reflection from the

top of the base layer in volts per meter.

From the value of the dielectric constant found,caa calculate the thickness
of the layers:

The first layer thickness (surface: layer a)

CXAtg

ha ==

4.7)

The second layer thickness
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CXAtp
e

where h; is the thickness of th& layer,c is the velocity of the electromagnetic plane

hy = (4.8)

wave in the free space (c = 0,3 m/n), the time delay between two peaks at the

ends of the layer angl is the dielectric constant of tH&layer.

The formulas, very simple to apply, does not neekhbw the thickness of the
layers and the velocity of EM wave through the medi The amplitude of the
reflections data of the interfaces can also be tsebsess the spatial distribution of
water content such as wet areas or dry immediatsdier the layer or any deposits of
water trapped between each layer in order to utatedshe possible flow pattern. It is
also possible to detect the degradation and dea¢ina in the road package and
information about the homogeneity of the mateidai] [

These simple equations have proved to work welfléxible pavements over
granular bases; it suggests that they give goodltsebecause there is no signal
attenuation in the surface layers of bitumen mixtuifhis assumption seems
reasonable for flexible pavements and also givésegafor the dielectric base layers
if the surface layer has a thickness greater thaam6 However, the calculations
become less reliable for rigid concrete pavememdisfar calculations of the dielectric
constant of a substrate under a layer of granase [[84].

However, the equations used to approximate thedist constant data from
the amplitude of the reflections do not take intocaunt the attenuation of the GPR
signal in the air with increasing distance of pg#on. This omission does not
significantly affect the accuracy of the dielectmonstant estimated since the
attenuation of electromagnetic energy in the ageiserally low[85].

The attenuation of GPR signal for the materialsldse road pavement is often

significant and may reduce the accuracy of estimatethe dielectric constant from
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the amplitude data, especially for the deeper agéthe underground. For example
the method of the amplitudes cannot be used tmatithe dielectric constant of the
aggregate layers of pavement using the formulasiqusly described when the
materials have a very high electrical conductiatd thus high attenuation. For this
reason, the measurements are unreliable even doridid road pavement, for the
substrates in granular layers and all conductivéeriss (clay and salt deposits of
water).

Furthermore, since the frequency-dependent attemuatf electromagnetic
wave, it is preferable to use low-frequency GPRhalg to contain the losses of the
field and increase the depth of investigation.

In cases where you cannot use the data to estithatenagnitude of the
dielectric constant of the material, these can umditgtively analyzed to indicate the
degree of contrast between the dielectric constahtbe different layers and then
evaluate the difference between the different wetatent[86].

4.4. Frequency domain analysis

It is still a method under study and is very innoxe& because, regarding other
methods previously described it does not requilidredion for estimating the water
content in a porous medium through a GPR system.dssumed that by varying the
moisture content in an unsaturated porous mediheretis a different absorption of
the radar signal as a function of frequency. Ineptivords, this corresponds to a
reshaping of the frequency spectrum of the recesigdal than that transmitted as a
function of water content. Therefore by knowing tbentent of the frequency
spectrum of signals transmitted and received, eoritically possible to extract

moisture below the structure under study.
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This method unlike the other does not require catibn because it does not estimate
the dielectric permittivity of the unsaturated saihiter content but directly by the

frequency analysis[87].

4.4.1. Rayleigh scattering

It is well known that an electromagnetic wave pagghrough a medium deviates
from a straight trajectory by one or more localizezh uniformities. This general
physical process is called scattering. When antreleagnetic wave is affected by
only one localized scattering center the processlied single scattering; otherwise,
when scattering centers are grouped together, |ldtr@magnetic wave may scatter
many times, which is known as multiple scatteriidne wave propagation in
dielectrics could be described by using the follmyvmodel: the space is divided into
two regions, or stratified media, separated by rdasa. A first region contains the
wave source; the wave propagates into the secgmhrpassing through the surface.

