
.+. National Ubrary
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions et
Bibliographie Services Branch des services bibliographiques

395 Wellington Street 395. rue Wellington
Ottawa, Ontario Ottawa (Ontario)
K1A QN4 K1A QN4

NOTICE

rOUf tIlt! Votre rc1t"Cncro

AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

F"",~_ d···
\.À:UlélJ a

La qualité dp, cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



•

•

APPLICATION OF ELECTRIC POLARIZATION

TO CONTAMINANT DETECTION IN SOILS

by

EDWARD J. HOPPE

Department of Civil Engineering and Applied Mechanics

McGill University

Montreal, Canada

February 1994

A thesis submitted to the Faculty of Graduate Studies

and Research in partial fulfillment of the requirements

for the degree of Doctor of Philosophy

© Edward J. Hoppe 1994



••• National Ubrary
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions et
Bibliographie Services Branch des services bibliographiques

395 Wellington Street 395. rue Wellington
Ottawa. Ontario Ottawa (Onlario)
K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IR.1ŒVOCABLE NON-EXCLUSIVE
UCENCE ALLOWING THE NATIONAL
LffiRARY OF CANADA TO .
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF mSIHER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING TffiS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN mSIHER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT mSIHER
PERMISSION.

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BmLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE
CI NE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.

ISBN 0-612-00098-2

Canadtl



•

•

AB5TRACT

A new field measurement technique for the determination of the lateral extent of sub

surface contamination is proposed. It is applicable to tracing contaminant migration

from underground storage tanks and waste disposal sites. The proposed approach in

volves adaptation of the time-domain reflectometry (TOR) concept and relies on the

interaction of matter with an electric field. Analysis of the TOR data col1ected from

soil-contaminant mixtures indicat,es the fcasibility of a subsurface contaminant detec

tion.

The proposed contaminant detection technique relies on matching an unknown TOR

waveform with a number of known waveforms stored in a computerized database. The

analysis is performed in the frequency-domain through the use of the Fast Fourier

Transform (FFT). It is proposed that the matching process utilize the coherence func

tion.

Application of the proposed technique requires a signal generator, a digital waveform

recorder, a portable computer, and a coaxial cable terminated with a soil probe. The

main advantage of the proposed system is the capability of on site analysis, thus re

ducing the time and the expense associated with the subsurface contaminant detection

and delineation.
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RÉSUMÉ

Une nouvelle technique de mesure champêtre pour déterminer l'étendue de contam

ination latérale souterraine ,-st proposée. Elle est applicable à la 'nigration de con

taminants provenant de sources telles que les réservoirs souterrains ainsi que les

dépotoirs. L'"pproche proposée implique l'adaptation du concept du domaine de temps

de réf1ectométrie (DTR) et se fie sur l'interaction de matière avec un champ électrique.

L'analyse des données DTR rassemblées provenant de mélanges terre-contaminants

démontre que cette méthode de détection est réalisable.

La technique de détection proposée se fie sur la comparaison d'un signal DTR inconnu

avec un nombres de signaux connus en réserve dans la base de données d'un ordinateur.

L'analyse est accomplie dans le domaine de fréquence. Il est suggéré que la procédure

de comparaison implique la fonction de cohérence.

L'application de la technique recommandée requiert un générateur de signaux, un en

registreur de signaux digitaux, un ordinateur portatif, et un cable coaxial muni d'une

sonde souterraine. L'avantage principal qu'offre ce système est la capacité d'analyse

sur site, donc la réduction de temps et de dépenses associés à la découverte de contam

inants.
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CHAPTER 1

INTRODUCTION

1.1 5TATEMENT OF THE PROBLEM

The problem that this study addresses is the detection of a contaminant leak

age. Product leakage from underground storage tanks and migration of leachates from

waste disposai sites have been known to create acute health risks and require substantial

expenditures offunds to clean up. The Environmental Protection Agency (EPA) regu

lates approximately 2 million underground storage tanks at 750,000 facilities across the

United States (Tarrer, 1993). It is estimated that 80 percent of the underground tanks

are constructed of bare, unprotected steel, susceptible to corrosion and subsequent leak

age. The EPA has identified 175,000 confirmed tank releases that are potential threats

to public health and the environment, and that number is expected to rise.

According to the EPA, the American industry produces approximately 35 million

metric tons of toxic waste each year. Much of this waste is disposed of in land im

poundments. While recently constructed facilities appear to contain the waste in an

environmentally sound manner, numerous older disposal sites continue to pollute their

surroundings. By sorne calculations about six billion tons of chemicals have been dis

posed of since 1950, sorne in impoundments situated on permeable soils (Boraiko, 1985).

Current detection procedures rely mainly upon monitoring wells, lysimeters, and

leachate underdrains. Wells are the most common means of monitoring the ground-

1
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water contamination. This approach tends to be expensive and time consuming to

implement. Timely detection of the contaminant plume is obviously dependent on the

initiallayout and a number of monitoring wells. Unfortunately, wells can sample only

a small volume of the acquifer. If samples collected from wells are not representa

tive of the area or conditions for which they are intended, misleading and erroneous

conclusions may result. Experience has shown that by the time a contaminant be

cornes detected in a monitoring weIl, a substantial volume of the surrounding soil and

groundwater has already been polluted (Waller and Davis, 1984).

The risk of drilling wells and exploratory holes in unknown hazardous waste sites

can be substantia1. As the number of holes needed to define a problem area increases,

so does the possibility of puncturing buried containers. Toxic fumes and liquids may

be released. Explosions and fire may occur in extreme cases.

Lysimeters are commonly installed in the unsaturated zone. They include a ce

ramie cup into which a pore liquid is drawn. The sample is subsequently forced to

the surface for collection and analysis. As in weIl monitoring, the contaminant plume

must intersect the lysimeter. Common problems with lysimeters include clogging and

degradation of ceramic cups.

The ur.derdrain system serves to intercept the fluid seeping below an impoundment

site. Although this system allows the leak to be detected and managed, it also has

sorne significant drawbacks. It can't be installed at an existing site. It requires daily

inspection. Finall:,,: it can't identify the location of a leak.

The limitations associated with present monitoring techniques underscore the need

for an alternate approach. Undeniably, early detection and characterization of ensuing

subsurface contarnination can minimize its negative impact. Therefore, there is a de

mand for a field diagnostic procedure which allows a rapid determination of the extent

of pol!utants present in the soil substrate. The method should assist in locating a leak

in the impounding boundary so that a corrective action can he taken to alleviate the

2
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problem. It should also be adaptable 1.0 a wide range of chemicals, as opposed 1.0 being

ion specifie. Currently there are about 60,000 substances classified as hazardotls by the

EPA (Waller and Davis, 1984).

3
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1.2 OBJECTIVES

The objective of this research is to develop a new field procedure for the detection

and delineation of soil contaminants. This study concentrates on a detection method

that will improve the efficiency and reduce the costs associated with the CUITent pro

cedures. Both data gathering and data analysis techniques are examined from the

standpoint of the applicability to the on-site contaminant characterization and sub

surface mapping. The application of digital data acquisition instruments and portable

computers to an automated measurement and analysis process is explored. It is envi

sioned that the proposed contaminant match procedure will minimize the current need

to conduct site characterization studies in several stages of monitoring weil installation,

groundwater sampling, and laboratory analysis.

4
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1.3 APPROACH PURSUED BV THIS STUDV

A study conducted by the V.S. Environmental Protection Agency (EPA) iden

tified a number of existing methodologies that can potentially be applied 1.0 subsur

face contaminant detection (Waller and Davis, 1984). Most. prumising candidates in

clude resistivity soundings, electromagnetic (EM) techniques, ground penetrating radar

(GPR), time-domain refiectometry (TDR), acoustic emissions (AE) and seismic mcth

ods. These approaches typically relate the extent of soil contamination 1.0 a change

in electrical properties of materials. Seismic techniques may be used 1.0 detect a con

taminant indirectly by measuring a change in the velocity of sound propagation in a

saturated material (Winter, 1973). The propagation velocity of sound in unsaturated

soils is about one half the velocity in saturated soils. Therefore, il. is theorctieally

possible 1.0 detect a leak that is located in the unsaturated zone.

The approach pursued by this study originates from a measurement method called

time-domain refiectometry (TDR). It involves sending a fast risetime electrical impulse

into a coaxial cable terminated by a sample material and analyzing the refiected sig

nal. Although this approach necessitates an invasive probing, as opposed 1.0 a surface

based electromagnetic technique, il. is considerably less susceptible 1.0 a cultural noise

commonly present in the field EM measurements.

The main thrust of this study involves an adaptation of the TDR technology

1.0 the in-situ detection of subsurface contaminants by measuring and analyzing the

variation of soil-contaminant dielectric properties as a function of frequency. Data

gathered by the TDR method is analyzed in the frequency-domain through the use of

the Fast Fourier Transform. A contaminant match procedure is developed, whereby

a data record obtained from an unknown soil-contaminant system is matched with

a computerized database of known records. The matching procedure relies on the

coherence function which provides a measure of similarity between the unknown signais.

A single parameter match descriptor is proposed. By utilizing a digital recording

5
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instrumentation and a portable computer for data acquisition and signal processing

this study concentrates on a method which allows an automated measurement and

analysis process.

6
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1.4 ORGANIZATION OF THE515

This thesis contains descriptions of various geophysica! teclmiques that may be

adapted to a subsurface contaminant detection. The measurement principles associated

with each technique are discussed. The approach selected for subsequent expcrimen

ta! studies is proposed and the background theoretical aspects are elaborated upon.

The experimental setup adopted in this study is described and the results from mca

surements on various soil-contaminant mixtures are presented. A contaminant match

procedure based on the coherence function is advanced and tcsted with the acquired

data. The results are analyzed with respect to the applicability of the proposed mcthod

to the subsurface contaminant detection.

7
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CHAPTER 2

REVIEW OF PREVIOUS RESEARCH

2.1 APPLICABLE DETECTION TECHNIQUES

A satisfactory contaminant detection system should be capable of pinpointing a

leak position and be as nondestructive as possible. The goal set by the V.S. EPA is

the ability to pinpoint the leakage in the liner material to within 30 square centime

ters (Waller and Davis, 1984). Such accuracy is yet unattainable.

Contaminants propagate through soils principal1y by advection and dispersion.

The advection is a movement with a mean groundwater f10w while dispersion refers

to spreading through diffusion and mixing. In the unsaturated zone above the water

table contaminants percolate downward under the influence of gravity. Accumulation of

contaminants typically causes alteration of the transmission, adsorption and diffusion

properties of soils (Yong et al., 1992). These processes may in turn affect the electric

conductivity, dielectric constant and seismic velocity of the soil. For exarnple, the

introduction of an organic liquid into a soillowers the dielectric constant, increases the

resistivity and increases the hydraulic conductivity (Olhoeft, 1986). Thus, a change in

soil properties rnay be exploited to detect contaminants.

The rnajority of potential detection rnethodologies represent an outgrowth of the

general area of geophysics, as applied to oil, gas, and minerai exploration. Sorne are ex

tensions of techniques used in the laboratory environrnent or in agriculture. Typically,

8
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a change in electrical propertit:ô of a soil is correlated with a potentüù contamination.

Each measurement technique routinely involves two distinct stages: measurement lUul

analysis. An effective in-situ method should perform these tasks quickly and accIIl"l1tcly.

It should also be relatively easy and economical in implementation. Applicable det,ec

tion techniques, other than a direct sampling from a monitoring well, arc as follows:

2.2 ELECTRICAL RESISTIVITY

This method relies on the fact chat any subsllrface variation in resistivity alters

the form of current flow within the soil. It is therefore possible to obtain sorne informa

tion about subsurface distribution of various bodies from the potential measurements

conducted at the surface. The resistivity of soil is influenced by the porosity, rnoistme

content, electrical conductivity of the pore fluid, and the clay content. Typically, the

higher the porosity, moisture content, salinity of porc fluid, and clay content, the lowcr

the electrical resistivity of the subsurface soil. The presence of inorganic contarninant,s

generally decreases the resistivity while most organic contarninants callse an incl'ease

in resistivity (Olhoeft, 1986). Theil' influence has not been found equal and opposite.

Given the same quantity, most inorganic contaminants exert a much larger cffect on

resistivity than the organic compouncls.

Effective use of the resistivity method can be traccd to the pioneering st.udies

of Schlumberger and Wermer in the early 1900's (Schlumberger, 1920). Duc to its

simplicity and a relatively low cost., a direct current. sounding method has become

popular in carrying out subsurfacc studies. Various electrode arrangements are shown

in Figure 2.1.

In the Sclùumberger method four electrodes arc placed along a comrnon line, with

the outer two serving as the current electrodes and the inner two as the potential elec

trodes. The current electrodes are used to provide the input signa! while the potentia!

e!ectrodes are used to record the response. In studying the resistivity as a function of

9
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• depth, the current electrode separation is increased in a series of steps while nuùnt,ùning

the spacing on the measuring electrodes. It is assul1led that the ratio of the l1leasured

voltage to the potential electrode spacing is equal to the gradient of the voltage under

the soil surface.

With the Wenner array configuration four equally spaced and colinear clectrodes

are used. The outer two electrodes are normally used to provide current to the grollnd,

while the inner two are used to measure the voltage drop caused by this current. If

the resistivity is being measured as a function of depth, the center point, of t,he array is

held fixed and the array spacing is expanded about the l1lidpoint. All fOllr clectrodes

are separated by an equal distance at all times. The subsurface bulk resistivity R is

computed from the measured voltage V, current l and array spacing a:

R= KV
l

where K = 27l'a

(2-1)

•

A variation of the Wenner array is the Eltran array where the two adjacent

electrodes at one end of the line are used to provide current. This array came into

widespread use in the 1930's as means for reducing the electromagnetic coupling he

tween the current circuit and the measuring circuit. With the usual Wenner array,

the capacitive coupling between the wires leading to the current electrodes and wires

leading to measuring electrodes tends to produce larger transient voltages than those

produced by the current flow in the ground. In the Eltran array this coupling is rcdueed

by not placing the two circuits adjacent to each other.

Most arrays currently in use belong either to the Wenner class in which the poten

tial difference is measured between two widely spaced electrodes or to the Schlumberger

class in which the gradient of the potential is determined from close1y spaced measuring

electrodes. A third category of arrays is the dipole-dipole class as originally described

11
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by Al'pin and Berdichevskii (1966). Four electrodes are used with a dipole array but

they do not necessarily occupy positions along a common line. The diagnostic charac

tcristic of a dipolc array is the fact that the distance between the center of the current

electrode pair and the center of the measuring electrode pair is large compared 1.0 the

separation within each pair. This condition permits two approximations in the theory

of dipole arrays: 1) the ratio of the measured voltage 1.0 the potential electrode sep

aration is approximately equal 1.0 the the gradient of the voltage, and 2) the voltage

field is proportional 1.0 the current moment of the current electrode pair, defined as the

product of the current and the distance between electrodes.

The resistivity survey is performed al. grid points covering the area of interest.

The layout of the electrode arrays determines the depth of investigation. Resistivity

soundings are used 1.0 locate an anomaly in the subsurface resistivity, thus indicating a

potential presence of contaminants. Further exploration is usually necessary 1.0 confirm

that the resistivity contrast is in fact traceable 1.0 a contaminant.

2.3 INDUCED POLARIZATION

Induced polarization (IP) is a technique closely related 1.0 the resistivity survey. It

is sometimes referred 1.0 as a complex resistivity since il. can measure resistivity both

in magnitude and in phase as a function of frequency. A traditional way of measur

ing IP effects, whether employing frequency-domain or time-domain approach, involves

detecting differences in time and/or amplitude between the waveforms of the applied

current and the measured (induced) voltage. The actual measurement is conducted

with the electrode arrangement similar 1.0 that used in the resistivity survey. A pre

determined, time-varying current waveform is applied al. one set of electrodes and the

resultallt earth voltage is measured across the other set.

The IP effect is also observed when the current in any of the standard four elec

trode DC resistivity arrays is suddenly interrupted. The voltage across the potential

12
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electrodes is found to decay slowly after an initial rapid drop from the steady st,ate

value. The effect was first observed by Schlumberger in 1912 and it was ascribed by

him to the polarization of earth material by the current. A comprehensive study of

this technique was maùe by Bleil (1953) who was primarily interested in applying it, as

a prospecting tool for metallic minerais. The IP method has been actively and success

fully applied in mineraI explorations since 1948 (Wait, 1959). It is accepted as a basic

electrical prospecting method, particularly in the detection of sulphide ore deposit,s

of low conductivity, such as porphyry coppel' and bedded lead-zinc d"posits (Sum

ner, 1976). Various refinements to the IP method have been studied over t,he yelU·S.

The approach pursued by Zonge and Hughes (1980) involved monitoring the phase

difference between the applied current and the measured voltage at several distinet

frequencies.

The IP effect is due to several sources. Electrode polarization at the houndaries

of metallic conductors, such as sulphide ore deposits, is most predominant.. The next

most important effeet is the membrane polarization, resulting from the movelllent of

ions through the pore spaces of the subsurface material. This diffusion phenomenon

is most pronounced in the presence of clay minerals, due to the small pore size, large

number of ions forming a diffuse double layer and minimal advective forces.

The IP measurement was reported by Olhoeft (1985) as an indicator of the subsur

face chemical activity associated with a contaminant presence. Inorganic processes of

oxidation-reaction and of cation exchange may be detected. Relatively high IP phase

angles were correlated with the presence of active chemical processes. Fol' example ,

petroleum hydrocarbons are known to react with clays during migration. Baizer and

Lund (1983) reported on a variety of organic processes that may be detected with the

induced polarization technique.
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2.4 TIME-DOMAIN REFLECTOMETRY

Essentially the time-domain refiectometry (TDR) is a technique that measures a

refiected voltage as a funetion of time. Typically a rapid electrical pulse is generated

in a coaxial cable and is subsequently refieeted from a point of change in the electrical

properties along the transmission path. Processing of the acquired data, consisting of

the voltage versus time record, is dependent on the physical phenomenon under study.

Originally the TDR was developed for the telecornmunications industry. !ts major

praetical application was in locating faults in the underground or undersea caules. This

was accomplished by measuring the time that the refieeted signal took to travel back

to the measurement point. Knowing the velocity of pulse propagation in a cable, the

distance to the fault point can be readily established.

A variation of the TDR method is a technique called Corrtex, which stands for

continuous refieetometry for radius versus time experiment. The V.S. relies on this

technique for monitoring underground nuclear explosions (Adam, 1988). A typical

setup includes placement of a cable in drill hole near a nuclear device. When the

explosion OCCllrs, the rate at which the cable is crushed by the expanding shock wave

is measured by the dillÙnishing time it takes to refieet the pulses from the rapidly

dwindling length of cable. That rate of expansion of the shock wave corresponds to the

explosion's yield. Corrtex TDR data is typica1ly analyzed from sorne 4000 electronic

pulses after the explosion.

The TDR has also been applied to the measurement of a soil moisture content in the

laboratory and field experiments. Laboratory applications of the TDR were reported

by Hoekstra and Delaney (1974) and Davis and Annan (1977). Look and Reeves (1992)

developed a TDR system to monitor the moisture content of in-situ soils. Satisfactory

results were obtained in deterllÙning moisture conditions within an expansive clay

embankment. In principle, the system relies on the dependence of the static dielectric

constant on the moisture content. Since the sand and most aggregates have a dielectric
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• constant of approximately 2 1.0 4, while the water has a dielectric constant of about

80, the water content essentially dominates the measurement. The test is conduct.ed

with a coaxial cable terminated by a soil probe consisting of exposed electrodcs of

a known length. An electrical pulse is applied 1.0 the coaxial cablc and rccordcd on

the oscilloscope as il. reflects from the soil probe surrounded by a matcrial under study.

The time that the pulse travels along the known distance (probc lcngth) det,er1l1incs t,hc

propagation velocity and allows the computation of thc dielectric constant lI'- follows:

(2-2)

where: K. = apparent dielectric constant, c = velocity of light, and f = propagation

velocity.

An e1l1pirical relationship between the volumetrie moisture content lUld the appar-

ent dielectric constant was proposed by Topp et al. (1980):

ev = -5.3 + 2.92K. - 5.5 x 10-2[{~ + 4.3 x 10-4 J{~

where: ev = volumetrie moistllre content.

(2-3)

The relationship between the gravirnetric and the volumetrie moisture contents is

obtained from:

w = ev * IW
Id

(2-4)

•

where w = gravimetric moisture content" IW = density of water, and Id = dry density

of soil.

The application of the TDR in physical chemistry was introdllced by Fellner

Feldeg (1969), who proposed a laboratory use of the TDR in studying dielectric prop

erties of materials as a function of frequency. This application demands a precise

recording of the shape of the reflected pulse. Bose et al. (1986) reported measurements
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on biological substances where the dieleetric properties are often masked by the presence

of large DC conductivities. The TDR technique allows differentiation of contributions

due to a DC conductivity and a complex dielectric constant. Treatment of the tran

sient experimental data obtained by such a method may be divided into two categories:

the time-domain analysis and the frequency-domain analysis. The time-domain anal

ysis provides a time dependent polarization response funetion direetly from the TDR

data, in contrast to the frequency-domain approach which requires a numerical Fourier

transform to obtain dieleetric data as a continuous function of frequency.

The underlying link between the TDR and the contaminant detection in soils is

the influence of a contaminant on the dieleetric constant and the conduetivity of a soil

contaminant system. The measurement of these electrical properties as a function of

time or frequency may be used to infer the presence and the charaeter of a contaminant.

2.5 ELECTROMAGNETIC TECHNIQUES

Electromagnetic techniques for measuring the electrical parameters of a substrate

soil generally involve measurement of a wave propagating through or reflecting from

an analyzed materia1. One of the most commonly used methods is the wave tilt, which

involves launching an eleetromagnetic wave near the earth surface and measuring the

tilt of the wavefront at a moderate distance from the transmitter, as shown in Figure 2.2.

The wave tilt is defined as the ratio of horizontal to vertical components of the eleetric

field measured at the earth surface (Wait, 1971).

The electric field veetor near the earth surface traces an ellipse. The orientation

of the major axis of the ellipse and the relation between the major and the minor

axis are influenced by the vertical and horizontal components of the electric field.

Typically, the ratio of the major to the minor axis is recorded, together with the angle

of inclination of the major axis. These measurements allow calculation of a dielectric

constant and conduetivity of the underlying soil. One approach that offers high vertical
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Wave Tilt (Wait, 1971).
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resolution and deep sounding is the EM method employing a sweep-frequency source.

Ryu et al. (1972) used 14 discrete frequencies between 200 Hz and 10 kHz 1.0 measure

tilt angle ellipticity and the modulus of wave tilt 1.0 explore for ground water in the

Santa Clara Valley, California.

Another commonly used EM technique is the mutual inductance. A terrain con

ductivity survey is performed by placing a small transmitter coil on or close 1.0 the

earth's surface. This coil is then energized with an alternating current, typically al.

the '1udio frequency. An alternating magl1etic field is generated, which, following Fara

day's law, causes the electrical current 1.0 be induced in the earth. The induced CUITent

generates a secondary magnetic field. Both the primary and the secondary fields are

detected by receiver coils located al. a fixed distance from the transmitter coi!. The

comparison of the strengths of the primary and secondary fields is used 1.0 determine the

conductivity of the subsurface. Field surveys are carried out by running the equipment

on a grid, with coils al. different separations 1.0 measure conductivity as a function of

depth. A portable instrument can also be used in a preliminary reconnaissance survey.

The subsurface conductivity map that the EM technique generates can be utilized

1.0 assess the uniformity of a subsurface soi!. The interpretation of data is essentially

the same as the one obtained from the resistivity survey (conductivity being the inverse

of resistivity). A conductivity variation signifies a potential contaminant location.

2.6 HIGH FREQUENCY PULSE TECHNIQUES

A high frequency pulse technique called ground penetrating radar (GPR) oper

ates by emitting short bursts of radar waves, which are monitored by the receiving

antel1na. Whel1 operated from the ground surface, a radar antenna is manually towed

over a site or pulled by a vehicle, 1.0 produce a continuous mapping. In the transillu

mil1ation mode (borehole-to-borehole), the transrnitter and the receiver are placed in

adjacent boreholes.
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• This method is similar in principle to the seismic refieetion tcchnique, except thnt

il. is the electromagnetic waves that are propagated into the soil. Most of the subsll,.fncc

probing al. shallow depths has been based on transnùtting pulsed wavcs in the frcqllency

range of 1 to 900 MHz (Ulriksen, 1982). The transmitted pulse travels through a soil or

water until il. encounters a material with different e1ectrical charaeteristics. Part of the

pulse is then refiected back to the ground surface where its time of travel is recorded.

The depth d al. which the interface is located is calculated frorn:

d= vt
2

(2-5)

•

where: v = J< = wave velocity ';, c = veloeity of light, and f = die1eetric constlUlt

GPR measurements are sensitive to the dielectric constant and conduetivity.

Changes in these eleetrical properties rnay be indicative of a contaminant presence.

Olhoeft (1986) observed that the conductivity is affeeted to a large extent. by the in-

organics, while the dieleetric constant is more infiuenced by the organic contlUIlinant.s.

Since there is a contrast in the dieleetric constant of many organics as complU'cd wit.h

that of a soil, a contanùnant deteetion is possible. GPR has hcen found to be most.

sensitive to changes in the dielectric properties in the unsaturated zone.

Radar measurements conducted by Ulriksen (1982) attest to a fairly high l'eso

lution profiling in sandy and gravelly soils. GPR soundings up 1.0 approxirnatc1y 30

meter depth are possible. Excellent radar records are also obtained in a freshwater

due 1.0 its low conductivity. In contrast, highly conductive, clay rich soils often result

in penetrations of less than a meter. The resolution of a sounding depends on the

radar operating frequency. A typical radar resolution al. 100 MHz is approxirnatc1y 10

centimeters up 1.0 a depth of about 30 meters in a clay-free coarse sand (Olhoeft, 1986).

A variation of a pulsed high frequency technique is the Time-Domain Eleetrornag

netic Sounding (TDEM). Significant advancements in the applicability of t.he TDEM
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have been reported by Hoekstra et al., (1988). The TDEM technique employs trans

mitting and receiving antennas consisting of square loops of insulated wire laid on the

ground surface. The receiving coil is placed in the center of the transmitting loop.

In the TDEM approach currents are induced by a time varying magnetic field of a

transmitter. The current driven through the transmitter loop creates a primary mag

netic field. During the rapid current cut-off this primary field varies in time and in

accordance with Faraday's Law the resulting electromagnetic induction produces eddy

currents in the subsurface soil. The intensity of these currents at a given time and

depth is dependent on the subsurface resistivity, hence the TDEM can infer the pres

ence of a contaminant with a sufficient resistivity contrast. The receiver measures the

electromotive force (emf) caused by the ground eddy currents. At early times following

the primary current shutoff the eddy currents are concentrated near the ground surface.

With increasing time, as currents are induced at greater depth the measured emf's are

progressively more influenced by the electrical properties of deeper layers.

2.7 SEISMIC TECHNIQUES

Acoustic waves appear to provide a promising approach to the subsurface probing

of contaminants. The propagation velocity in unsaturated soils is about half of the ve

locity in the saturated zone. Moreover, the seismic waves are not as acutely attenuated

in a conductive envil'Onment as the electromagnetic waves.

Seismic techniques have been employed for a number of years by the petroleum

industry. Sorne applications to map a site stratigraphy have also been made. In a

tmditional seismic refiection method an impulse (hammer blow, explosion, etc.) is

genel'ated in the gl'ound. The elastic waves emanating from the source are picked

up by a series of geophones installed on the surface. A characteristic series of return

echoes is recol'ded. The travel time of a wave along with the velocity of propagation

through the soil indicates the depth to a dissimilar stratum. This dissimilar stratum
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may potentially include a contaminant.

In a related method called refraction surveying the time it takes for the echo to

reach a transducer is measured for a varying transducer to impact distance. The time

is plotted as a function of a distance and if a well defined layer exists below the surface,

it results in a characteristic break in the response curve, allowing a dctermination of

the depth of the layer.

2.8 ACOUSTIC EMISSION MONITORING

An entirely different approach to leak detection involves the use of acoustic emis

sion monitoring (AE) techniques. It has been observed that sound emissions oecur

from a structural distress and from a liquid flow through the porous media. These

sounds can be monitored using a microphone or an undamped accelerometer coupIed

to the ground.. Sorne recent applications relating to leakage detection under existing

dams are reported by Koerner et al. (1981). It must be realized, however, that certain

acoustic emissions, occurring naturally from a decomposition of the waste material or

a settlement and deformation of the liner may obscure emissions from liner failures.

Fundamentals of the AE process need to further researehed before the technique can

be optimally applied in the field.

2.9 SOIL GAS SURVEY

The soil gas survey ia a field monitoring technique that has gained an acceptance

in site characterization studies. This technique has been applied effectively to detect

and define the location and the extent of volatile organic contaminants (VOC) in the

soil substrate. Soil gas surveys have been used to estimate the extent of the VOC

contamination and to select the optimum locations for groundwater monitoring wells

(Karably and Babcock, 1989). The soil gas sampling is typically performed by us

ing driven perforated probes, driven hollow probes, surface static trapping (SST), and

21



•

•

augered permanent stations. Probes can be inserted in the ground with a hammer or

with a hydraulic ram, reaching depths of tens of meters in sorne soils. Augered per

manent stations offer repeatable sampling locations over an extended period, however l

the installation of probes takes a significant amount of time.

The SST sampling technique involves the use of activated carbon which accumu

lates vapors over a pcriod of time and is subsequently subjected 1.0 a chemical analysis.

Once the soil gas is extracted, il. is analyzed in the field or sent 1.0 a laboratory. Analysis

methods range from hand held photoionization detectors and organic vapor analyzers

1.0 sophisticated field gas chromatographs and mass spectrometers. Sampling depth,

soil moisture, permeability, and constituent specific factors commonly influence the re

sults. The real time data analysis in the field allows a more detailed mapping of volatile

hydrocarbons.

2.10 ASSESSMENT Of EXISTING TECHNIQUES

Indirect methods of contarninant detection in soils rely on sensing the alterations

in soil properties. The properties that easily lend themselves 1.0 indirect probing are

mainly elcctrical. The choice of a suitable remote sensing method needs 1.0 be evaluated

in the context of an initial data collection and a subsequent data analysis. An undue

level of complexity al. each of these stages can render a particular approach ineffective

and impractical.

The introduction of a contaminant into a soil alters its electrical conductivity (or

resistivity) if the concentration exceeds certain levels. The degree of that a1teration,

however, strongly depends on a given soil-contaminant system. Existing studies indi

cate that the organics tend 1.0 increase the resistivity, while the inorganics decrease the

resistivity of soils. The impact of inorganics is generally stronger, but on sites where

both organic and inorganic contaminants are present the net effect on resistivity may

be negligible. A sole reliance on the conductivity survey is further complicated in the
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areas of a complex lithology where the influence of a soil type nee<1s 1.0 be IIn<:Ollple<1

from the infiuence of a contaminant.

Another electrical property which is commonly affected by the introdllction of a

contaminant into a soil is the diclectric constant. Studies indicate thal, l,he organil'

contaminants exert a substantially greater impact on the dielectric constant than l,he

inorganics, in contrast with the effect on electrical conductivity. It is thercfore at.traet.ive

from the detection point of view 1.0 employa techIÙqlle wh:ch is sensil,ive 1.0 bath

conductivity and a dielectric constant.

When considering a detection method based on analyzing the electrical properl,ies

various measurement approaches are possible. The e1ectrical phenomena occllrring in

a soil-contaminant system may be studied al. a zero frequency (DC), al. a partielliar

frequency (f) or al. a range of frequencies of the electric or the electromagnetic field.

Study of the phenomena occurring al. a wide range of frequencies is obviously more

technically challenging but il. may supply additional valuable data. Sorne mal,erials

may exhibit essentially identical resistivities and/or dielectric constants al. a parl,iclliar

frequeney but may differ in the distribution of these parameters over a wide freqllency

range.

DC resistivity methods have been app!ied in locating leachates from waste im

poundments with varying degrees of success. The primary factors influencing l,heir

performance are the geology and hydrogeology of the area and the resistivity contrast

between the leachate and the host materia1. Cultural features, such as bllried pipes,

metal fences, and power !ines also l'laya significant role. Combinat ion of the above

factors often limits the resistivity survey 1.0 sites with a simple and weil defined geologic

cross section and a highly conductive leachate. Moreover, al. most hazardous sites both

organic and inorgaIÙc contaminants are present, causing opposite effeets on the resis

tivity. Among the most important constraints in the use of the resistivity techniques

are the following:
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• complex stratigraphy, making the results ambiguous.

• cultural objects, such as electrical lines, fences, roads, and buried pipes, causing

undue conductivity fluctuations.

• insufficient conductivity contrast of the leachate. A ratio of at least 2:1 between

conductivities of leachate and groundwater greatly aids in the interpretation of

field data.

Similar limitations apply to the electromagnetic techniques. They generally pro

duce a measurement of a bulk electrical conductivity of the subsurface. Data collection

is markedly faster with the EM approach as compared to the resistivity survey, how

ever, data processing is significantly more complex and the nearby utilities, power and

telephone lines, can greatly interfere with the measurements. A common problem in

volves masking of conductivity variations at greater depths by the presence of a highly

conductive surface layer. Electromagnetic waves attenuate exponentially as they prop

agate through the earth. The distance that the wave must travel before its amplitude

decreases to ~ of its surface amplitude is called the skin depth and represents an ef

fective depth of exploration. The skin depth decreases substantially with increasing

conductivity due to the excessive signal attenuation.

Sorne successful applications of EM techniques have been reported. Greenhouse

and Harris (1980) employed the EM conductivity survey to evaluate the leachate f10w at

the abandoned Bose-Borden waste impoundment in Ontario. Often the interpretation

of results is complicated by localized site conditions. Saunders and Germeroth (1986)

used a portable EM probe to deterrnine a hydrocarbon thickness under the aprons at

Newark International Airport. They concluded that slight variations in the terrain

conductivity result in significant changes in the interpreted hydrocarbon thickness.

The sensitivity study oÏ the GPR, conducted by Bowders et al. (1982), concluded

that a small variation in the soil density will cause a detectable return signal. Since

nonhomogeneous situations prevail in the field, and minor density changes abound, it
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can be concluded the GPR traces will often be cluttered with return signals. Data

analysis in such situations becomes complex and requires sophisticated signal enhance

ment techniques 1.0 uncouple the influence of the soil density from the impact. of the

contaminant. On the other hand, data collection associated with the GPR can he

extremely efficient, since the actual measurement is very fast.

Seismic techniques are not as rapid as the EM and the GPR. They work hest in very

dense materials and perform poorly in loose soils. The problems encountered with the

fine detail resolution are similar in nature 1.0 those associated with the e1ectromagnctic

propagation. As smaller wavelengths are applied for enhanced resolution, excessive

scattering and reflections become difficult 1.0 uncouple. Typically, in selecting the

equipment frequency range a compromise is made between the depth of penetration

and the resolution.

Existing acoustic imaging systems typically require that the sound somce be sepa

rated from the receivers. However, in a layered soil there are many sound pat1ls between

any two points in addition 1.0 the path due 1.0 reflection from the object. The net. result

is that there will appear 1.0 be as many reflectors as there are sound paths. It. is a

common experience in the seismic field work 1.0 observe that a single seismic impulse

produces a train of impulses lasting for a number of seconds.

There have been efforts made 1.0 develop acoustical imaging systems based on

the principle of acoustic holography. It appears that the main obstacles 1.0 any kind

of sophisticated imaging in soils are severe velocity gradients and multipath condi

tions (Winter, 1973). The principal factors affecting the velocity are the confining

pressure and the water content. The behavior of the acoustic veloci1.Yaffects any imag

ing system in three ways. First, il. modifies the amount of energy available 1.0 illuminate

the refleetor. Second, il. greatly influences refraction. Due 1.0 refraction, the ray paths

are also irregular and unpredictable. Any imaging system using wavelengths less than

a meter which assumes an isotropic medium produces extremely blurred images. The
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third problem is that as wavelengths get smaller (for enhanced resolution) all of the

local variations in ve10city become acoustic ref1ectors, making data analysis extremely

complex. Thus, a variation in the seismic velocity due to the contaminant presence

may be effectively masked by the site lithology.

In view of the above considerations, remote sensing electromagnetic and seismic

methodologies were not pursued in this study. Despite their obvious attractiveness

from a data collection point of view it is believed that these techniques do not provide

an adequate resolution of a contaminant plume in the heterogeneous environment. In

contrast to potential minerai locations, the majority of contaminated sites routinely

contain a multitude of cultural features generating a significant level of a background

noise. Fences, pipes, underground and overhead power lines typically exert a sub

stantial impact on electromagnetic measurements, often resulting in a low signal to

noise ratio. Moreover, remote electromagnetic sensing has met with little success in

petroleum exploration mainly because of insuflicient resistivity resolution in the oil

bearing strata (Keller and Frischknecht, 1966). Yet petroleum products constitute one

of the most widespread subsurface pollutants in need of detection. As a result, remote

sensing e1ectromagnetic and seismic techniques may be regarded as potentially useful

in the initial reconnaissance work, but not very suitable for a detailed exploration.

Techniques based on a soil gas sampling are limited in applicability to the volatile

organics. Any permeability variations at the site, such as those stemming from clay

layers or fractures, affect the results. Ambient vapors from past operational practices

and spills also make this approach diflicult to implement. If a laboratory analysis of

samples is required, the increased amount of manual handling renders this approach

costly and time consuming. Direct probing methods based on the detection of a specifie

ion, pH or conductivity also suffer from a limited applicability.