This is applied to GPR inspection, but any rigoranalytical approach should
be much approximated because the media encountetbé second region is very
heterogeneous, anisotropic and asymmetric in t@aspscale of soil particles and
dispersed water. In the case of GPR, there arapteuicattering events for impulse
propagation in a three-phase porous medium comgrisiumerous different
materials, typically air and water. When the dimens of the non-uniformities that
cause the scattering are much smaller than thelerayth, the process is described as
Rayleigh scattering. In this thesis Rayleigh theigryised to explain a new method
applied to geophysical measurement of moistureetrim porous media.

As it will be discussed later this approach introsli the measurement of the
moisture content from frequency spectra analysithouit any calibration of the
system, which is always required when moisture emnis calculated from the signal
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amplitude or signal processing in time domain. Feopractical point of view this is a
relevant point of innovation for engineers and ptaners.
The intensity | of the electromagnetic wave scattdny a single particle for a

beam of unpolarized waves with a wavelerigtnd intensitydis given by:
2

1 =15 () Gg) (6 “9)

where R is the distance from the observer to tiecgps 0 is the scattering angle, n is

the refractive index of the particle and d is thenteter of the particle.

The angular distribution of Rayleigh scatteringveimed by (1+ cd8) term, is
symmetric in the plane normal to the incident dieectof the wave; thus, the forward
scattering is equal to the backwards scatteririgghating over a sphere surrounding

the particle gives the Rayleigh scattering crosti@e{88]
2

o =L (22 (4.10)

3 At \n?+2

4.4.2. Refractive index and dielectric permittivity

Assuming the following constitutive equations,

D=¢gE+P (4.11)

B = po(H + M) (4.12)

under the hypotheses of a non magnetic mediumarlipelarization, absence of free
charge, null current density, the following equataterives from Maxwell equations

for propagation in a medium:

VZE — g1 (1 +)() atz = (4.13)

where the refractive index n is given by:

=J1+xy =+eu. == (4.14)
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In a three-phase porous medium such as soil thee b, is approximately 1.
The assumption of zero electrical conductivity igt valid for unsaturated and
saturated soils. But if electrical conductivity mot too high, the effect on the
reflection coefficients can be neglected on figraximation. However in this case it

will still influence the wave attenuation.

The dielectric permittivity of a three-phase mediptays the most important
role in determining n. Considering that the diglecpermittivity is 1 for air,
approximately 3 to 6 for solid particles and 81 Water, the value of, for a given
medium is strongly influenced by the moisture catj&9].

Moreover, water molecules are dipoles that can ftented by an external
electrical field. If this electric field varies \iita significantly long period, then the
dipoles have the time to change orientation and phgsical process of dipolar
polarization is observed. The time needed for @ipdb change their orientation is
called the Debye relaxation time[90]. The charmgéne orientation of the dipoles is
opposed by random molecular agitation.

If the period of the electric field is T0to 10™* s, the dipoles can be polarized.
In the present case, the frequency of the EM fieddd for GPR is centered at 600
MHz, giving a period of 1.7xI8 s; this period is long enough to allow for dipole
polarization. Atomic and electronic polarizatioms aot induced in the medium if the
period of the electric field is less than fand 10 s, respectively.

The polarization of a medium implies that the valak the dielectric
permittivity of a three-phase medium depends onfteéguencyv of the EM wave.
The following Debye model will be assumed in tthedis, where is the relaxation
time:

Ae
1+jvt

(4.15)

& = &,
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where

Ae = Egatic — € (4.16)

Is the difference between the value of the dielecinnstant of the medium observed
for a steady electromagnetic field and the valueaftigh frequency field when the
medium is totally polarized.

Equation (4.15) can be written by separating tted eed imaginary part of, as

follows:

& = o0+ o] — | o] (4.17)

1+v2712 1+v212

Considering the equation (4.14) and (4.17) , equna(4.9) can be rewritten as

follows:

4 A 2
. 1+cos?6 [ 2mv Ae l‘r(goo"'m)_l a\°
1(6,v) = Io(v) 2R2 < Co \/‘ur (EOO t 1+v2T2)> X <“r(gw+l)+2> (E)

4.4.3. The relaxation time

The relaxation time of a single molecule of watan de calculated according to

Stokes law:

__4mnR3
kT

(4.19)

where lg is the Boltzmann's constan{(T) is the viscosity, which varies with the
absolute temperature T, and R is the approximstieis of the molecule; the value
generally assumed for R is between 1.4 and 2.8efedding on the temperature.
Consequently, the relaxation time of a moleculé&rée water can vary between 1 to

10 picoseconds [91].
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Of course, for the case of water droplets dispers@dporous medium or for multiple
water molecules adsorbed to solid particles by ldipiorces, the inertia of the water
dipoles elongates the relaxation time. Analogowssilte have been found previously
for biological materials [92].

In all these cases the relaxation time can be a0 times greater than in
pure water. For clayey materials the relaxatioretis found to vary to about 30
nanoseconds depending on the interfacial polaozal®3,94]. Since there is no
literature on the exact value of the relaxatioretim the case of water dispersed in a
soil or in a clayey soil, because it can vary dejpggnon minerals concentrations and
polarization according to the range of variabifiiyind in the cited literature, its value
Is considered in a calibrated parameter in the Isiiauns that are presented in the next

section.

4.5. Evaluation of volumetric water content with GHR

In order to verify the consistency of theory andatmlyze the effectiveness of the
methods described above on the calculation of vetidmwater content in the layers
pavement, GPR measurements was carried out iniatingxreal and flexible layer
pavement (road located in the province of Riatid specifically in the town of
Greccio). For measurements we use two type of GRitels.

This GPR has been used both as a monostatic typesad the same antenna
for transmitting and receiving, but with two diféat nominal frequencies. The first
one, who belong to the Science of Civil Engineeridgpartment of Roma Tre
University, has used a frequency of 600 MHz wliile second GPR who belong to
the GEO 3D used a nominal frequency of 1000 MHbke data were then processed
using Matlab computing software, and displayedugtothe software module Gred/s.
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Using the second and third method outlined in tbetisn above for the
calculation of moisture content, it was possibleatmalyze the variation in water
content along the longitudinal and transverse sackt has also been made a
comparison of results obtained through the uswvofdifferent methods.

Through an analysis of radar maps it was possibledéntify the underground
crossing, any manhole covers and decks of bridgasally, an analysis of radar data
and the presence on a deteriorated pavement aidw define a new perimeter of the
landslide.

4.5. 1.The road under investigation

In this section, the GPR technique was used orparmial road called "Reopasto”
located in the province of Rieti in the town ofeGcio at the foot of the Sabine
Mountains, the road connecting the towns of Coratingd, Limits of Greccio and then
finally take on state road 79 for a total lengti24.3 km.

The road section under investigation begin from tibwn of Spinaceto and
limits to Greccio for a total length of 1.5 km (fnokm 9.2 to km 10.7). In this stretch
the road deck has a mean width of 6.5 meters anslists of two lanes, one in each
direction, a width of 3 meters each and a quay seid@.25 meters. This section of
road is affected by a large proportion of dormamdklide that fits over the entire
hilly area located on the side immediately abowe rthad between the villages of

Greccio, Limits of Greccio and Castellina.

The landslide is composed of more landslides ifediht amounts each
characterized by a specific type of movement, #gtistatus and lithological
characteristics. The lands involved are made ugdayf reliefs alternating with marly
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debris resting on clay, also with the presence avbanate rocks, silt and pelr
flysch.

Gf_‘[eccio o

-

Contigliano &~

.
=

Figure 4.3:Image Google Earth for the classification of &
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Figure 4.4 From satellite for area under study

The landslides are identified by a translationigesklow and regular debris cover the
surface and were also observed rock falls in tea and the presence of major fault
systems.