Limitations associated with each of the above mentioned methodologies can be

mitigated by ernploying sorne of these techniques together. Many researchers advocate
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the use of complementary methodologies in site characterization studies. The selection

is obviously dependent on the relative ease of data collection and iuuùysis for the

intended application.

The main criteria in pursuing an effective detection methodology adopted by t,his

study were as follows:

• minimization of a site disturbance.

• minimization of the probing and sampling time.

• capability of on-site data analysis.

• capability of an automated measurement ,md analysis, thus minimizillg lllanual

operations.

• capability of a contaminant detection in the unsaturated zone.

• applicability 1.0 a wide range of contaminants.

The technique pursued in this study is based on measuring dielectric properties

as a function of frequency. Two proven methodologies exploiting this phenomenoll arc

Induced Polarization (IP) and Time-Domain Reflectometry (TDR). Existillg studies

indicate that the IP method has been used successfully in search of metallic ore bodies

(high conductivity) and sulphide ore deposits (low conductivity). The TDR laboratory

method, operating al. significantly higher frequencies, has been applied 1.0 characterize

a variety of chemicals, including biological substances, wherc the diclectric properties

are often masked by a high conductivity.

The TDR approach is conceptually attractive as a contaminant detection 1.001

since the influence of an ambient cultural noise on measurements is greatly minimized

due 1.0 inherent shielding properties of the coaxial transmission line. Although the

field application of TDR requires an invasive probing, il. allows a measurernent al. a

particular point in the subsurfacc, with no interference from the adjacent strata (Gajda

and Stuchly, 1983). In this respect il. differs from EM techniques which tend 1.0 rneasure
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bulk Hubsurface properties. The decision to further explore the TDR approach was

also motivated by the faet that relatively little research has been conducted to date in

adapting this technology to a contaminant deteetion in soils.
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CHAPTER 3

THEORETICAL ASPECTS

In dealing with the subsurface contaminant detection il, is informative 1,0 relate

the level of a soil contamination 1,0 the change in electrical properties of the soi!. The

conductivity and the dielectric constant may be substantially aifected by the introduc

tion of a liquid contaminant into the soil pores. In the initial approach 1,0 the problern

il, is common 1,0 resort 1,0 the DC resistivity survey. This method offers a quick and

inexpensive way of locating a subsurface contaminant, provided that the geological

cross section is fairly uniform. In areas of a complex lithology, however, this approach

cannot readily discern between the resistivity of a particular soil type and that of a

pore fluid. In fact, a variety of chemically different materialsexhibit essentially similar

DC resistivities. To address this lack of selectivity, one may consider monitoring not

only the resistivity but also a dielectric constant and 1,0 monitor these parameters over

a wide frequency range.

Non-conductive materials interacting with the electric field are called dielectrics

and their behaviour is governed by the underlying phenomenon of electric polarization.

From the measurement point of view most contaminated soils can be rcgarded as di

electric materials, with their characteristic resistivities and dielectric constants affeeted

by the chemical nature of the contaminant. The problem entails the interaction of

these dielectric materials with the electric field.
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• The mechanics of polarization may be visualized with reference to Figure 3.1 which

illustrates a homogeneous non-conducting material placed in the electric field. Although

the atomic structure of an insulator is such that it is difficult for electrons to move from

one atom to another, the electrons orbiting around each nucleus will be attracted by the

(+) plate and repelled by the (-) plate. As a result, the orbits of the electrons in each

atom will be displaced. The effect of the positive charge being closer to one side of the

atom and the negative charge being closer to the other is called polarization. Because

a net movement of electrons in one direction constitutes an electric current, there is a

momentary surge of the so-called displacement current, causing increased conductivity

in the system while the charges are induced ie. take up their positions (Jackson, 1976).

A similar phenomena occurs when the electric field is removed. With sorne materials

a small potential difference momentarily appears between the plates. It indicates that

the electron orbits did not instantly return to their original positions. This effect is

called dielectric absorption.

+
Nucleus

+

+

•
Electron orbit

• Figure 3.1 Polarization of a Dielectric.
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The behavior of a typical dielectric material can be visualized in terms of a molec

ular dipole aligning or polarizing in the direction of the electric field. The extent of the

observed polarization or permittivity is a function of time or frequency of a signal used

in the experiments. When the field is reversed, the dipoles tend to realign themselves.

As the rate of field rever~al becomes faster than the rat,e of molecular reorientation,

rotation of a dipole can no longer occur. At this relaxation frequency t,he material's

dielectric constant drops in value since there are fewer available charges that can be

displaced by the electric field. This variability of dielectric constant with frequency

is known as "dispersion". lu the transition region of dispersion a phenomenon known

as "absorption conductivity" takes place and the resulting complex dielectric constant

can be expressed by c* = c' - ic" as shown in Figure 3.2. It is important to note

that the Figure 3.2 illustrates the simplest case involving only one type of a dipole.

Practical systems containing a collection of various dipoles display a number of step

like transition regions occurring at various characteristic frequencies. The implication

of the polarization phenomenon is that as the frequency of electric field increases the

material's dielectric constant drops in value and its conductivity increases in a manner

characteristic of a given materia1. This principle forms the cornerstone of this stlldy.

There are several mechanisms of polarization that cause a freqllency dependence

of electrical properties. Contributions to this polarization arise from the following

(Devet al., 1972):

• displacement of electrons relative to the nucleus of each atom (electronic polariza

tion).

• movement of one nucleus relative to another in the same molecule (atomic polar

ization).

• rotation of molecular dipoles (orientation polarization).

• migration and piling up of charges within the sample (interfacial polarization).

The electronic polarization is a process requiring about 10-15 s, corresponding to
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Figure 3.2 Dispersion and Absorption in Dielectrics.

the frequency of ultraviolet light. The atomic polarization takes from 10-12 to 10-14

s and corresponds to the infrared frequency. The orientation polarization in liquids

ranges from 10-10 to 10-6 s, corresponding to radio and microwave frequencies. In a

heterogeneous material the interfacial polarization may require seconds or minutes to

complete, a process observed only at very low frequencies.

The c1assical theory of polarization is commonly associated with Debye (1929).

Dieleetric properties of materials containing molecules with permanent dipole moments

can be described by a modification of the Debye equation due to Cole and Cole (1941).

Accol'dingly:

( )
f. - f oo

f* W = f oo + -:--..:.,..,---~-
1+(iwr)l-a

(3-1)

•
whel'e f* is the complex dielectric constant = f/(W) - if"(W). The real part, fi, is the

die1eetl'ic constant and the imaginary part, f", is the dielectric loss. f oo and f. are

the "infinite frequency" and "static" limits of the dielectric constant, w is the angular

frequency, r is the relaxation time, and 0' is the parameter indicating the width of the
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• distribution of relaxation times around T. For materials with a single re1a.'l:ation l,ime,

such as water, Cl' = 0 and the equation 3-1 reduces to the form given by Debye:

*( ) €. - €co
€ W = €oc + 1 .

+ZWT

In this case, €* can be separated into real and imaginary parts as follows:

, E,s - foc

€ = €co + 1 + (WT)2

Il (€. - €co)WT
€ =

1 + (WT)2

(3-2)

(3-3)

(3-4)

The difference between €. and €co is attributed to dipole polarization. The orieu-

tation of polar molecules in an altemating field is opposed by the effeets of thermal

agitation and molecular interactions. Debye represents the second effeet by a picture

of viscous damping, the molecules being regarded as spheres in a continuous mediulll

having macroscopic viscosity.

Dispersion and absorption can also occur in nonhomogeneous dicleetrics. The

possibility of absorption in a double layer dielectric if the ratios of conduetivities and

dieleetric constants are not equal was first pointed out by Maxwell (1854).

Cole and Cole (1941) have shown that a graphical representation of equation 3-2

gives an arc of a semicircle in the complex plane, with the diameter of the semicirclc

making an angle "'2" wi th the real axis as shawn in Figure 3.3.

The complex dieleetric constant may be defined in terrns of the cleetric flux density

and the intensity of the electric field set up in the dielectric:

where E is the electric field applied to the sample (::'~~~'r) and D is the e1eetric flux

density or electric displacement (C':::~~;:'~.) The magnitude and phase of D is governed•
* D€ =-

E
(3-5)
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•

Figure 3.3 Locus of the Dielectric Constant in the Complex Plane.

by the frequency-dependent behavior of the material and is refiected in terms of real

and imaginary parts of e· .

It is possible to perform an alternate class of experiments in which the time de

pendence between D and E is compared. The quantity D is proportional to charge

and E is the voltage gradient across the dielectric. If a step voltage is suddenly ap

plied, the time dependence of D may be used to compute e·. It is therefore viable

to employ either a sinusoidal or a step voltage approach in dielectric measurements.

Thus the time or frequency dependence of the dielectric constant can be used to pro

vide information on the chemical composition of a material. The application of the

time-domain method offers a faster measurement in comparison to the 'point-b~'-point'

approach required in the frequency-domain. Since a single impulse comprises a large

frequency spectrum, transient methods are generally regarded as less time consuming

than frequency-domain methods (van Gemert, 1973).

Various researchers have studied the dependence of a dielectric constant on the

ionic concentration of a liquid solution. Onsanger (1936) reported that the dielectric

constant of dilute solutions forms a linear function of the number of polar molecules per

volume of solution. Hedestrand (1929) and Halverstadt and Kumler (1942) examined

data for solutions in nonpolar solvents of over fifty polar compounds of widely different
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• nature and have found in every case that the dielectric constant of the solution is a

linear function of the weight fraction of a solute. Hasted et al. (1948) reported tlmt

the dielectric constants of concentrated solutions of a variety of typical electrolytes

decrease with increasing concentration. Within the error of measurement, the decrease

is linear up 1.0 a concentration of about 2 M, above which il. becomes gradmùly less

pronounced.

Dielectric constant of liquids is also affected by the type of ion present, in t,he

analyzed material. Hasted et al. (1948) determined that the static dielectric const,ant

of a solution may be written as:

(3-6)

•

where fH,O is the static dielectric constant of water, c is the coneentration in moles

per liter, and 6+ and 6- are the contributions of the cation and anion, respective1y.

Individual ionic contributions 1.0 the lowering of dielectric constant per mole of ion per

liter of solution are presented in Table 3.1.

Studies of the dielectric constant of soils, conducted by Okrasinski et al. (1978) in

the frequency range of 0.39 1.0 1.5 GHz, indicate that:

• dielectric constant decreases linearly as the porosity of the soil increases.

• granular soils show a more linear relationship between the volumetrie moisturc

content and the dielectric constant than clay soils.

• the dependence of the dielectric constant on the temperature in the range from 0

1.0 25°C is miIÙmal.

It is worth noting that the dielectric constant is proportional 1.0 the thickncss of the

diffuse double layer formed on the colloidal surface. Double layer thickness decreases

as the square root of the bulk solution salt concentration and directly with increasing

valence of the exchangeable cation (Yong and Warkentin, 1975). The effect of inereased

35



• H+ 17 F
-

5
u+ 11 CI- 3
No+ 8 1- 7
K+ 8 OH - 13
Rb+ 7 S04- 7
Mg++ 24
80++ 22
Lo+++ 35

Table 3.1 Ionie Lowering of the Dielectric Constant (Hasted et al., 1948).

salt concentration arises from reduced cation diffusion from the surface toward the bulk

solution and increased anion diffusion in the opposite direction. The effect of cation

valence stems from the stronger attraction of higher charged cations by the colloid

surface.

The theoretical distribution of ions at a negatively charged surface as a result of

Coulomb and thermal forces was originally developed by Gouy (1910). The distribution

of cations in the electric field at a distance :x from the clay surface can be expressed as

(Yong and Warkentin, 1975):

r--.,,---;:--=" 2
87r2 Z2CoN

ekT
(3-7)

•
where n+ is the number of cations per unit volume at a distance :x from the surface, no

is the number of cations per unit volume in the pore water away from the influence of

the surface, z is the valence of cations, Co is the concentration of cations in 7;~~~ away
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•

from the influence of the surface, x is the distance from surface in Ângstrolll, T is the

absolute tem,:Jerature, k is the Boltzmann constant, and € is the dielect.ric constant of

the solution.

It can be seen from equation 3-7 that if the concentration and/or ionic valence of

the pore fluid changes then the dielectric constant changes accordingly, other factors

remaining constant. This interdependence may be employed to detect contaminants in

soils by means of dielectric measurements. Thus the electric polarization measurements

of the double layer may indicate the nature of the pore fluid chemistry.

In measuring the relaxation properties of various materials it is imperative t,o

find a frequency range of interest, where the effects are most observable. As pointcd

out by Cole, this frequency range is often as awkwardly low for solids as that for

liquids is high. The reason for such disparity is that the charge displaccment in Il solid

matrix is much more constrained than in a liquid. For examplc, water molecules in a

liquid state become aligned with an electric field in ubout 30 nanoseconds (Keller and

Frischknecht, 1966). The amount of polarization is fairly large, as water exhibits the

dielectric constant of 81.5 at low frequencies. At temperatures below the freezing point

these molecules take much longer to align due to the rigid structure of ice.

A study conducted by Hoekstra and Delaney (1974) indicates that in geologic ma

terials the soil type strongly influences dielectric measurements in the frequency range

of DC up to about 1 MHz. Olhoeft (1987) reports that in clay-water systems therc

are significant contributions of the clay type up to 100 MHz. At higher frequencies

the influence of the unbound pore fluid becomes dominant. It is also observed that

the frequency of maximum dielectric loss in a soil-water mixture is appreciably lower

than in a bulk water due to the constraints on charge displacement, characteristic of

the double layer. A study by Bockris et al., (1966) indicates that liquid molecules

comprising the double layer are severely restricted in their motion, and their relaxation

frequency is lowered. Work involving measurements on packed protein powders with
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adsorbed water, conducted by Harvey and Hoekstra (1972), reports two distinct relax

ation frequencies, corresponding to two layers of adsorbed water. Experiments with

polyc1ectrolyte solutions, conducted by Sachs and Spiegler (1964), show that in the

range of radio frequencies the dispersion curves are shifted to higher frequencies with

increasing concentrations. Studies performed by Arulanandan and Mitchell (1968) con

clude that clay-water electrolyte systems behave as anomalous dielectrics in the audio

frequency and near radio frequency range.

Based on the above findings, it appears that if the polarization measurements are

conducted at sufficiently high frequencies, the results would reflect predominantly pore

fluid relaxations, hence a contaminant response. However, even at lower frequencies

associated with the interfacial polarization, one should detect the influence of a con

taminant on the double layer, although the effect of a soil type needs to be accounted

for. The ion concentration in the pore fluid at equilibrium with the adsorbed cations

depends on the specific surface area and the cation exchange capacity of clay minerais.

The above findings also indicate that in a particular soil type, dielectric constant may

be linearly dependent on the contaminant concentration.

The frequency range of interest depends on the composition of a particular soil

contaminant system, hence in the absence of any specific information it is prudent to

conduct the measurements over an extensive bandwith. Instead of performing a mul

titude of point-by-point frequency-domain measurements it is advantageous to employ

the time-domain approach using a pulse made up of a wide spectrum of harmonics. It

reduces the data collection time and allows a temporary generation of a higher ampli

tude signal that, may otherwise be possible on a continuous basis.

The geophysical technique of Induced Polarization detects mainly interfacial po

larization associated with dissimilar materials. However, the traditional four-electrode

arrangement used in the IP method is not capable of aceurately measuring high fre

quency relaxations. In order to perform effective high frequency field measurements
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extending into the MHz range, the monitoring circuit has 1.0 be properly shic1ded from

the electromagnetic interference. From a practical point of view il. requires the use of

a coaxial cable, which is designed 1.0 block the outside interference. The c1ectric and

magnetic fields are confined between the outer and the inner conductors of a coaxial

transmission line.

One technique that lends itself 1.0 electric polarization measurement.s spannin/!; t.he

range covered by IP and extending into the microwave freqneneies is the time-domain

reflectometry (TDR). In the TDR method the electrical impulse wit.h a fast riset.ime

is sent. int.o a coaxial cable. Upon reaching the end of the cable embedded in t.he

analyzed material the impulse is reflected in a manner indicat.ing t.he c1mraet.erist.ic

spectral signature of the sample, as shown in Figure 3.4. The ref!ect.ed signal ean

range in magnit.ude from +100% t.o -100% of the incident signal. These t.wo ext.remes

correspond 1.0 conditions of infinite resistivity and zero resistivity of t.he sample mate

rial. The measurement system is conceptually simple and relatively immune from t.he

electromagnetic interference due 1.0 the shielding characteristics of a coaxial cable.

Typical TDR responses 1.0 a step function are shown in Figure 3.5 (hold port.ion),

indicating the inherent capahility of the TDR method 1.0 distinguish hetween the effeet.s

of the resistivity and the dielectric constant. The relationship between t.he time-domain

and the frequency-domain may be regarded as reciprocal, meaning that at, small t,imes

the waveform is described by the high frequency harmonies, while al. later t.imes it. is

shaped by the low frequencies of t.he impulse. Purely resistive t.erminat.ion result.s in

the transfer of all frequencies of the input signal equally, both in magnit.ude fUid in

phase. In the open-circuit termination (infinite resistance) all frequency component.s

of the out.put. signal appear in phase wit.h the spect.rum of the incident signal. In

the short-circuit termination (zero resist.ance) the transfer occurs in antiphase. It can

be observed that the initial time domain response (high frequency) of the capacitor

corresponds ta that of a short circuit (R=O), while in the latter stage (low frequency)
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Figure 3.4 Typical Setup for the TDR Method.

•

it approaches exponentially the behavior of an open circuit (R=oo). The capacitor

illustrated in Figure 3.1 would manifest itself in this fashion, indicating the effeet of

a single polarization. In a heterogeneous dieleetric material the refiected signal does

not exhibit a purely exponential rise due to multiple polarization phenomena and the

resulting dispersion.

The measurements condueted in the time-domain can be transformed into the
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Figure 3.5 Typical TDR Responses .
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• cquivalcnt information in the frequency-domain through the use of the Fast Fourier

transforrn. The response of a dielectric sample in the frequency-domain may be found

by calculating the ratio of Fourier transforms of the refiected and the incident pulses.

If fi(t) and fret) arc the incident and the refiected signals in the time-domain then the

frequency response or the transfer function G(w) of the dielectric system is defined as:

Fr(w) J~oofr(t)exp(-iwt)dt
G(w) =-- = ~oo=--"-~---:--,-----:-

Fi(W) Loo f;(t)exp(-iwt) dt
(3-8)

The above deconvolution defines G(w) for all frequencies contained in the incident

pulse, thus it forms a unique description of the analyzed rnaterial regardless of the

shape of the applied pulse. The use of a transfer function automatically cornpensates

for an irregularly shaped incident pulse. In a setup involving a relatively long sample

terrninating the coaxial line, the analysis of direct refiections leads to the computation

of the complex dielectric constant as follows:

e* = (1- G(W))2
1+ G(w)

(3-9)

•

This study advocates a practical field implementation of the TDR method for the

subsurface contaminant detection. It is proposed that a probe in a coaxial network

configuration be inserted into the contaminated soil by pushing or drilling. Following a

TDR measurement, a spectral analysis of the collected record would be performed. A

broadband measurement of the frequency-dependent electrical properties of a conta..""Il-

inated soil would provide a characteristic "signature", which would be matched with a

computerized database of known soil-contaminant "signatures". The mechanics of data

analysis associated with this concept is elaborated upon in the experimental section of

this study.