The road package pavement investigated is typdébfeexvho consists of two
layers having different characteristics restingtba background of land site. The
surface layer is asphalt with the functions of abswy the shear stress caused by the

passage of vehicles; this layer has a thicknessngabetween 8 and 12 cm.
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Figure 4.6. Delimitation area of the landslide irgsting the road

The second layer is the foundation and its functsomainly to absorb normal
stresses caused by the weight of vehicles andhdittrloads on the substrate. This

layer is mixed granular and has an average thickofabout 15 cm.
4.5.2. Used ground penetrating radar

The GPR equipment used to carry out the surveyad package were two:

The first property of Science of Civil Engineerim@epartment of the Roma Tre
University is a ground penetrating radar acquisipitched RIS 99 IDS (Ingegneria
Dei Sistemi spa) with data acquisition and conarat, a battery power supply and a
block antenna in a mobile carriage for transpatatiThe block antenna contains two

antennae for the transmitting and receiving theteenagnetic signal to the working
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frequency of 600 MHz and 1600 MHz (both in transmie and reception). The task
of the entire acquisition unit is pitched to acguine data of the investigated area and
to record on magnetic media and then transfer tbanprocessor resident in the
laboratory.

It is possible to move the device along the tratknweestigation at the base
with four wheels in contact with the pavement. Tiaglar measurements were
conducted using four channels, two bistatic (trassion to one antenna to the other,
and vice versa) and two monostatic (transmitter racdiver from the same antenna,
600 MHz or 1600 MHz). For the processing of date, used monostatic channel
with transmit and receive frequency of 600 MHz.

The second GPR used, property of the GEO 3D isRa3BI00 with antenna
GSSI (Geophysical Survey Systems Inc.) working aominal frequency of 1000
MHz. The GPR consists of a block antenna restmthe ground by four wheels with
small diameter and a control unit for signal gehemaand real-time display of

acquired data on screen.

Figure 4.7. Block antenna GSSI and unit control
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4.5.3. Modality of execution of GPR measurements

The measurements were done as saying before folKrh,on an existing flexible
pavement consists of a top layer of asphalt of &herage thickness of 10 cm, a
foundation layer in granular mixture of the averdgekness 15 cm resting on a
foundation layer of variable thickness.

The measurement was performed by
. moving the GPR system with antennas
at 600 MHz along a longitudinal track
to the road for a total length of 1500
 meters at a distance of 1 meter from the
edge of the lane on both lanes. The

investigation took place before in the

right lane (direction Spinaceto -
Greccio) along the track we called
"LMAOO1" and then the left lane
(direction Greccio - Spinaceto) along the trackcaied "LMAQO2. The SIR 3000
GPR system was used only for the longitudinal riggatk that was called "LRTOO1.

Figure 4.9: method of data acquisition

It was subsequently made acquisitions along the @B&s-sections placed at a
constant distance of 100 meters for a total of d&isns of about 6.5 meters long,
each thus forming a grid and provide the longitatecquisition of which affect the
whole width of the road platform. These acquis#idmave been called with the
statement that changes the value of a TMAOO1 to TMAaccording to section of
detection.

As to the second GPR survey was carried out wifteguency of 1000 MHz
only on the right track always at a distance ahelter from the edge of the right edge

of the roadway.
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Given the possibility of using two different GPRs&ms it was possible to
work simultaneously with both, but without bringitite two systems over the limit of
influence of the antennas. Thus it was possibigite the radar data, measured with

different frequency, a contemporary character.

4.5.4 Data processing

For processing and analysis of GPR data acquirighl mveasurement and the
visualization on radar maps the Matlab softward ahe module Gred/s software
have been used in order to represent the sigmab#sx in an array of numbers. The
Matlab software allows us to represent data asixnatrd the GRED/S allow us to
have an overview of the radar maps. This softwaiggvien with the GPR system and
is available in the department of Science of Cikihgineering at Roma Tre
University.

The acquired signal is composed of an array of rumkwvhere each column
corresponds to a single electromagnetic pulse veddiy the antenna whenever it is
run through a constant distance of 2.4 cm displac¢rof the wheel, and each row is
immediately on receipt of single-pulse by the angrin this way, the data obtained
is composed of an array of numbers with a constantber of rows equal to 512 and
a number of columns varies depending on the lepnfttne track radar. The value
inside each box of the matrix corresponds to thelituae in volts per meter of a
single instant of time signal reception.