42



•

•

CHAPTER 4

EXPERIMENTALSTUDY

4.1 EXPERIMENTAL PROCEDURE

To assess the practicality of applying the TDR method to the contaminant dctec

tion in soils, a series of laboratory experiments was condueted. The instrumentation

setup employed in this study is shown in Figure 4.l.

The main components include a step funetion generator, a coaxial transmission

cable terminated by a soil probe, a digital waveform recorder and a portable computer

to analyze the acquired data. The impulse signal produccd by the generator is spli t

as it travels past point A. Half of the amplitude of this voltage signal is recorded by

the digitizing oscilloscope, while the other half propagates through the coaxial line

and reaches the contaminated soil at point B. Subsequently, a refleetion occurs duc

to a mismatch between the line impedance and sorne charaeteristic load impedandce

at point B. The reflected impulse passes again through point A, creating a waveform

indicative of the material's dielectric response. The role of the matched "T" is to

prevent unwanted refleetions at point A. Each of the matching resistors has a resistanee

of t, where Zo is the charaeteristic impedancc of the coaxialline. The matched "T"

was constructed with three Type N connectors attached to a metallic box (Pomona

box), with their center conduetors interconnected by three 16.5 ohm resistors.

In order to produce a high frequency polarization the incident signal must exhibit
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Figure 4.1 Experimental Setup.

a sufficiently fast risetime. The relationship between the signal risetime (Tr ) and its

frequency bandwidth (BW) may be approximated as follows:

Thus, the steeper the pulse risetime the wider its effective frequency spectrum.

A simple switch consisting of metal contacts is not satisfactory because the contact•
BW= 0.35

Tr
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bounce during closure may produce an undesirable series of pulses. Brown lUld Pol

lard (1947) addressed this problem by developing a relay in which solid platinum con

tacts are continuously wetted with mercury by means of a capillary connection 1.0 a

reservoir. The mercury film prevents the contacts from breaking when the lU'matmc

bounces. Only one pulse is accordingly produced for each relay operation. The mercury

relay has been recognized for its ability 1.0 deliver reproducible pulses with subnasec

ond risetimes (Andrews, 1973). Its main advantage is the capability 1.0 de!iver a fast

risetime, high amplitude signal. In contrast, a conventionallaboratory TDR sct,up uses

a low amplitude diode for signal generation. Such a signal may not be effective in field

applications due 1.0 the influence of the ambient noise.

In this study the incident signal was produced with a mercury wetted contact

relay manufactured by Clare. The relay was operated al. a !ine frequency of 60 Hz, thus

producing recurring waveforms. Each pulse was subsequently acquired by the digital

waveform recorder.

The step function generator was created by alternately charging a 10 meter section

of RG 58 coaxial cable with a DC voltage source and fast discharging through the

mercury relay into the RG 214 coaxial cable. The length of the RG 214 cable was

selected al. 7 meters 1.0 simulate field conditions where the subsurface contaminant

occurs al. sorne depth.

It has been observed that a substantial length of the coaxial cable results in a

noticeable impulse degradation with a resulting loss of the high frequency components.

This is usually not a problem in a typical laboratory TDR setup which includes only

about 30 cm of a coaxial!ine terminating in the sample material. The initial risetime of

an impulse and thus its frequency spectrum degrade as the signal travels through a long

cable, due 1.0 the phenomenon known as the "skin effect". One way of minimizing the

pulse distortion is 1.0 select a high quality cable with inherently low loss characteristics.

For this reason the RG 214 coaxial cable was chosen. It exhibits a maximum attenuation
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• of 1.7 db/100 feet at 50 MHz, increasing to 60 db/100 feet at 11 GHz. The effect of

pulse degradation is illustrated in Figure 4.2. The attenuation charaeteristics of the

signal measured direetly at the output of the step-funetion generator are compared with

those of the same signal propagated through the coaxial cable, refleeted from the short

circuit termination at point B and measured at point A. This comparison shows that a

distortion associated with the pulse propagation in the measuring circuit begins to play

a significant role only at frequencies above 200 MHz. In the range of 0 - 200 MHz the

RG 214 coaxial cable does not exert any appreciable effeet on the signal attenuation.

Furthermore, it can be seen that the 200 MHz frequency component exhibits about

40 dB attenuation, which translates into the signal strength of 0.01 of the maximum.

This signal level is weil within the resolution capability of the TEK 11402.

FREQUENCY DOMAIN FFT
•

Figure 4.2 Effeet of Pulse Propagation Through Coaxial Cable on Attenuation.
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• It is envisioned that the field probe would be drilled or pushed into t.he soil, while

the recording instruments collect and analyze data at t.he surface. One potential sce

nario involves hollow stem auger drilling to a test. depth, followed by the probe insertion,

TDR measurement and data analysis directly on site. The soil probe used in this st.udy

consisted of a modified Type N coaxial connector with lm extended center clectrode

made of a machined brass rod, 3 mm dia. and 20 mm long. The concept of IUl extended

central electrode, surrounded by a dielectric material, was adapt.ed from the in-sit.u di-

electric measurements on oil shales, conducted by Iskander and DuBow (1983). Electri

cally, at low frequencies the equivalent circuit may be represented by a shunt. capacit.or

terminating the coaxialline. At high frequencies the influence of the fringing field ca-

pacitance becomes increasingly dominant. An expression for the input impedallce of

the dielectric probe which is basically a monopole antenna immersed in the mat.erial

under test is given by Gooch et al. (1963):

Z' Wll-o

i = j2k(S +CU)
(4-2)

•

where the functions k, S, C, and U depend on t.he measurement. frequency, t.he lengt.h

and the diameter of the extended soil conductor and on the dielectric properties e' and

e". Due to the complexity of equation 4-2 the derivation of diclcctric parameters is

typically performed by iterative solutions involving minimization of a two-dimensional

error surface, where the minimum indicates the most appropriate values of e' and e"

that satisfy the measured value of the input impedance.

The use of a digital waveform recording instrument provides several advantages,

such as capture of transient signais, observation of signals occurring prior to the trigger

event, waveform storage, and computer interfacing. The data acquisition equipment

used in the study consisted of the Tektronix 11402 Digitizing Oscilloscope. This instru

ment is characterized by 14-bit vertical resolution with signal averaging and a maximum
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• of 10 ps temporal resolution. The TEK 11402 can acquire up to three channels of data

with 1 GH~ frequency bandwidth concurrently. Record length is adjustable to 512,

1024, 2048, 4096, 5120, 8192 and 10240 points. Digitized waveforms are transferred

for a subsequent data analysis to a portable computer using the IEEE-488 or RS-232

interface. The process of data acquisition lends itself to a full automation. The oscil

loscope settings are also saved in a data file, allowing initialization and control of the

oscilloscope from the computer.

The operation of the Tektronix 11402 requires a recurrent waveform to enhance

its sensitivity and to extend the frequency range. The oscilloscope functions through

a random sampling process. The shape of the recurrent waveform is determined by

an automatic point-by-point measurement, with each individual data point being t:c

termined at a different waveform repetitions. As each recurrent waveform passes t.he

"T" it triggers the automatic signal acquisition based on the predetermined threshold

level of the leading edge of the pulse. This approach makes it possible to sample a

given waveform with a much greater time resolution that is otherwise available with

a single-shot acquisition. Random sampling acquires signals at a random sequence in

relation to where they are stored in memory. The points in time at which these samples

are acquired are "remembered" in reference to the trigger point.

Rather than computing the absolute values of the complex die!ectric constant,

the approach pursued in this study involved the material characterization through the

use of the Transfer Function, which in turn is a function of f*. In the time-domain

the input signal, the system response and the output signal are related through the

Duhamel convolution integral:

ln ,;1C frequency-domain the relationship between the input and the output corre

sponds to a simple multiplication. The input and the output signals can be transformed
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y(t) = i: h(r)x(t - r)dr (4-3)



• into the frequenç-domain through the use of the Fast Fourier Tnmsform (FFT). Sub

sequently, the Transfer Function H (J) of a system may be established by dividing the

spectrum of the output by the spectrum of the input waveform.

Y(J) = H(J) * X(f)

Y(J)
H(J) = X(J)

(4-4)

•

What usually needs 1.0 be established is how a given system responds 1.,0 cadi

frequency component of an arbitrary input signal. In a !inear, time invarilmt, system,

such a response offers a complete and unique circuit characterization (Ramirez, 1[J85).

II. also represents a characteristic spectral "signature" of a mat,erial under test.

4.2 DATA ACQUISITION

Prior 1.0 digitizing and processing large quantities of data, a small series of trial

tests was conducted with a setup shown in Figure 4.1. The objective was 1.,0 assess

if various "contaminants" produce clearly discernible time-domain responses. Fluids

selectcd for testing included ButyI Alcohol, Methyl Alcohol, Phenol (1000 ppm), and

Kerosene. The oscilloscope traces indicating distinctly unique responses arc shown in

Figures 4.3 through 4.6. It is evident that the shape of the refiected signal is affectecl

by the material examined.

Subsequent tests were conducted using the digital waveform recorcling capabi!it.ies

of the TEK 11402. Data acquired and stored by the oscilloscope was transferrecl 1.0

a computer for signal processing. Tests were performed on several arbitrarily chosen

"contaminants" and on "soil-contaminant" mixtures. The soil uscd 1.0 create these

mixtures consisted of dry portions of 60% Lake Agassiz clay and 40% crushed gran

odiorite passing sieve #50 and retained on sieve #16. Soil-contaminant mixtures were

prepared with 60% and 40% fiuid content ("contaminant"), simulating fully saturated
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S Na Ca K Mg CI- CO~- HCO;

Pollutant pH (mS/m) (ppm) (ppm) (ppm) (ppm) (meq/L) (meq/L) (meq/L)

KAH1 7.54 23.0 198 54 103 95 15 0 0
CEZ 2.73 58.7 0 8 2 148 27 0 1.0
PB 2.11 64.7 340 2 1 0 45 0 2.0
H20 5.24 0.3 1 1 0 0 0 0 3.0
LACHENAIE 6.80 2.7 140 180 16 350 5 0 5.0

SO~- A1 3+ Cd 2+ Cr 2+ Cu2+ Fe2+ N1 2+ Pb2+ Zn 2+

Pollutant (meq/L) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

KAH1 0.02 0 0 0 0 0 0 0 0
CEZ 107.00 15 17 0 42 47 0 1 2983
PB 0.10 0 0 0 0 0 0 63 0
H20 0.16 0 0 0 0 0 0 0 0
LACHENAIE 1.7 5 1 2.5

NOTES: S- conductlvlly;
KAH1 -Ieachate from Kahnawakllandfill site.
CEZ - waste product from zinc manufacturlng facllily (dlluted to 200 mg/L)

PB - laboratory solution of lead chlorlde
H20 - dlstilled water
LACHENAIE - Leachate from Lachenale landfill site.

Addltlonal materlals used ln experlments Included BENZENE, ETHANOL,
0.01 N CaCI2 , and 0.01 N NaCI.

Table 4.1 Chemical Characteristics of "Contaminants".

and unsaturated soil conditions. Table 4.1 summarizes the chemical composition of

"contaminants" used in the experiments.

Lake Agassiz clay originated From St. Boniface, Manitoba. Its mineral compo-

sition, in a decreasing order of abundance, comprised montmorillonite, illite, quartz,

kaolinite, feldspar, and dolomite (Yong et al., 1986). Based on the saturation extract
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analysis, the main water soluble ions were classified as: N a+, Ca2+, HCOa-. The

predominant extractable ion was found to be Ca2+ and the cation exchange capncity

(CEC) was determined at 71.4 mg/lOOg. Liqllid and plastic limit,s were 112% and 28%,

respectively. The gradation analysis indicated 61% of particles passing the #200 sieve.

The crushed granodiorite originated from Cold Springs Quany in Lac du Bonnet.,

Manitoba. Us mineralogical composition included quartz (28%), feldspar plagioclase

(35%) and microcline (20%).

Measllrements were performed on contaminants and on soil-contaminant mixtures

prepared 24 hours prior to testing. All soil specimens were initially air dry. No signif

icant scatter in each material's response was observed dllring testing. Measlll'ement.s

were performed on the following materials:

• H20 (Distilled water)

• H20-40 (Soil with 40% H20)

• H20-60 (Soil with 60% H20)

• CACL (0.01 N calcium chloride)

• CACL-40 (Soil with 40% CACL)

• CACL-60 (Soil with 60% CACL)

• PB (Lead chloride)

• PB-40 (Soil with 40% PB)

• PB-60 (Soil with 60% PB)

• CEZ (Waste product from zinc production)

• CEZ-40 (Soil with 40% CEZ)

• CEZ-60 (Soil with 60% CEZ)

• KAHI (Leachate from Kahnawaki landfill site)

• KAHl-40 (Soil with 40% KAHl)

• KAHl-60 (Soil with 60% KAHl)

• OPEN (Empty probe)
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Figure 4.8 Acquired Time-Domain Data: CACL, CACL-40, CACL-60.
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Figure 4.9 Acquired Time-Domain Data: PB, PB-40, PB-50.
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Figure 4.10 Acquired Time-Domain Data: CEZ, CEZ-40, CEZ-60.
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• BENZENE

• ETHANOL

• LACHEN (Leachate from Lachenaie landfill site)

• NACL (0.01 N sodium chloride)

Figures 4.7 through 4.13 display the experimental data acquired with the measur

ing circuit shown in Figure 4.1. Each signal, sampled every 40 ps, consists of 5120 dat,a

points and indicates the initial voltage step as the impulse reaches the digitizing osdl

loscope and a subsequent reflection from the sample materia1. The time 1.=0 signifies

the triggering point for the waveform acquisition 1.0 the digitizer's memory. The nega

tive time range represents pre-trigger events. After about 70 nanoseconds following the

start of the incident impulse acquisition, the reflected signal reaches the digitizel'. This

time lag is governed by the length of the cable between the sampling point and the soi!

probe. Sporadic vertical spikes corrupting the acquired time-domain data represent

points that were missed during the random sampling process. These data points were

adjusted al. the signal processing stage.

4.3 DATA ANALYSIS

Figures 4.14 through 4.20 display processed time-domain data following splitting

the acquired signal into its constituent input x(t) and output lI(t) waveforms. Me

dian filtering was used 1.0 eliminate the unwanted spikes in data. This method is

considered particularly effective when the noise pattern consists of strong, spikclike

cornponents, and where the characteristic ta be preserved is edge sharpness (Gonzales

and Wintz, 1987). The effect of the median filtering operation is the rejection rather

than averaging of spikes in data. Each acquired TDR record was successivcly divided

into 25 point data groups, with the 13th largest value being the rnedian of each group.

This operation had no appreciable impact on reducing the effective frequency content

63



•

•

since the signal was heavily oversampled at the acquisition stage. AH output waveforms

were also multiplied by 2, to correct for the initial split of the amplitude as the signal

passed through the matched "T".

Proper application of the Fast Fourier Transform (FFT) demands that a time

domain waveform begins and terminates at the same amplitude. Step-like waveforms

produce a well known truncation error if they are treated by the FFT without any

preprocessing. The abrupt data truncation produces a distortion of the truc spec

trum of the analyzed signal by introducing a series of artificial high frequency compo

nents. Several methods addressing this particular problem have been published. Wald

meyer (1980) pointed out that the three widely used techniques of Samulon, Nicolson

and Gans, which originate from apparently different ideas lead to the same numerical

process. The technique used for preprocessing of the time-domain data in this study

involved application of a cosine window to the last 30% of each waveform, thus forming

a graduaI transition towards the initial amplitude level. Subsequently, a 100% zero

padding was applied, so that the analyzed impulse appeared to the FFT algorithm as

a repetitive waveform. Additional zeroes were appended to bring each waveform to ex

actly 4096 data points prior to applying the FFT. AH signal processing operations were

performed by developing customized programs in Fortran. Applicable source codes are

included in the Appendix 1.

The transfer function HU) was calculated by dividing the FFT of the output wave

form by the corresponding FFT of the input. This operation results in a set of complex

llumbers which may be displayed graphicaHy for ease of interpretation. Representative

results are shown in Figures 4.21 though 4.25. Transfer functions for contaminants and

soil-contaminant mixtures were computed up to a maximum frequency of 200 MHz.

The practical upper frequency limit was imposed by the spectral composition of the

generated input signal (function of the risetime). AH frequency components above

200 MHz were ignored.
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Figure 4.21 Transfer Function : PB, CEZ, KAH, CACL, H20.

lnOG

•

The concept of employing the transfer function in the contaminant detection has

been reported by Yong and Hoppe (1989). The previously published material is in

cluded in the Appendix 2. It was realized, however, that while a visual presentation in

terms of a transfer function expressed by polar coordinates provides a qualitative insight

of the polarization phenomenon, it does not render itself well to the task of quantifying

numerous test results. It is evident that in polarization measurements both magnitude

and phase contain significant information. Much of the useful information is contained

in the phase spectrum, yet phase is routinely susceptible to noise, particularly at high

frequencies. It leads to a common difficulty in analyzing the polar coordinate transfer

function, as manifested by the presence of "loops". Nevertheless, when visually com

paring graphs such as Figure 4.23 and Figure 4.24, there appear to be sorne distinctive
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Figure 4.22 Transfer Function : BENZENE, ETHANOL.

similarities amongst each group of "contaminants". Clearly, sorne systematic approaeh

to quantifying these test results for a subsequent matching of known and unkllowll

responses is needed to facilitate the contaminant detection.

The approach to data analysis proposed in this study involves the applicatioll of

the coherence function. The complex coherence function is a llorrnalized complex cross

power spectral density function (Carter, 1972) given by:

(4-5)

where Su(J) and Syy(J) are the power spectral densities of sx(t) and Sy(t) respectively

and Sxy(J) is the cross-power spectral density.
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Figure 4.23 Transfer Function : H20, H20-40, H20-60.

The magnitude of the complex coherence function is:

(4-6)

It follows directly that the square of the magnitude of the complex coherence

function is:

(4-7)

•
The term "coherence" usually refers to equation 4-7. It should be noted that

given only one set of waveforms 8 x (t) and 8 y(t) the magnitude-squared coherence = l.

Consequently, the estimate is biased, depending on the nurnber of sets of waveforms
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Figure 4.24 Transfer Function : KAHl, KAHl-40, KAHl-60.

that are subsequently averaged. In practice the number of acquisitions of ,sx(t) and "y(t)

from a particuiar measurement setup should be as large as practicable to produce Il

meaningful estimate of the magnitude-squared coherence. Thus the magnitude-squared

coherence function (MSC) of two signais sx(t) and Sy(t) may be expressed as:

(4-8)

•

where Sxx(f), Syy(f), and SXy(f) are each obtained by averaging over a number of

data acquisitions.

The MSC always falls between zero and one. It is zero when the waveforms "x(t)

and Syet) are uncorrelated. It is equal to unity if and only if there exists a linear relation

between sx(t) and Sy(t). The main applications of the MSC function are as follows:
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Figure 4.25 Transfer Funetion : CEZ, CEZ-40, CEZ-60.

• a measure of system linearity.

• a measure of correlation.

• a measure of signal to noise ratio.

The utility of the coherence funetion is demonstrated in Figures 4.26 and 4.27.

It is a.ssumed that a system is subjected to an input signal with a spectral content of

Fx(f), resulting in a corresponding output signal Fy(f). Subsequently, another test

is performed on the same system using an input signal Gx(f) which resu1ts in Gy(f).

Nonlinearity and phase distortion are introduced to demonstrate the impact on the

coherence. It is evident from the hypothetical example that at a given frequency f it

is only when the individual estimates of the cross speetrum Sxy(J) have exactly the
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same phase angle and the system is linear, that the coherence equals 1.0 1. In such n

case the veetor addition used 1.0 form the mean of the cross spectrum gives the slUlle

modulus as scalar addition of the power speetrum produets, resulting in t,he r of IInity.

The practical implication of equation 4-8 is that if the signais are statisticlùly same

then their coherence equals 1.0 1.

Typical applications of the coherence funetion in signal processing scek 1.0 deter

mine the extent 1.0 which the output signal is caused by the input signal, which provides

a measure of the validity of the transfer funetion. The coherence function has been

used extensively in the undersea acoustic applications, particulm'ly in situations where

a signal source is in motion in a transmission medium (Gerlach, 1980).

A praeticallinear system is characterized by a coherence function which typically

approaches 1 al. a wide range of frequencies but eventually departs from unity. This

stems from the fact that every practical system exhibits a certain amplitude band

width over which ail frequency components are amplified or attenuated equally and a

certain phase bandwidth over which the phase change is directly proportional 1.0 fre

quency (Lewis and Wells, 1954). Excessive amplitude and phase distortion render the

physical interpretation of the measured phenomena unreliable beyond this bandwith,

The application of the coherence function is illustrated in Figures 4.28 through

4.34. Two separate TDR records (Soil 1 and Soil 2), obtained from replicate mea

surements on a dry soil, are shown and further operations involving preparation of the

time-domain data, calculation of the power spectra, cross spectra and transfer func

tions are illustrated. Figure 4.34 shows the resulting coherence function between the

input and the output waveforms (equation 4-8) of both TDR records. The coher~nce

approaches lover a frequency range extending from 0 1.0 about 200 MHz, which agrees

with the bandwith estimate obtained from the risetime of the incident pulse. It may

be concluded that the transfer funetion of this system is valid in the frequency range

of 0 1.0 200 MHz with a given measurement setup.
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Figure 4.26 The Influence of Phase Angle on Coherence.
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• Figure 4.31 Sail 2: Time-Domain Data and FFT of Input.
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Figure 4.32 Soil 2: FFT of Output and Power Spectra.
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Figure 4.34 Coherence Function Between Dry Soil 1 and Dry Soil 2.

It is also evident that for the coherence to equal unity, the individual transfer func-

tions and hence the systems must have been identical in the corresponding frcqucncy

range. Therefore, it follows that a quantitative comparison of transfer functions may

be accomplished by computing the coherence between the input and thc output wavc-

forms.

In a practical application to a leakage occurring from a point source, a contaminant

detection in soil may be achieved as follows:

• obtain representative fluid samples from an underground storage tank or a landfill

leachate.
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• obtain representative soil samples.

• conduct laboratory TDR measurements on a number of soil-contaminant mixtures

and create a database set of known TDR records.

• conduct field TDR measurements by probing areas suspected of contamination

and create a test set of unknown TDR records.

• compute the coherence function using unknown and known records. In a perfect

match the coherence would equal to lover an effective frequency bandwith.

The principal advantage of the above approach is that the entire process of data

analysis can be ful!y automated using a portable computer. It also eliminates the need

for a manual handling and the uncertainty of visual comparisons.

In a real life situation no amount of laboratory testing will ever duplicate al!

the possible permutations encountered in the field. Thus thE; essence of the matching

process is the determination of the most likely association between an unknown TDR

"signature" and a waveform traceable to a particu1ar contaminant. Obviously, the

closer the match the larger the coherence. The problem entai1s matching the test signal

with a database of signais obtained from known contaminants and soil-contaminant

mixtures. Given a field TDR record transformed into its constituent input Gz(f) and

output Gy(f) waveforms, and a known TDR record transformed into Fz(f) and Fy(f),

a ca1culation of their coherence indicates if the association is likely.

The frequency range used in the matching procedure needs to be established in

advance. This may be accomplished by acquiring a number of TDR records from each

test and computing the coherence function as defined in equation 4-8. Obviously, the

frequency range used to compare different TDR records must not exceed the range over

which the coherence approaches 1 for individual records.

The expected estimation error in coherence is dependent on the number of indi

vidual data acquisitions. The relationship for the expected estimation error or bias in
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• computing the MSC was found by Benignus (1969) to he:

(4-9)

where n corresponds to a number of records.

It should be noted that:

lim (Bias) = 0
n-oo

(4-10)

•

The application of the coherence function in this study seeks to answer the ques

tion: To wh",t extent does a given test TDR record match a given database TDR.

record? A f10w chart for performing an automated waveform matching based on the

above concept is presented in Figure 4.35. The corresponding Fortran computer source

code is included in the Appendix 1. In the process of comparing an unknown record

("unknown contaminant") with each database record ("known contaminant") a single

parameter descriptor of the fit is introduced. It represents an integration of coherence

values substracted from unity, over a frequency range of interest. In a perfect match

this descriptor would equal to zero.

The proposed contaminant match procedure addresses a well known TDR. prob-

lem of identifying an appropriate time reference at which the record is split into its

constituent input and output waveforms. This step is essential in accounting for phase

differences between various output waveforms. In practical measurements it is often

difficult to determine precisely at what point the incident signal ends and the reflected

one begins, as illustrated in Figures 4.7 through 4.13. To establish this "cut point",

a TDR record of an empty soil probe was analyzed. Since it describes an essentially

open circuit termination, involving an infinite resistance and a negligible capa.citance,

the most appropriate "cut point" is the one that results in a transfer function with

minimum phase shifts (all frequencies are transferred in phase in the ideal open circuit

termination). After determining this "cut point", it was time referenced to the leading
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edge of the incident pulse. As long as the measuring network maintains its geometry,

the time between the leading edge of the incident pulse and the "cut point" will always

be the same. Thu5, if sorne TDR records are acquired with a different length of the pre

trigger data, they can still be time referenced to each other. The approach dcscribcd in

Figure 4.35 involves time-domain matching of the leading edges of incidcnt waveforms.

When the leading edges are synchronized so that the differcnce bctwccn thc incident

waveforms is minimized then their respective "cut points" are also synchronized.

After a TDR record is split at a "cut point", the resulting input and output

waveforms are adjusted prior to implementing the Fast Fourier Transform. These

adjustments include windowing, zero padding and appending data to obtain 2n data

points (4096 in this study). The reasons for these operations were dcscribcd previously.

The application of the FFT results in the transformation of data into a sct of com

plex numbers expressed as a function of frequency. Additional operations describcd

in Figure 4.35 include the computation of the power spectrum, which involves a mul

tiplication of the FFT output by its complex conjugate and the cross spectrum, or

a conjugate multiplication of input and output spcctra. These operations constitutc

intermediate steps needed to compute the coherence.

The coherence is calculated over a specified frequency range. At each of the spec

ified frequencies the value of coherence is substracted from 1. These values are subse

quently integrated to arrive at the single match parameter indicative of the degree of

association. The lesser the match parameter the higher the coherence and the closer

the association.

To evaluate the concept of coherence matching, two identical sets of data, consist

ing of the previously acquired TDR records, were created. One set was considered a

database of known "signatures" and the other was assumed an "unknown" set. The

procedure outlined in Figure 4.35 was subsequently applied. The main objective of this

operation was to determine if records from soils containing various concentrations of
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the same contaminant form the most likely associations. Thus, each element i from the

"known" set was matched with each element j from the "unknown" set. The output of

the coherence matching program is presented in Tables 4.2 through 4.8. The frequency

range of interest is 6.10 MHz (first harmonie) to 201.42 MHz (practical limit of the

incident signal bandwidth). In each match the #1 rank corresponds to the simple case

of two identical records. Matches ranked #2 and greater correspond to the successively

less likely associations.

4.4 DISCUSSION OF RESULTS

The time-domain relationship, shown in Figures 4.7 through 4.13 presents various

waveforms acquired by the digitizer. It can be seen that the applied step-function is not

perfectly rectangular. The initial stage of the incident impulse is affected by ripples,

stemming from imperfections in the impulse generator and unwanted refiections in

the measuring circuit. It should be noted, however, that the shape of the incident

signal and therefore its spectral composition, remains virtually identical in different

tests. This attests to a good reproducibility of pulses produced by the mercury contact

relay. The refiected voltage step, commencing after approximately 70 nanoseconds,

is characteristic of the material being analyzed. Thus, in non-polar liquids such as

benzene or ethanol, the refiected waveform practically mirrors the applied waveform.

A substantial signal attenuation occurs in highly conductive liquids, such as in GEZ or

PB, which contain ions ofheavy metals. The initial dip ofthe refiected impulse, signifies

the capacitive infiuence. The latter part of each waveform approaches a steady value,

indicative of the DG resistivity. This dielectric response appears most predominant in

the first 4 ns of the refiected waveform.

After transforming the time-domain data into the frequency-domain, using the

Fast Fourier Transform, the transfer function is computed by dividing the spectrum

of the refiected signal (Output FFT) by the spectrum of the incident impulse (Input
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FFT). The attenuation and phase shift characteristics of individual contamilllUlts and

soil-contaminant mixtures are presented in terms of the material transfer functioll in

Figures 4.21 through 4.25. The results are shown in a polar form, with the modulus

being the distance from the point of odgin to the particular frequency component

of the waveform and with the corresponding phase angle measured rclat,ive to the

positive x-axis. Each transfer function forms a distinctive and unique representation of

a particular soil-contaminant system.

The transfer function representation provides a meaningful insight into the ma

terial's dielectric behavior. If the charges contained in the material are free to move

under the influence of the electric field, the resistance is effectively independent of the

frequency of the applied signal, but if these charges are bound, as in oscillating dipoles,

the resistance becomes a characteristic function of frequency. This pattern manifests

itself readily in the transfer function. It is worth noting the similarity of Figures 4.21

through 4.25 to the general behavior of the dielectric constant illustrated in Figure 3.3.

It can be seen that the transfer function exhibits a different signature for different

contaminants. In a practically non-polar material, such as benzene (Figure 4.22),

the phase shift and attenuation of different frequency components are minimal. The

transfer function reflects the combined influence of the dielectric constant and resistivity

of a given material, and thus the response of benzene (e=2.3), ethanol (e=31.2) and

distilled water (e=SO) illustrate the trend of an increasing dielectric constant and a

decreasing resistivity.

Although the polar plot of the transfer function offers a I;ood visual representation

of the polarization phenomena, it does not render itself weil to an identification t)f

the most likely matches between various signais. It illustrates, however, that both

magnitude and phase contain characteristic descriptions of the tested. material. The

coherence function may be employed to account for both of thesc descriptors in a

nurnerical fashion, allowing an effective comparison.
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The results of the proposed contaminant match procedure are presented in Ta

bles 4.2 through 4.8. The optimum database "eut point" and a match parameter are

listed. A perfect match of a test waveform with a database waveform was obtained

between the fol1owing materials:

• H20-4D and H20-6D

• H20-6D and H20-4D

• PB-4D and PB-6D

• PB-6D and PB-4D

• KAHl-4D and KAHl-6D

• KAHl-4D and KAHI

• KAHl-6D and KAHl-4D

• KAHl-6D and KAHI

Associations involving BENZENE, ETHANOL, LACHEN, and NACL test wave

forms were reasonable given the selection of the database set. BENZENE was matched

with OPEN (empty probe), ETHANOL with BENZENE, LACHEN with CACL, and

NACL with CACL.

An illustration of the coherence matching concept is presented in Figure 4.36. It

demonstrates that a soil contaminated with the leachate collected from the Kahnawaki

landfill site exhibits a higher coherence with the Kahnawaki leachate than with the

Lachenaie leachate. As Table 4.6 indicates, KAHl-4D matches most c10sely with KAHI

when only the contaminants and not the soil-contaminant mixtures are considered in

the database set. Relatively poor mateh results were obtained with soils contaminated

by CACL and CEZ. CACL-4D was matched with CEZ-6D and CACL-60 was paired with

KAHl-4D. A common element in thcse matches appears to be the Ca ion in KAHI and

CEZ. Aiso CEZ-4D WBS matched with H20-4D and CEZ-6D with CACL-4D. Again, the

most common clement is the Ca ion which is the most predominant extractable ion in

the soil (see soil description).
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1 PD_60
Z PB_10
3 CEZ_60
1 CACL_10
5 XAH1_40
6 XAH1_60
7 CACL_60
B XAH1
9 HZO_60

10 HZO_10
11 LACHEI1
12 CACL
13 I1ACL
11 CEZ
15 HZO
16 CEZ_40
17 PD
1B ETHAI10L
19 DEI1ZEI1E
20 OPEI1

Table 4.4

.0000

.OB7B

.5Z51

.5517
1.0266
1.Z976
1.7671
Z.315B
3.B03Z
1.Z370
1.734Z
1.9965
5.0ZB1
6.9Z31
7.0B03
B.5BB7
9. 169B

10.9015
15.0977
17. 196B

1901
1901
1901
1901
1901
1905
19011_
19051_
1901
1903
1903
1901
1_
1905
19011_
19031_
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CO" TA" 1 " A " T• "1". FREQ.
"AX. FREQ.

: &.10
: 201.12

" A T C H

1 11111'11

RA"K DATABASE
WAUEFOR"

TEST
WAUEFOR"

======================================================
1 CEZ
Z PB
::1 JCAH1
1 PB_&0
5 PB_10
& CACL_10
7 LACHE"
o CEZ_&0
~ KAH1_&O

10 KAH1_10
11 CACL
1Z "ACL
13 H20
11 CACL_&0
15 HZO_&O
1& HZO_10
17 ETHA"OL
10 CEZ_10
1~ BE"ZE"E
Z0 OPE"

CEZ
CEZ
CEZ
CEZ
CEZ
CEZ
CEZ
CEZ
CEZ
CEZ
CEZ
CEZ
CE2
CEZ
CEZ
CE2
CEZ
CEZ
CEZ
CEZ

.00ee
1.1357
6.2268
&.~Z31

7.3&&7
7.&~10

7.0533
7.~313

0.0~11

0.Z19&
0.1701
0.5191
0.7910
~.10BZ

10.3&ee
1Z.Z15Z
1&.9131
17.115&
Z1.0171
23.7011

1~01

1~01

19104
1~01

1~01

1~01

1~01

1~01

1~05

1~01

1~01

1~01

1~01

1~05

1~05

1~01

1~01

1~05

1~01

1~05

======================================================

1~01

1~01

1~01

1~05

1~01

1901
1~05

1~05

1~05

1~05

1901
1~01

1901
1~01

1905
1~01

1~01

1~01

1~01

1~05

1904
1~01

1903
1~01

1901
1~03

1901
1901
1~03

1901
1~03

1901
1~03

1903
1~01

1~03

1903
1~G1

1~01

1~03

.0aee

.0101

.1352

.Z~15

.5Z51

. 51az

.&313
1.&711
Z.107B
Z.7&36
3.5107
3.71Z1
3.7796
&.1Zao
&.73Z3
7.9313
~.5aB1

10.1150
11. 117Z
16.3a20

.oaao
1.Z9~

Z.75&~

Z.7&11
1.1149
1.701&
5.5015
5.0Z03
5.~~71

&.1917
&.ZZ~

&.39&1
&.&003
&.~7Z7

0.1&11
0.30&Z
0.3790
~.5517

1&.&31Z
1~.&170

Contaminant Match Results; CEZ, CEZ-40, CEZ-50.Table 4.5

1 CEZ_&0
Z CACL_10
3 KAH1_10
1 KAH1_&0
5 PB_&O
& PB_10
7 CACL_&O
o KAH1
~ HZO_&O

10 HZO_10
11 LACHE"
1Z CACL
13 "ACL
11 HZO
15 CEZ_10
1& CEZ
17 ETHA"OL
10 PB
1~ BE"ZE"E
Z0 OPE"

1 CEZ_10
Z HZO_10
3 ETHA"OL
1 H20_&0
5 CACL_&0
& BE"ZE"E
7 KAH1_10
o KAH1_&O
9 "ACL

10 OPE"
11 CACL
1Z CACL...10
13 CEZ_b0
11 LACHE"
15 PB_&0
1& HZO
17 PB_10
10 KAH1
1~ CEZ
Z0 PB

======~===============================================

•
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C 0 M TA" 1 M A M T

• "lM. FREQ.
"l'lX. FREQ.

RAMK DATABASE
WAvEFOR"

6.10
<:91.42

TEST
WAUEFOR"

" A TC H

======================================================
1 KAH1
<: KAH1_G9
3 LACHEM
4 CACL_49
5 CE2_G9
G KAH1_49
7 CACL
6 MACL
9 PB_69

19 CACL_6U
11 PB_49
12 H20_69
13 H20
14 H<:0_49
15 CE2
16 PB
17 CE2_49
16 ETHAMOL
19 BEM2EME
29 OPE'"

KAH1
KAH1
KAtl1.
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1
KAH1

.9990
1.364B
1.56<:1
1.7313
1.B639
1.B636
1.9667
2.121B
<:.315B
<:.39B5
<:.6627
3.1250
3.5734
5.1663
6.2268
B.2534

19.9394
19.9276
16.755B
19.114<:

1904
1905
1993
1994
1904
1904
1903
1903
1994
1904
1903
1904
1993
1904
1904
1994
1995
1903
1993
1994

======================================================
1 KAH1_40
2 KAH1_60
3 CE2_60
4 CACL_40
5 CACL_60
6 PD_49
7 PB_G9
6 H20_60
9 KAH1

19 H<:0_49
11 LACHEM
12 CACL
13 MACL
14 H<:O
15 CE2_49
16 CE2
17 ETHAMOL
16 PD
19 BEM2EME
29 OPEM

KAH1_49
KAH1_49
KAH1_49
KAH1_49
KAH1_49
XAH1_49
I<AH1_49
KAH1_49
HAH1_49
KAH1_49
KAH1_49
KAH1_49
KAH1_49
KAH1_49
KAH1_49
HAH1_49
KAH1_49
KAH1_49
KAH1_49
KAH1_49

.9999

. 194B

.1352

.1698

.2697
1.9195
1.9266
1.5563
1.B636
1.B993
3.9577
3.1647
3.2B31
5.69<:2
5.913B
B.2196
B.8794

19.7586
13.5747
15.4747

1904
1995
1994
1994
1905
1994
1994
1995
1994
1994
1994
1994
1993
1994
19E15
1994
1994
1904
1994
1994

======================================================

Contaminant Match Results : KAHl, KAHl-40, KAHl-60.•

1 KAH1_60
2 KAH1_49
3 CACL_40
4 CE2_69
5 CACL_60
6 KAH1
7 PD_69
6 H<:0_69
9 PD_49

19 H20_49
11 LACHEM
12 CACL
13 MACL
14 H<:O
15 CE2_49
16 CE2
17 ETHAMOL
16 PD
19 BEM2EME
<:9 OPEM

Table 4.6

KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
Kl'lH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69
KAH1_69

98

.9999

.1394

.2674

.2944

.3132
1.1905
1.2263
1.2373
1.3961
2.9917
2.2B08
2.3651
2.4652
4.7699
5.8283
7.7902
6.3194

19.5325
13.2665
15.55B1

1_
1904
1904
1903
1'304
1904
1904
1904
1'303
1904
1'303
1903
1903
190:01
1'3041_
1903
1'303
19031_



CON TAN 1 NAN T

• NIN. FREQ .
MAX. FREQ.