The Matlab code used made it possible to find theramge signal of all
electromagnetic waves received, to apply the Famiri€r transform (FFT) to
transform the signal from time domain to frequedoynain, to calculate the peak of
the frequency spectrum of single signal and théoutate the dielectric constant of
the surface layer, foundation and background.
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For each track, in order to eliminate the air gapMeen the antenna and the
first air-soil interface, appropriate translationshifting of the signal is used to align
the depth scale of the map at the current radaitiggosof the plane surface
investigated.

4.5.6. Results and discussion

Through the development of radar tracks using tbhequures described above, could
be determined, for each pulse of each trace, elkigeshift of the peak frequency, or
the value of the dielectric constant, calculatedhH®ymethod of the amplitudes of the
three layers up the road package. These values pletied on two-dimensional
diagrams as a function of distance of investigafionmeters) for all tracks. For a
better understanding of the values obtained, wi & polynomial trend line, also to

facilitate the comparison of different graphs tdwgpet

10,2 -
10 A
9,8 -
9,6 -

o 9.4 1

® 9,2 1

Distance (m)

Figure 4.10. Dielectric constant of layer foundatio
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Figure 4.11. Peaks of frequency of layer foundation

It has been studied, in previous section, how tyae the signal in both time
domain and frequency domain and it is possible ltaia the volumetric water
content at each point of the package of pavemettdatermine its spatial variation
along the cross sections examined and along thélastgth of 1500 meters of road
investigated.

Recalling what was previously said, we saw that iaimum presence of
moisture in the material constituting the layedieo substantial changes in the value
of the dielectric constant as the water relativenpéivity (e, = 81) is much greater
than that of any dry material used to the conswuacodf the road structures, (= 4 -
10). Therefore high values of dielectric constamte&spond to high water content and
vice versa.

Unlike the case of the peak frequency as we hawag ticcording to the
Rayleigh scattering, with increasing moisture, peak of the spectrum shifts toward

lower frequencies.
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An analysis of dielectric values and those of teakpvalues of the frequency
spectrum made for all tracks performed (and thelomgitudinal right and left, both
the cross) has been able to confirm this theoryairt because the two trends of the
two graphs (dielectric constant and peak frequem@g virtually the opposite. This
means that in one hand, with high values of dideaonstant we have obtained
lower peak values of the frequency spectrum aswihter content was higher.
In another hand, for low values of dielectric camstwe have obtained high peak
values of the frequency spectrum as the water nontas minimal. In addition, a
comparison of the dielectric constant of the lagérfoundation with that of the
background shows that the trends are the same.

In this case we were not interested in the calmrladf the absolute value of
moisture content, but simply an assessment ofaheevin what appears to be directly
proportional to the dielectric constant of the matehrough the polynomial relations
that we saw in the section above.

For cross-sections it was possible, through thearrashaps, to see the
development of interfaces between surface layes lager of foundation and
between the foundation and background. In additiawjng previously set a constant
speed of propagation of electromagnetic wave ingidanedium of 100 cm/ns, it was
possible to approximately calculate the thickne$sthe layers making up the
pavement.

The radar maps instead of longitudinal sectionseewesed for the detection of
any underground services crossing (electricity, , gagethane, etc) for the
identification of decks of concrete bridges or emts for crossing water side and
spring from the mountain, and especially to see langl of groundwater and the
presence of the landslide that more or less irnidlas the road. In fact, as we saw in
the previous paragraphs, the stretch of road fromOk200 to km 10.700 tested for
moisture by GPR survey is affected by dormant |kaelf vast proportions which
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lies across the hilly area located on the side idiately above the road. The
landslide is composed of more landslides in difiesmounts each characterized by a

specific type of movement, activity status andditiyical characteristics.