: 6.10
: 201.42

MAT CH

RAMK DATABASE
WAUEFORM

TEST
WAUEFORM

SUMMATION OPT.-PB._WFM
[1-COH-Z(I)] CUT-rOINT

======================================================
1 OPEN
2 BENZENE
3 ETHANOL
4 CEZ_40
5 H20_40
6 H20_60
7 CACL_60
B NACL
9 KAH1_60

10 CACL
11 KAH1_40
12 H20
13 CEZ_60
14 CACL_40
15 LACHEN
16 PB_60
17 PB_40
1B KAH1
19 CE2
20 Pli

OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN
OPEN

.0000

. 366B
3.750B
5.BB35

10.2771
12.1174
14.2976
14.B9B7
15.1777
15.3169
15.4747
15.9990
16.0224
16.1244
16.4105
17. 196B
17.3113
19.1142
23.5572
24.B740

1904
1903
1903
1905
1904
1904
1904
1903
1905
1903
1904
1903
1904
1904
1903
1904
1903
1904
19_
1904

======================================================
1 BEN2ENE
2 OPEN
3 ETHANOL
4 CEZ_40
5 H20_40
6 H20_60
7 CACL-60
B NACL
9 CACL

10 KAH1_40
11 KAH1_60
12 H20
13 CE2_60
14 LACHEN
15 CACL_40
16 PB_60
17 PB_40
1B KAH1
19 CE2
20 PB

BEN2ENE
BEN2ENE
BEN2ENE
BENZENE
BEN2ENE
BEN2ENE
BENZENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE
BEN2ENE

.0000

.3694
1.9507
4.&43&
B.2097
9.&930

12.017&
12.3571
12.7&55
13.1280
13.1979
13.4212
13.7141
13.B70B
13.B909
1S.0425
1S.2~B

16.6607
21.S102
22.9402

1904
19e5
1904
1905
19e5
1905
1905
1904
1904
1905
19e5
1904
1905
1904
1905
1905
19_
1905
1905
19e5

========~=============================================

Table 4.7 Contaminant Match Results: OPEN, BENZENE, ETHANOL.•

1 ETHANOL
2 BEN2ENE
3 CE2_40
4 OPEN
5 H20_40
6 H20_&0
7 NACL
B CACL
9 H20

10 CACL_&0
11 LACHEN
12 KAH1_60
13 KAH1_40
14 CACL_40
15 CE2_60
1& PB_&9
17 KAH1
1B PB_40
19 CE2
20 PB

ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL
ETHANOL

.0000
1.9S07
2.7S1B
3.7494
4.4994
4.B315
&.2304
&.5661
&.9&09
7.3seO
7.5707
B.2B10
B.54BO
9.2453
9.SEI84

10.&1B4
10.B&4B
11.042&
1&.S920
1B.3240

1904
19_
1905
1905
19e5
1905
19_
1904
1904
19e5
19_
1905
19e5
1905
19_
19e5
19e5
19_
1905
19e5
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C 0 1'1 TArt 1 1'1 A 1'1 T rt A T C H

Mltl. FREQ. : 6.10
MAX. FREQ. : Z01.1Z

RAtlK DATABASE TE3T SUrtMATlOtl OPT._DB._WFn
WAUEFORn WAUEFORn U-COH"'ZU )] CUT_POltlT

======================================================
1 LACHEtl LACHEtl .0000 19"
Z CACL LACHEI'I .a657 1904
3 tlRCL LACHEI'I .1478 1904
1 HZO LACHEtl 1.0181 19"
5 KAHI LACHEtl 1.5406 1905
6 HZO_60 LACHEI'I 1.7553 1905
7 KAH1_60 LACHEI'I Z.Z849 1905
8 CACL_60 LACHEtl 2.8111 1905
9 KAH1_40 LACHEtl 3.1788 1985

10 CACL_18 LACHEtl 3.1373 1905
11 CE:iC60 LACHEI'I 3.5487 1904
lZ HZO_40 LACHEI'I 3.8303 1905
13 PB_60 LACHEtl 4.7658 1985
11 PB_40 LACHEtl 5.1478 1904
15 CEZ_40 LACHEI'I 7.0Z48 1905
16 ETHAnOL LACHEI'I 7.5707 1904
17 CEZ LACHEtl 7.700a 1905
18 PB LACHEtl 9.59Z6 1905
19 BEtlZEtlE LACHEtl 13.8708 1984
ZO OPEtl LACHEI'I 16.3591 1905

======================================================
1 tlACL tlACL .0800 1904
Z CACL tlRCL .0596 1904
3 LACHEtl tlRCL .1478 1984
4 HZO tlACL .9156 19"
5 HZO_60 tlACL 1.1568 1905
6 KAHl tlACL Z.0861 1985
7 KAHC60 tlRCL Z.1691 1985
8 CACL_60 tlRCL Z.8031 1905
9 KAH1_40 tlReL 3.3176 1985

10 HZO_40 tlACL 3.3361 1985
11 CACL_48 tlACL 3.6406 1905
lZ CEZ_60 tlRCL 3.7796 1984
13 PB_60 tlACL 5.0338 1905
11 PB_40 tlACL 5.1436 19"
15 CEZ_40 tlACL 6.0739 1905
16 ETHAtlOL "RCL 6.Z301 19"
17 CEZ "ACL 8.3620 1905
18 PB "ACL 10.2741 1905
19 BE"ZEtlE "ACL lZ.3571 19"
Z0 OPE" "RCL 14.8836 1905

Table 4.8 Contaminant Match Results : LACHENAIE, NACL.
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Figure 4.36 Coherence Function Between KAHl-40, KAHI and LACHEN.
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The results indicate that an unknown, contaminated soil may be matched with

a known (database) soil-contaminant mixture through a signal processing of TDR

records. A direct match involving a contaminated soil and a dataLase contaminant ap

pears 1.0 be more challenging. The only direct association was obtained for KAHl. This

may suggest that measurements conducted up 1.0 a maximum frequency of 200 MHz re

f1ect mainly the influence of the interfacial polarization occurring in the double layer of

the colloidal materia1. It is worth noting that the PB-contaminated soHs were matched

with each other despite almost identical conductivity of the CEZ-contaminated soHs

(Table 4.1). This demonstrates the principal advantage of the polarization versus the

conductivity measurement. A number of materials display similar conductivities but

contain different iouic compositions.

Poor matching of CACL and CEZ contaminated soHs may be explained by the

excessive conductivity of the analyzed material, masking or short-circuiting the po

larization phenomena. However, highly conductive contaminants such as CEZ can

be easily traced with a conventional resistivity survey. Conversely, low condudivity

contaminants such as petroleum by-products are well suited 1.0 electric polarization

measurements but are difficult 1.0 detect with the resistivity survey.

Il. should be noted that the degree of success in waveform matching is directly

proportional 1.0 the amount of laboratory work involved in generating a database set

of known "signatures". The laboratory testing program may also be used 1.0 determine

quantita.tively what influence a set change in a contaminant concentration exerts on a

coherence function of a particular soil-contaminant system. This information may be

subsequently used 1.0 estimate the contaminant concentration in the field.
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4.5 PRACTICAL IMPLEMENTATION

Obviously, technical problems and refinements associated with the digital signal

processing need to explored further. Continuous advances in the microcomputer tech

nology and the measurement instrumentation make it increasingly feasible. Extensive

experimentation with various soil probes to enhance the measurement sensitivity is also

warranted. Additional studies are also needed to explore various low loss coaxial trans

mission lines and high bandwidth step function generators. The optimal measuring

network should cause a negligible degradation of the incident pulse, hence low loss of

bandwidth, as the signal propagates through the transmission line.

Much work remains to be done to sort out the specific effects of contaminant· soil

interactions, particularly in situations involving multi-component contaminants. It is

proposed that further research inc1ude "calibration" experiments, seeking to identify

before and after contamination scenarios. These are required for c1assifying various

"signatures", especially with reference to a soil type, soil density, moisture content,

porosity, contaminant species and iomc concentrations. Efforts need to be directed at

uncoupling the effects of a soil from those of a contaminant on the frequency dependent

dielectric properties. Existing studies indicate that these effects mamfest themselves

at different frequency ranges (solids at low frequencies and liquids at high frequencies),

but it is conceivable that they may interact in sorne cases. AIso, the interference effects

and other possible causes of spectral differences between the incident and the refiected

pulses might exist without being indicative of the contaminant presence. Further un

derstanding of the polarization phenomena in contaminated soils may be enhanced by

a numerical modeling of the measuring network.
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CHAPTER 5

CONCLUSIONS

This study demonstrates the feasibility of an effective subsurface contaminant de

tection method based on the phenomenon of electric polarization in soils. Technically,

the instrumentation set-up is relatively simple and borrows from the weil established

TDR method. Waveform acquisition by a digitizer and its processing by a portable

computer can be performed directly on site, with the aid of database of "signatures"

generated through the laboratory testing. The spatial extent of an underground con

tamination can be determined by probing the affected area and analyzing the incident

and the refiected signaIs in the frequency-domain. Currently available test instruments

and portable computers are suited for a practical implementation of this task.

The results of this study inàicate promising means of identifying contaminants

through the application of the coherence function to data analysis. The proposed

approach involves utilization of the coherence function in two phases. First, it would

be applied to individual measurements in order to check the validity of the transfer

function within a set frequency range. Second, it would be applied to establish a degree

of assoc.iation between known and unknown records. It is envisioned that through the

systematic means of creating a database of "signatures", an automated measurement

and analysis process can be applied to the detection of subsurface contaminants.

The primary task of an in-situ contaminant detection technique is a determination
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of the lateral extent of a contaminant. The approach presented in this study indicates

the feasibility of performing this task. The secondary task involves a detailed chemical

characterization of a suspected contaminant. It is expected that with a greater vari

ety of test situations a series of "signatures" can be cataloged to permit an effective

characterization.

The effectiveness of the subsurface contaminant detection method proposed in this

study can be enhanced if it is used in conjunction with other measurement techniques.

Thus, an initial site reconnaissance can be rapidly performed with a portable electro

magnetic conductivity probe. The area of interest can be subsequently analyzed with

the TDR method. Further refinement, if required, can be achieved by a direct sampling

from a monitoring weil, which at this stage can be judiciously located.
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5TATEMENT Of ORIGINALITY

A technique for a rapià detection and delineation of contaminants in soils is prc

sented. The proposed methodology is based on the principles of elcctric polnrization and

the interaction of matter with the electric field. The technique employs t,ime-domain

refiectometry (TOR) measurements using a digital oscilloscope for signal recording and

a microcomputer for data analysis.

Test results indicate that it is feasible to detect a particular contamimult in a

subsurface soil through the observation of its chalacteristic dielectric response. The

proposed contaminant detection procedure employs the coherence function to mat,ch

an unknown TOR "signature" with a set of database "signatures" and establish the

most likely association. The author is not aware of any previous studies involving the

application of both the TOR and the coherence function to a subsurface contaminant

detection.
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APPENDIX 1

Computer Source Code Listings
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1.1 Data Transfer From TEK 11402 to IBM PC

10 DIX CURVE' (10240)
20 CLS
30 PRINT " WA V E FOR X T R ANS FER "
40 INPUT "FILE NAMIl :";F$
50 OPEN F$ FOR OUTPUT AS #2
'60 OPEN "COM1:9600,N,8,1" AS Il
70 PRINT Il, "LONGFORM ON;SELECT?"
80 LI~E INPUT Il,TRACE$
81 PRINT TRACE$
83 PRINT #l,"WFMPRE?"
84 LI~E INPUT #l,WFMPRE$
85 PRINT WFMPRE$
90 PRINT #1, "ENCDG WAV:BIN;BYT.OR LSB;OUTPUT "+MID$(TRACE$,8)
100 PRINT #1', "CURVE?"
110 HEADER$ • INPUT$(7,#1)
120 HIGH$ = INPUT$(l,#l) : LOW$ = INPUT$(l,#l)
130 BYTCNT = CVI(LOW$+HIGH$)
140 NRPT = (BYTCNT-l)/2
150 FOR 1=0 TO NRPT-l
160 CURVE'(I) • CVI(INPUT$(2,#1»
170 PRINT CURVÉ'(I);
180 PRINT 12,CURVE'lI);
190 NEXT l '
200 LINE INPUT Il,CKSuM$
210 CLOSE
220 END
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1.2 Processing of Acquired Waveforms

DIMENSION F(2049) ,A(5200),V(5200) ,MA(200)
COMPLEX*81N(4096),OU(4096),Z(4096)
CHARACTER*lO KNOWN,FNAME

c ***.***.*••*****.******•••••*****••••*•••••••••
C THIS PROGRAM OPERATES ON THE ACQUIRED TIME DOMAIN
C DATA FILES AND
C PRODUCES PROCESSED TIME DOMAIN DATA AND
C PROVIDES CONVERSION TO FREQUENCY DOMAIN
C USING THE FFT ALGORITHM
C ARRAY DEFINITIONS:
C F Cl -FREQUENCY
C A()-PROCESSED TIME DOMAIN OUTPUT
C V()-PROCESSED TIME DOMAIN INPUT
C MA Cl -MAGNITUDE OF TRANSFER FUNCTION
C Z()-COMPLEX TRANSFER FUNCTION
C IN()-INPUT FFT
C OU Cl -OUTPUT FFT
C COMPILE WITH MICROSOFT FDRTRAN V.4.0l
C LAST REVISION 09/22/94 @ EDWARD J. HOPPE
C *•••••••*•••**••••***********•••***••***•••****

ND--l
WRITE(*, *)

C ** ASK FOR A FILENAME
WRITE(*,890)
READ(*,89l) KNOWN

890 FORMAT(' NAME OF FILE SET: '\)
891 FORMAT (A)

OPEN(9,FILE-KNOWN)
C READ(9,*) FMIN,FMAX
C ** MINIMUM FREQUENCY=O, MAXlMUM=200 MHz

FMIN-O.O
FMAX-200.0

C ** DATA SET WITH 2 TO THE POWER OF 12 (FOR FFT)
1 LN-12

N-2**LN
ND2Pl-N/2+1
PI-3.l41593
DEG-180.0/PI
READ(9,'(A)') FNAME
IF(FNAME.EQ.'FIN') GOTO 999
WRITE(*,*) FNAME

C READ(9,*) J
C ** DEFINE OPTIMUM CUT POINT

J-1904
C WRITE(*,*) , OPTIMUM CUT POINT'

WRITE(*,*) J -
C ** READ AND SCALE INPUT DATA

OPEN(4,FILE-FNAME)
C ** NPT-NUMBER OF POINTS
C ** TSTEP-SAMPLING INTERVAL
C ** XZERO-INITIAL TIME

READ(4,*) NPT,TSTEP.XZERO
TSTEP-(TSTEP/l.333)*1.OE9
XZERO-(XZERO/l.333)*1.OE9
READ(4.*) A(l)
IF(A(l).LT.-l.O) A(l)-O.O
DO 2 L-2,NPT
READ(4.*) A(L)

C IF(A(L).LE.-50.0) A(L)-A(L-l)
2 CONTINUE
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CLOSEC4,STATUS='KEEP')
WRITEC*,*) 'FILE ACCESSED'

C ** APPLY MEDIAN FILTERING
CALL MEDIAN(A,NPT)
WRITEC*,*)
DO 115 L=l,J
'J(L) =A(L)

115 CONTINUE
Nl=J+J

C ** MULTIPLY REFLECTED SIGNAL BY 2
DO 117 L=J+l,Nl
A(L-J)=2.0*A(L)

117 CONTINUE
DO 120 L=2,J
A(L)=A(L)-A(l)
V(L)=V(L)-V(l)

120 CONTINUE
A(l)=O.O
V(l)=O.O

C ** APPLY COSINE TAIL TO LAST 30t OF DATA POINTS
CALL TAIL(A,J,PI,N)
CALL TAIL(V,J,PI,N)

C ** RECORD INPUT (V) AND OUTPUT (A)
C ** PROCESSED TIME DOMAIN DATA

OPEN(l,FILE=FNAME//'.IN',STATUS='UNKNOWN')
OPEN(2,FILE=FNAME//'.OUT',STATUS='UNKNOWN')
WRITE(l,*) N,TSTEP
WRITE(2,*) N,TSTEP
DO 121 L=l,N
WRITE (1,902) VIL)
WRITE (2,902) A(L)

121 CONTINUE
CLOSE(l,STATUS='KEEP')
CLOSE(2,STATUS='KEEP')
GOTO 1

C ** PERFORM FFT: IN=INPUT SIGNAL FFT OU=OUTPUT SIGNAL FFT
DO 125 L=l,N
IN(L)=CMPLX(V(L»
OU(L)=CMPLX(A(L»

125 CONTINUE
C ** COMPUTE FREQUENCY 5TEP

FSTEP=(1.0/(FLOAT(N)*TSTEP*1.OE-9»/1.OE6
F(l)=O.O
IF(FMIN.EQ.O.O) ND=l
DO 25 L=2,ND2Pl
F(L)=F(L-l)+FSTEP
IF (F(L).GT.FMAX) GOTO 26
IF(ND.EQ.-l.AND.F(L).GE.FMIN) THEN
ND-L
FN-F(L)

C WRITE(*,920) , NORM. FREQ. : ',FN
C WRITE(*,*)

ENDIF
25 CONTINUE
C ** PERFORM FAST FOURIER TRAN5FORM
26 CALL FFT(IN,LN,PI)

CALL FFT(OU,LN,PI)
C ** CREATE FREQUENCY DOMAIN DATA FILES

OPEN(l,FILE=FNAME//'.FIN',STATUS='UNKNOWN')
OPEN(2,FILE-FNAME//'.FOT',STATUS='UNKNOWN')
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DO 127 L-1,ND2P1
IF (F(L).GT.FMAX) GOTO 128
WRITE(1,901) F(L),IN(L)
WRITE(2,901) F(L),OU(L)

127 CONTINUE
128 CLOSE(l,STATUS-'KEEP')

CLOSE(2,STATUS-'KEEP')
DO 130 L-1,ND2P1
IF (F(L).GT.FMAX) GOTO 135

C ** COMPUTE TRANSFER FUNCTION
Z(L)-oU(L)/IN(L)

C Z(L)-CMPLX(1.0,0.0)+Z(L)/(CMPLX(1.0,0.0)-Z(L»
C MA(L)-ABS(Z(L»
C MA(L)-ATAN2(IMAG(Z(L»,REAL(Z(L»)
130 CONTINUE
C ** RECORD TRANSFER FUNCTION DATA
135 OPEN(l,FILE-FNAME//'.FFT',STATUS='UNKNOWN')

DO 136 L-1,ND2P1
IF (F(L).GT.FMAX) GOTO 137
WRITE(1,901) F(L),Z(L)

136 CONTINUE
137 CLOSE(l,STATUS-'KEEP')

GOTO 1
C
C DIV-MA (ND)

SUM=O.O
1-0
DO 140 L-ND,ND2P1
IF (F(L).GT.FMAX) GOTO 145

C MA(L)-MA(L)/DIV
SUM-SUM+MA(L)
1-1+1

140 CONTINUE
145 DIV-SUM/FLOAT(I)

OPEN(l,FILE=FNAME//'.NFT',STATUS='UNKNOWN')
DO 150 L-1,ND2P1
IF (F(L).GT.FMAX) GOTO 155
MA(L)-MA(L)/DIV

WRITE(1,901) F(L),MA(L)
150 CONTINUE
155 CLOSE(l,STATUS-'KEEP')

GOTO 1
901 FORMAT(lF25.15,3X,2(lF25.15,3X»
902 FORMAT(lF25.10)
920 FORMAT(lX,A15,lF6.2)
999 END
C ***.***.*****.**••**•••••*****•••**•••*******•••****
C ** SUBROUTINE FOR ADDING COSINE TAIL TO ACQUIRED
C ** TIME DOMAIN DATA

SUBROUTINE TAIL (F,NX,PI,N)
REAL*4 F(4096),A,PI
M-INT(0.70*NX)
I-(NX-M)*2
K-(NX-M)-l
DO 10 L-M,NX
K-K+1
A-0.5*(1.0-COS(2.0*PI*FLOAT(K)/FLOAT(I»)
F(L)-F(L)*A

10 CONTINUE
DO 20 L-NX+1, N
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F(L)=F(NX)

20 CONTINUE
RETURN
END

C ***********••*********•••*.**••••••••*•••
C ** FAST FOURIER TRANSFORM ALGORITIIM

SUBROUTINE FFT (F,LN,PI)
REAL*4 PI,X
COMPLEX*S F(4096),U,W,T
N=2··LN
NV2=N/2
NlU=N-l
J=l
DO 3 I=l,NMl

IF(I.GE.J) GOTO 1
T=F(J)
F(J)=F(I)
F(I)=T

1 K=NV2
2 IF(K.GE.J) GOTO 3

J=J-K
K=K/2
GOTO 2

3 J=J+K
DO 5 L=l,LN

LE=2**L
LE1=LE/2
U=CMPLX(l. 0,0. 0)
X=PI/FLOAT(LE1)
W=CMPLX(COS(X),-SIN(X»
DO 5 J=l,LEl

DO 4 I=J,N,LE
IP=I+LEl
T=F(IP) *U
F(IP)=F(I)-T

4 F(I)=F(I)+T
5 U=U*W

DO 6 I=l,N
F(I)=F(I)/FLOAT(N)

6 CONTINUE
RETURN
END

C ••••**.**••***••••••••••*********•••*••••
C ** MEDIAN FILTERING OF ACQUIRED
C ** TIME DOMAIN DATA

SUBROUTINE MEDIAN(A,NPT)
REAL*4 A(5200),D(25),SMALL
REAL*4 B(5200)
DO 10 L=13,NPT-12
M=l
DO 15 I=L-12,L+12
D(M)=A(I)
M=M+l

15 CONTINUE
DO 20 K=l,13
SMALL=1.0ElO
DO 30 M=1,25
SMALL=AMIN1(SMALL,D(M»

30 CONTINUE
DO 17 M=1,25

•
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IF(D(M).EQ.5MALL) THEN
D(M)=l.OEIO
GOTO 20
ENDIF

17 CONTINUE
20 CONTINUE

B(L)~5MALL

10 CONTINUE
DO 50 Lal,12
B(L)-B(13)

50 CONTINUE
DO 55 L-NPT-ll,NPT
B(L)-B(NPT-12)

55 CONTINUE
DO 60 Lal,NPT
A(L)~B(L)

60 CONTINUE
RETURN
END
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1.3 Display of Time- Domain Waveforms

DIMENSION TA(6000) ,A(6000) ,V(6000)
CHARACTER*30 FNAKE,ARG
INTEGER DEV

C ****••••••••••••••*•••••••••*••••••**••***
C THIS PROGRAK PRODUCES A SCREEN DISPLAY
C OF TIME DOMAIN DATA USING McGILL FORTRAN
C PLOTTING SUBROUTINES
C ARRAY DEFINITIONS:
C TA()=TIME
C V()=FIRST DATA FILE
C A()=SECOND DATA FILE
C COMPILE WITH MICROSOFT FORTRAN v.4.01
C AND McGILL PLOTTING SUBROUTINES
C LAST REVISION 9/22/94 @ EDWARD J. HOPPE
C ****•••********.*.***••***************••**
C 1## TAG MARKS EACH PLOT

WRITE(*,*) 'PLOT ID NUMBER'
READ(*,*) TAG
WRITE(*,' (A\)') , VIEW OR FILE? ( 1 or 2 ): '
READ(*,*) NDEV
IF (NDEV.EQ.2) THEN

WRITE(*,'(A\)') , OUTPUT FILE NAME ?
READ(*,'(A)') ARG

ENDIF
WRITE(*,'(A\)') , NUHBER OF WAVEFORMS (1 or 2) : '
READ(*,*) NFILES
WRITE(*,'(A\)') , NUHBER OF POINTS TO DISCARD (TAIL)
READ(*,*) NDISC
WRITE(*,'(A\)') , WAVEFORM PLOT ONLY (l=YES) : '
READ(*,*) NPLOT
XZERO=O.O
DO 13 I=l,NFILES
WRITE(*,' (A\) ') , TIME DOMAIN FILE

C ** READ TIME DOMAIN FILE
READ(*,'(A)') FNAKE
OPEN(4,FILE=FNAKE)
READ(4,*) NPT,TSTEP,XZERO
IF(XZERO.EQ.O.O) GOTO 1
TSTEP=(TSTEP/1.333)*1.0E9
XZERO=(XZERO/1.333)*1.0E9

1 NPT=NPT-NDISC
WRITE(*,*)
WRITE(*,*) , NPT TSTEP (ns)
WRITE(*,*) NPT,TSTEP
WRITE(*, *)
TA(l)=O.O
DO 7 L=l,NPT-l
READ(4,*) A(L)
TA(L+l)=TA(L)+TSTEP

7 CONTINUE
CLOSE(4,STATUS='KEEP')
WRITE(*,*) 'FILE ACCESSED'

C **************••••***••**********.*••*••***.***
IF(I.EQ.2) GOTO 19

DO 250 L-1,NPT
V(L)-A(L)

250 CONTINUE
lS CONTINUE
C *****.********••••******.******.*••***••***••*******.******•••****
19 IF (NDEV.EQ.l) CALL PLOTON(9,'S')
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C

C

C

C

C

C

C

50

C
C
55

C
C

C

IF (NDEV.EQ.2) CALL PLOTON(3,ARG)
CALL FACTOR(0.6,O.6)
TFIRST-TA(l)
TDELTA=(TA(NPT)-TA(1»/14.0
CALL SCALE(V,8.0,NPT,-1)

VLAST-V(NPT+1)
VLAST-50.0

CALL SCALE(V,8.0,NPT,1)
VFIRST-V(NPT+l)

VFIRST--30.0
IF (NFILES.EQ.2) THEN

CALL SCALE(A,8.0,NPT,-1)
ALAST-A (NPT+1)

ALAST-VLAST
CALL SCALE(A,8.0,NPT,1)

AFIRST-A(NPT+1)
AFIRST-VFIRST
IF (ALAST.GT.VLAST) VLAST-ALAST
IF (AFIRST.LT.VFIRST) VFIRST-AFIRST

ENDIF
VDELTA-(VLAST-VFIRST)/8.0
.******••••****.*.*.******••
V(NPT+1) -VFIRST
A(NPT+l)-VFIRST
V(NPT+Zl-VDELTA
A(NPT+Z)-VDELTA
TA(NPT+l)-TFIRST
TA(NPT+Z)-TDELTAAAAAAAAAAA_A A_A •

IF (NPLOT.EQ.l) THEN
CALL PLOT(1.8,1.Z5,-J)
GOTO 88

ENDIF
** DRAW RECTANGLE AND SYMBOLS
CALL RECT(1.,0.4,10.,15.5,0.,3)
CALL RECT(1.01,0.41,9.98,15.48,0.,3)
CALL SYMBOL(1.8,0.S,0.1,

+ 'MCGILL UNIV./GEOTECHNICAL RESEARCH CENTRE',0.,41)
CALL NUMBER(15.Z,0.5,0.1,TAG,0.,-1)
IF(XZERO.NE.O.O) GOTO 50
CALL SYMBOL(4.7,9.84,0.35,'PROCESSED TIME DOMAIN DATA',0.,Z6)
CALL SYMBOL(4.69,9.83,0.35,'PROCESSED TIME DOMAIN DATA',0.,Z6)
GOTO 55
CALL SYMBOL(4.7,9.84,0.35,'ACQUIRED TIME DOMAIN DATA',0.,Z5)
CALL SYMBOL(4.69,9.83,0.35,'ACQUIRED TIME DOMAIN DATA',0.,Z5)

CALL SYMBOL(lZ.5,8.75,0.Z5,'INPUT (V)',0.,9)
CALL SYMBOL(lZ.5,4.35,0.Z5,'OUTPUT (V)',O.,lO)

CALL SYMBOL(9.9,9.35,0.15,'PTS-',0.,4)
PTS-FLOAT (NPT)
CALL NUMBER(10.5,9.35,0.15,PTS,0.,-1)
CALL SYMBOL(lZ.,9.35,0.15,'TSTEP- ns',0.,14)
CALL NUMBER(lZ.9,9.35,0.15,TSTEP,0.,3)
CALL RECT(1.8,1.Z,8.40,14.1,0.,3)
AAAA.AA.A •••• _ ••• _ ••• ••••••••••••• ••••

** DRAW AXES
CALL PLOT(1.8,1.Z,-3)
CALL AXS(O.,O.,'TIME (NANOSEC)',-14,-14.01,0.,

+ TFIRST,TDELTA*0.8,1,0.,0.8)
EX-O.O
** LABEL AXES
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IF (VDELTA.LT.l.O) EX=-l.O
IF (VDELTA.LT.O.l) EX=-2.0
IF (VDELTA.LT.O.Ol) EX=-3.0
IF (VDELTA.LT.O.001) EX=-4.0
IF (VDELTA.LT.O.0001) EX=-S.O
IF (VDELTA.LT.O.00001) EX=-6.0
IF (VDELTA.LT.O.000001) EX=-7.0
IF (VDELTA.LT.O.0000001) EX=-8.0
IF (VDELTA.LT.O.00000001) EX=-9.0
IF (VDELTA.LT.O.000000001) EX=-lO.O
IF (VDELTA.GT.100.O) EX=2.0
IF (VDELTA.GT.1000.O) EX=3.0
IF (VDELTA.GT.10000.O) EX=4.0
IF (VDELTA.GT.100000.O) EX=S.O
IF (VDELTA.GT.1000000.O) EX=6.0
IF (VDELTA.GT.10000000.O) EX=7.0
IF (VDELTA.GT.100000000.O) EX=8.0
IF (VDELTA.GT.1000000000.O) EX=9.0
IF (VDELTA.GT.10000000000.O) EX=lO.O
CALL AXS(O.,O.OS,'AMPLITUDE (VOLTS)',17,-8.01,90.,

+ VFIRST,VDELTA*O.8,l,EX,O.8)
C ** PLOT WAVEFORM l

CALL PLOT(O.,O.OS,-3)
C 88 CALL NEWPEN(2)
88 CALL FLINE(TA,V,NPT,l,O,3)

IF (NFILES.EQ.2) THEN
C ** PLOT WAVEFORM 2

CALL PLOT(O.,O.05,3)
C CALL NEWPEN(l)

CALL FLINE(TA,A,NPT,1,O,3)
ENDIF

C ** TERMINATE PLOTTING
CALL ENDPLT
END
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1.4 Display of Frequency-Domain Waveforms

DIMENSION F(500).OX(500) ,PH(500),A(lS0) ,R(lS0l
DIMENSION 01(500),PH1(500)
DIMENSION 02(500),PH2(500)
DIMENSION 03(500),PH3(500)
DIMENSION 04(500),PH4(500)
COMPLEX*8 Z(500)
CIIARACTER*30 FNAME, ARG
PI-3.141593
DEG-180•O/PI

C ••******.*********.**.*******************.
C THIS PROGRAH PRODUCES A POLAR PLOT
C OF THE TRANSFER FUNCTION
C ARRAY DEFINITIONS:
C A() -MAGNITUDE OF THE SEHICIRCLE ON THE PLOT
C R()-PHASE ANGLE OF EACH POINT ON THE SEHICIRCLE
C 01 () THROUGH 04 () - MAGNITUDE OF TRANSFER FUNCTION
C PH1 () THROUGH PH4 () - PHASE OF TRANSFER FUNCTION
C Z() - TRANSFER FUNCTION (MAGNITUDE, PHASE)
C F()-FREQUENCY
C OX()-INTERHEDIATE MAGNITUDE OF TRANSFER FUNCTION
C PH()-INTERHEDIATE PHASE OF TRANSFER FUNCTION
C COMPILE WITH MICROSOFT FORTRAN VERSION 4.01
C AND McGILL FORTRAN PLOTTING SUBROUTINES
C LAST REVISION 09/22/94 @ EDWARD J. HOPPE
C ••****••••**••••****.***.******•••••****••
C *** TAG NUMBER WILL MARK THE PLOT ***

WRITE(*,*) ,*••••••••••••••••••••••••••••••••••••••••• '
WRITE(*,*) 'ID HUMBER'
READ(*,*) TAG

C ** CHOICE OF SCREEN DISPLAY, DRAWING FILE OR HP PLOT FILE
WRITE(*,'(A)') 'VIEW, FILE OR HPFILE? (1,2 OR 3): '
READ(*, *) NDEV
WRITE(*,'(A)') , FUNCTION PLOT ONLY ? (le YES): '
READ(*,*) NDPL
IF (NDEV.NE.1) THEN
WRITE(*,'(A)') , OUTPUT FILENAHE ? : '
READ(*,'(A)') ARG
ENDIF
WRITE(*,850)
READ(*,*) NFILES

850 FORMAT(' NO. OF INPUT FILES (Max.- 4) :'\)
WRITE(*,*) 'NO. OF POINTS To DISCARD (Start,End)'
READ(*,*) NSTRT,NEND

855 DO 18 I-l,NFILES
WRITE(*,900)
READ(*,910) FNAME

900 FORMAT(' INPUT FILENAHE :'\)
910 FORMAT (A)
C WRITE(*,920)
C READ(*,*) XO,XB,XA
C920 FORMAT (' AMPL. MULTIPLIER :' \1
C WRITE(*,922)
C READ(*,*) XP
C922 FORMAT (' PHASE SMIFT :' \1
C .******•••*.~••*******.**••****.*****.**.****
C ** DEFINE THE SEHICIRCLE

DO 60 J-l.180
A(J)-1.0
R(J)--FLOAT(J) *0.017453293

60 CONTINUE
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LIMIT=42
LIMIT=LIMIT-NENO
OPEN (5,FILE=FNAME)
DO 25 J=l,LIMIT
REAO(5,901) F(J),Z(J)

25 CONTINUE
901 FORMAT(lF25.15,3X,2(lF25.15,3X»
252 CLOSE(5,STATUS='KEEP')
C ** OEFINE FREQUENCY STEP AND MAX. FREQUENCY

FSTEP=F(2)
FMAX=250.0

C ** CONVERT TRANSFER FONCTION
C ** INTO MAGNITUDE AND PHASE

CALL MAGPHASE (Z,PI,LIMIT)
DO 27 J=l,LIMIT
OX(J)=REAL(Z(J»
PH(J)=IMAG(Z(J) )

C OX(J)=XO+XB*OX(J)*EXP(XA*FLOAT(J-l»
C OX(J)=OX(J)*EXP(XP*FLOAT(J-l»
C PH(J)=PH(J)*EXP(XP*FLOAT(J-l»
27 CONTINUE
2 IF (NSTRT.EQ.O) GOTO 51

LIMIT=LIMIT-NSTRT
DO 50 J=l,LIMIT
F(J)=F(J+NSTRT)
OX(J) =OX (J+NSTRT)
PH(J)=PH(J+NSTRT)

50 CONTINUE
OX (LIMIT+l) =0. 0
OX(LIMIT+2)=1.0
PH (LIMIT+1) =0. 0
PH (LIMIT+2) =1. 0

51 IF (I.EQ.l) GOTO 10
IF (I.EQ.2) GOTO 12
IF (I.EQ.3) GOTO 14
IF (I.EQ.4) GOTO 16

10 DO 11 L=l,LIMIT
01(L)=OX(L)
PHl (L) ·PH (L)

11 CONTINUE
GOTO 18

12 DO 13 L=l,LIMIT
02 (L) cOX (L)
PH2(L)=PH(L)

13 CONTINUE
GOTO 18

14 DO 15 L=l,LIMIT
03 (L).OX(L)
PH3(L)=PH(L)

15 CONTINUE
GOTO 18

16 DO 17 L=l,LIMIT
04 (L)=OX(L)
PH4 (L) -PH (L)

17 CONTINUE
18 CONTINUE
C ••••**********.*.***************••••*******************

IF (NOEV.EQ.l) CALL PLOTON(9,'8')
IF (NOEV.EQ.2) CALL PLOTON(3,ARG)
IF (NOEV.EQ.3) CALL PLOTON(l,ARG)
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c .*.******************************••***.************.*.*
CALL FACTOR(0.6,O.6)

C ** PLOT THE RECTANGLE AND SYHBOLS
CALL RECT(1.,O.4,lO.,lS.S,O.,3)
IF (NDPL.EQ.l) GOTO 44
CALL RECT(1.01,O.4l,9.9S,lS.4S,O.,3)
CALL SYMBOL(l.S,O.S,O.l,

+ 'MCGILL UNIV./GEOTECHNICAL RESEARCH CENTRE' ,O. ,41)
CALL NUMBER(lS.2,O.S,O.l,TAG,O.,-1)
CALL SYMBOL(6.,9.SS,O.3S,'FREQUENCY DOMAIN FFT',O.,2l)
CALL SYMBOL(S.99,9.S4,O.3S,'FREQUENCY DOMAIN FFT',O.,2l)
CALL SYMBOL(4.7,9.2S,0.2S,'TRANSFER FONCTION',O.,17)