Figure 4.12. Delimitation of area of landslide LaRegion

The perimeter of the landslide was carried out ftbeninventory of landslide areas of
the Lazio region around the year 1998.

Through the GPR survey carried out on the roadcttre for the purposes of
calculating the water content, it was also posdibléetermine if indeed the perimeter
of the landslide is actually detected by the LaRegion and if over time the
phenomenon had been given a progress downstream.

To do this the first step was to analyze the lardinal radar maps available to
us and see if there were anomalies when the tnackshrough the area subject to

landslide.
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In fact, it was possible to note that the trackazid affected by the landslide; in
which we had radar map in which there was a aduitimterface placed deep in the
soil background due to high amplitude values anged most probably by increased

water content. Here is an example of the radar afidpe track from the left at km
1,216 to km 1,244.

Figure 4.13. Delimitation area of landslide of SLP.

It is seen very clearly that the interface we tdlladout previously and which
we have outlined in red, which is an increase inistnoe content. This may be
associated with a condition that may suggest tlesgmce of the landslide or less
guiescent.

In a second phase, by analyzing the correspondiagrains of dielectric
constants and peak frequency, and at such interfiabéch increases the moisture
content, and where it is assumed that the soilffected by the phenomenon of
landslide, there are consequently high values eiediric constant and a shift of the

peak frequency towards lower values.
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Figure 4.15. Peaks of frequency

In the final analysis, it was carried out an anialys$ the surface instability and
the inventory of all the cracks and holes in thenpdf road pavement because it gives
tangible proof of a background soil in the contimslomovement. Based on the
analysis procedure just explained we made a newnptr of the landslide and
highlighted in a plan an inventory of the deterimna of the pavement.

This demonstrates that the GPR techniques camm@ip to make an inventory
of the deterioration pavement and to predict asnsas possible for the good
monitoring of the road structure. This techniqueswelpful to understand the

mechanism of the monitoring and how it is posstblenake a study of road survey.
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The experience shows that it is possible to extaediechnique for others structure

and domain studies.
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Conclusion

In this thesis, a problem of an electromagnetid¢tedag by buried object has been
studied. From the Maxwell's equation for who thedty of the electromagnetic
scattering is founded, and the method of solving #quation, the one of many
applications of this theory is the Ground PenetgaRadar.

After recalling the principle of a GPR, in this gjua GPR was used to carry
out on two important applications. The first onaswhe study of how to use the GPR
for Landmine detection. In a sandbox filled withy dsand, where buried different
object, it is seen that the GPR was capable toctéte object with a percentage of
reduce false alarm. This was in good agreement il simulation. This
benchmarking laboratory allow us to have a goodwkmow with the practice for
working with a GPR instrumentation.

The case treated in this thesis was a controlle@r@mment but in the reality,
the environment in which the landmines are buriedtent moisture like in the
tropical zone and the sandy area that content ssméte moisture. The results give
us more curiosity and in the future we can invedégand use the GPR in the area
with considerable moisture.

The second application was to use the GPR survahi@nroad monitoring.
Nowadays, the GPR are becoming the major instruatientto investigate in order to
study the degradation of road pavement due to mewm&snand instability of
geomorphological nature. Usually it is easy to tecthe damage whereas it is
difficult to identify the causes. The rehabilitatioan be compromised, if the cause is
not removed.

In this thesis we use the GPR technique for nond&ste monitoring of

volumetric water content in the layers of road pagat. The models used to calculate
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the water content in a porous medium are baseti@e\valuation of electromagnetic
properties of the material and the layers of theepsnt. The parameter commonly
used is the dielectric constant for typical op@igatifrequencies and typical
environments detection; is mainly influenced by evatontent in the soil. The value
of permittivity is generally extracted from GPR reeeements, calculating the time
interval of reflection before determining a valoe the wave velocity in the medium.
While in the Landmine detection, the GPR is sekis with most difficult to be
used in the environment with great moisture, inrtheed monitoring as we have seen

in our research, is most advanced and can be ysegplacing the others techniques.
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