C CALL SYMROL(12.,9.4,O.lS,'FSTEP= MHZ',O.,lS)
C CALL NUMBER(12.9,9.4,O.lS,FSTEP,O.,3)
C CALL SYMBOL(12.,S.4,O.lS,'FMAX = MHz',O.,lS)
C CALL NUHBER(12.9,S.4,O.lS,FMAX,O.,3)

CALL RECT(1.S,l.2,8.40,14.l,O.,3)
CALL DASH(2.S0,S.3,lS.3S,8.3,0.S)
CALL DASH(S.8S,9.0,S.SS,l.S,O.S)
CALL SYMBOL(S.9,S.4,0.lS,'[O,O)',O.,S)
CALL SYMBOL(14.6,S.4,O.lS,'[l,O)',O.,S)
CALL SYMBOL(2.S,8.4,O.lS,'[-l,O)',O.,6)
CALL SYMBOL(8.9,l.S,O.lS,'-j',O.,2)

44 CALL PLOT(8.8S,S.3,-3)
C CALL GETWDW(XHIN,XMAX,YMIN,YMAX)
C YMAX-S.3

CALL PLTSZE(7.0,7.0,lE6)
LIM-179

C ** PLOT TRANSFER FUNCTIONS
CALL POLAR(A,R,LIM,l,O,3,O.O,O.17)
CALL NEWPEN(l)
CALL POLAR(01,PH1,LIMIT,l,S,O,O.O,O.17)

C CALL PLOT(-S.S,-6.0,-3)
C CALL POLAR(01,PH1,LIMIT,l,O,03,O.O,O.17)
C CALL FLINE(01,PH1,-LIMIT,l,O)

GOTO 800
C ** COMPUTE LOCATIONS OF VARIOUS
C ** FREQUENCY COMPONENTS
C F12X-Ol(1)*COS(PH1(1»*S.S823S294l
C F12Y-Ol(1)*SIN(PH1(1»*S.8S23S294l
C CALL SYMBOL(F12X,F12Y,O.13,'12',O.,2)

F20X-Ol(1) *COS(PH1(1»*S.S823S2941
F20Y-Ol(1)*SIN(PH1[l»*S.SS23S294l
CALL DASH(0.0,0.0,F20X,F20Y,O.S)
CALL SYMBOL(F20X,F20Y,O.13,'20',O.,2)
FSOX-Ol(S)*COS(PH1(8»*S.S823S294l
FSOY-Ol(8)*SIN(PH1(S»*S.8823S294l
CALL SYMBOLIFSOX,FSOY,O.13,'SO',0.,2)
F100X-Ol(2l)*COS[PH1(2l»*S.8823S294l
F100y-ol(2l)*SIN(PH1(2l)*S.8823S294l
CALL DASH(0.O,O.O,F100X,F100Y,O.S)
CALL SYMBOL(F100X,F100Y,0.13,'100',0.,3)
F120X-Ol(26)*COS(PH1(26»*S.S823S294l
F120Y-Ol(26)*SIN[PH1(26»*S.8823S294l
CALL SYMBOL[F120X,F120Y,0.13,'120',O.,3)
F1SOX-Ol(33)*COS(PH1[33»*S.S8235294l
F1SOY-Ol(33)*SIN(PH1(33»*S.S823S294l
CALL SYMBOL[F1SOX,F1SOY,0.13,'lSO',0.,3)
IF (F(LIMIT+NSTRT).GT.200.0) THEN
F200X-Ol(4S)*COS(PH1(4S»*S.8S23S294l
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F200Y=01(45)*SIN(PH1(45»*5.BB2352941
CALL DASH(0.0,0.0,F200X,F200Y,O.5)
CALL SYMBOL(F200X,F200Y,0.13,'200',0.,3)
ENDIF

C IF (F(LIMIT+NSTRT).GT.500.0) THEN
C F500X=01(121)*COS(PH1(121»*5.BB2352941
C F500Y=01(121)*SIN(PH1(121»*5.BB2352941
C CALL DASH(0.0,0.0,F500X,F500Y,0.5)
C CALL SYMBOL(F500X,F500Y,0.13,'500',0.,3)
C ENDIF
BOO IF (NFILES.EQ.l) GOTO 30

CALL NEWPEN(2)
N=l

C ** PLOT SECOND TRANSFER FUNCTION
700 CALL POLAR(02,PH2,LIMIT,1,0,3,0.0,0.17)

GOTO 701
C F12X=02(1)*COS(PH2(1»*5.BB2352941
C F12Y-02(1)*SIN(PH2(1»*5.BB2352941
C CALL SYMBOL(F12X,F12Y,0.13,'12',0.,2)

F20X=02 (1) *COS(PH2 (1»*5.882352941
F20Y-02(1)*SIN(PH2(1»*5.882352941
CALL DASH(0.0,0.0,F20X,F20Y,0.5)
CALL SYMBOL(F20X,F20Y,0.13,'20',O.,2)
F50X=02(8)*COS(PH2(8»*5.882352941
F50Y=02(8)*SIN(PH2(8»*5.882352941
CALL SYMBOL(F50X,F50Y,0.13,'50',0.,2)
F100X=02(21)*COS(PH2(21»*5.882352941
F100Y=02(21)*SIN(PH2(21»*5.882352941
CALL DASH(0.0,0.0,F100X,F100Y,0.5)
CALL SYMBOL(F100X,F100Y,0.13,'100',0.,3)
F120X-02(26)*COS(PH2(26»*5.882352941
F120Y-02(26)*SIN(PH2(26»*5.882352941
CALL SYMBOL(F120X,F120Y,O.13,'120' ,0.,3)
F150X=02(33)*COS(PH2(33»*5.882352941
F150Y-02(33)*SIN(PH2(33»*5.882352941
CALL SYMBOL(F150X,F150Y,0.13,'150' ,O. ,3)
IF (F(LIMIT+NSTRT).GT.200.0) THEN
F200X=02(45)*COS(PH2(45»*5.882352941
F200Y=02(45)*SIN(PH2(45»*5.882352941
CALL DASH(0.0,0.0,F200X,F200y,0.5)
CALL SYMBOL(F200X,F200Y,0.13,'200',0.,3)
ENDIF

C IF (F(LIMIT+NSTRT).GT.500.0) THEN
C F500X=02(121)*COS(PH2(121»*5.B82352941
C F500Y.02(121)*SIN(PH2(121»*5.882352941
C CALL DASH(0.0,0.0,F500X,F500Y,0.5)
C CALL SYMBOL(F500X,F500Y,0.13,'500',0.,3)
C ENDIF

IF (N.EQ.3) GOTO 701
N-N+l
GOTO 700

701 IF (NFILES.EQ.2) GOTO 30
CALL NEWPEN(5)

C ** PLOT THIRD TRANSFER FUNCTION
CALL POLAR(03,PH3,LIMIT,1,0,3,0.0,0.17)
GOTO 702

C F12X-03 (1) *COS(PH3 (1»*5.882352941
C F12Y.03(1)*SIN(PH3(1»*5.882352941
C CALL SYMBOL(F12X,F12Y,0.13,'12',0.,2)

F20X=03(1)*COS(PH3(1»*5.882352941
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F20Ya 03(1)*SIN(PH3(1»*5.882352941
CALL DASH(0.O,O.O,F20X,F20Y,O.5)
CALL SYHBOL(F20X,F20Y,O.13,'20',O.,2)
F50X-03(8)*COS(PHJ(8»*5.882352941
F50Y-03(8)*SIN(PH3(8»*5.882352941
CALL SYHBOL(F50X,F50Y,O.13,'50',O.,2)
F100X-03 (21) *COS(PH3 (21»*5.882352941
F100Y-03(21)*SIN(PH3(21»*5.882352941
CALL DASH(0.0,0.O,F100X,F100Y,O.5)
CALL SYHBOL(F100X,F100Y,O.13,'100',O.,3)
F120X-03 (26) *COS(PH3 (26»*5.882352941
F120Y-03(26)*SIN(PH3(26»*5.882352941
CALL SYHBOL(F120X,F120Y,O.13,'120',O.,3)
F150X-03 (33) *COS(PH3 (33»*5.882352941
F150Y-03(33)*SIN(PH3(33»*5.882352941
CALL SYHBOL(F150X,F150Y,O.13,'l50' ,O. ,3)
IF (F(LIHIT+NSTRT).GT.200.0) THEN
F200X-03 (45)*COS(PH3 (45»*5.882352941
F200Y-03(45)*SIN(PH3(45»*5.882352941
CALL DASH(0.O,O.O,F200X,F200Y,O.5)
CALL SYHBOL(F200X,F200Y,O.13,'200',O.,3)
ENDIF

C IF (F(LIHIT+NSTRT).GT.500.O) THEN
C F500X-03(121)*COS(PH3(121»*5.882352941
C F500Ya 03(121)*SIN(PH3(121»*5.882352941
C CALL DASH(O.O,O.O,F500X,F500Y,O.5)
C CALL SYHBOL(F500X,F500Y,O.13,'500' ,O. ,3)
C ENDIF
702 IF (NFJLES.EQ.3) GOTO 30

CALL NEWPEN(6)
N-1

C ** PLOT FOURTH TRANSFER FUNCTION
70S CALL POLAR(04,PH4,LIHIT,l,O,3,O.O,O.17)
C F12X-04(1)*COS(PH4(1»*5.8823S2941
C F12Y-04(1)*SIN(PH4(1»*5.8823S2941
C CALL SYHBOL(F12X,F12Y,O.13,'12',O.,2)

GOT<) 30
F20X-04(1)*COS(PH4(1»*5.882352941
F20Y-04(1)*SIN(PH4(1»*5.882352941
CALL DASH(0.O,O.O,F20X,F20Y,O.5)
CALL SYHBOL(F20X,F20Y,O.13,'20',O.,2)
F50X-04(8)*COS(PH4(8»*5.882352941
F50Y-04(8)*SIN(PH4(8»*5.882352941
CALL SYMBOL(F50X,F50Y,0.13,'50' ,O. ,2)
F100X-04(21)*COS(PH4(21»*5.882352941
Fl00Y-04(21)*SIN(PH4(21»*S.8823S2941
CALL DhSH(O.O,O.0,F100X,Fl00Y,O.S)
CALL SYMBOL(Fl00X,Fl00Y,0.13,'100',O.,3)
F120X-04(26)*COS(PH4(26»*S.8823S2941
F120y-04(26)*SIN(PH4(26))*S.882352941
CALL SYHBOL(F120X,F120Y,0.13,'120' ,O. ,3)
F1S0X-04(33)*COS(PH4(33»*S.8823S2941
F1SOY-04(33)*SIN(PH4(33»*S.8823S2941
CALL SYMBOL(F1S0X,F1SOY,O.13,'lSO' ,O. ,3)
IF (F(LIMIT+NSTRT).GT.200.0) THEN
F200X-04(4S)*COS(PH4(4S»*S.8823S2941
F200Y-04(4S)*SIN(PH4(4S»*S.8823S2941
CALL DASH(0.0,0.O,F200X,F200Y,0.S)
CALL SYMBOL(F200X,F200Y,0.13,'200',O.,3)
ENDIF
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C IF (F(LIMIT+NSTRT).GT.500.0) THEN
C F500X=04(121)*COS(PH4(121»*5.882352941
C F500Y=04(121)*SIN(PH4(121»*5.882352941
C CALL DASH(0.0,0.0,F500X,F500Y,0.5)
C CALL SYMBOL(F500X,F500Y,0.13,'500',0.,3)
C ENDIF

IF (N.EQ.3) GOTO 30
N=N+l
GOTO 705

30 CALL ENDPLT
GOTO 855
END

C **••**.***.***.**•••••••*••••••**••••••••
C ** CONVERT TRANSFER FUNCTION TO MAGNITUDE AND PHASE

SUBROUTINE MAGPHASE (A,PI,LIMIT)
COMPLEX*8 A(500)
REAL*4 M(500),P(500)
DEG=180.0/PI
DO 5 X=l,LIMIT
DBLA=IMAG (A (X) )
DBLB=REAL(A(X) )

C ** MAGNITUDE **
M(X)=ABS (A (X) )

C ** PHASE **
IF(DBLA.EQ.O.O.AND.DBLB.EQ.O.O) THEN
P(X)=O.O
GOTO 10
ENDIF
P(X)=ATAN2(DBLA,DBLB)

C P(X)=P(X)*DEG
IF(X.EQ.1) P(K)=O.O

10 A(K)=CMPLX(M(X),P(K»
5 CONTINUE

RETURN
END
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1.5 Matching of Database ami Test Waveforms

DIMENSION F(2049) ,A(5200) ,B(5200) ,V(5200) ,MA(200)
DIMENSION X(52GO),DIFF(200) ,D(20) ,DS(200)
COMPLEX*S IN(4096),OU(4096),Z(4096)
COMPLEX*S FXX(4096),FYY(4096),FXY(4096)
COMPLEX*S GXX(4096),GYY(4096),GXY(4096)
INTEGER*2 NDB(200),JC(200),JCL(200)
CHARACTER*10 PARAM, KNOlo"ll, ANAME, UNKNOWN, BNAME
CHARACTER*6 FL

C •••*••••*••••***.**.**.**********************••
C THIS PROGRAM MATCHES TEST AND DATABASE WAVEFORMS
C AS PER FIGURE 4.35
C ARRAY DEFINITIONS:
C F()-FREQUENCY
C A()-INPUT DATABASE FILE
C Bl)-INPUT TEST FILE
C V()-INPUT TEST FILE
C MA 0 -MAGNITUDE OF TRANSFER FUNCTION
C X()-INPUT DATABSE FILE
C DIFF()-DIFFERENCE BETWEEN 1 AND ACTUAL COHERENCE
C D()-SUM OF l-COH
C DSO-NUMERlCAL SORT OF l-COH VALUES
C IN()-TIME DOMAIN DATA
C OU 0 -TIME DOMAIN DATA
C Z0 - TRANSFER FONCTION
C FXX()-DATABASE INPUT POWER SPECTRUM
C FYY()-DATABASE OUTPUT POWER PECTRUM
C FXY()-DATABASE CROSS SPECTRUM
C GXX()-TEST INPUT POWER SPECTRUM
C GYY 0 -TEST OUTPUT POWER SPECTRUM
C GXY()-TEST CROSS SPECTRUM
C NDB()-NUMERICAL SORTING
C JC()-NUMERlCAL SORTING
C JCL()-NUMERICAL SORTING
C COMPILE WITH MICROSOFT FORTRAN v.4.01
C LAST REVISION 09/22/94 @ EDWARD J. HOPPE
C •••*****•••••••••••**•••**••••**••**••****.****

ITF-o
WRITE(*,*)
WRITE(*,890)

590 FORMAT(' NAME OF DATABASE SET: '\)
READ( *,891) KNOWN

891 FORMAT (A)
WRITE(*, 892)

892 FORMAT ( , NAME OF TEST SET: '\)
READ(*,891) UNKNOWN
WRITE(*,894)

894 FORMAT ( , NAME OF PARAMETER FILE: '\l
READ(*,891) PARAM
WRITE(*,*)
OPEN(7,FILE-'MATCH',STATUS-'UNKNOWN')

C ** OPEN INPUT SET **
OPEN(4,FILE-UNKNOWN,STATUS-'OLD')

a OPEN (3 , FILE-PARAM)
C -- INPUT CUT_POINT, +I-CUT, TRIM -

READ(3,*) NX,IPM,ITK
C -- INPUT FREQUENCY RANGE

READ(3,*) FST,FSP
CLOSE(3,STATUS-'KEEP')
PI-3.141593
DEG-180.0/PI
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LN=12
N=2**LN
N02P1=N/2+1
IDB=O
INP=O

C ** REAO INPUT FILENAME **REAO(4,'(A)') BNAME
IF(BNAME.EQ.'FIN') THEN
CLOSE(4,STATUS='KEEP')
CLOSE(7,STATUS='KEEP')
GOTO 999
ENOIF

C ** OPEN INPUT FILE **
OPEN(2,FILE=BNAME,STATUS='OLO')
INP=INP+1
REAO(2,*) NPT,TSTEP,XZERO
TSTEP=(TSTEP/1.333)*1.0E9
XZERO=(XZERO/1.333)*1.0E9
REAO(2,*) B(l)
IF(B(1).LT.-1.0) B(l)=O.O
DO 11 L=2,NPT
REAO(2,*) B(L)

C IF(B(L).LE.-50.0) B(L)=B(L-1)
11 CONTINUE

CLOSE(2,STATUS='KEEP')
CALL MEOIAN(B,NPT)
WRITE(*,*)
DO 12 L=l,NX
V(L)=B(L)

12 CONTINUE
N1=NX+ITM
N2=NX+NX
N3=NX-ITM
DO 15 L=N1+l,N2
B(L-N1)=2.0*B(L)

15 CONTINUE
DO 16 L=ITM+1,NX
V(L-ITM)=V(L)

16 CONTINUE
DO 17 L=2,N3
B(L)=B(L) -B(l)
V(L)=V(L)-V(l)

17 CONTINUE
B(l)=O.O
V(l)=O.O
DO 171 L-1,N3
X(L)=V(L)

171 CONTINUE
CALL TAIL(B,NX,ITM,PI,N)
CALL TAIL(V,NX,ITM,PI,N)

C *. V-INPUT ; B~OUTPUT **
DO 22 L-1,N
IN(L)aCMPLX(V(L»
OU(L)=CMPLX(B(L»

22 CONTINUE
FSTEP=(1.0/(FLOAT(N)*TSTEP*1.0E-9»/1.0E6
IST--1
ISP=-l
IF(FST. EQ. O. 0) IST-1
F(l)-O.O

•
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CO 25 L=2,NC2Pl
F(L)mF(L-l)+FSTEP
IF(IST.EQ.-l.AND.F(L).GE.FST) THEN
IST-L
FST-F(L)
ENCIF
IF(ISP.EQ.-l.ANC.F(L).GE.FSP) THEN
ISP-L
FSP-F(L)
ENCIF

25 CONTINUE
CALL FFT(IN,LN,PI)
CALL FFT(OU,LN,PI)
DO 3D L-l,ND2Pl
IF (F(L).GT.FSP) GOTO 45
Z(L)-OU(L)/IN(L)
GXX(L)-CONJG(IN(L»*IN(L)
GYY(L)-CONJG(OU(L»*OU(L)
GXY(L)-CONJG(IN(L»*OU(L)

30 CONTINUE
C ** OPEN CATABASE SET **
45 OPEN(5,FILE=KNOWN,STATUS='OLC')
l ICBmICB+l

OPEN(lO,FILE-'TMP',STATUS='UNKNOWN')
IF-100+ICB
JF-200+INP
WRITE(10,903) IF,JF
CLOSE(lO,STATUS='KEEP')

C ** READ CATABASE FILENAME **
REAC(5,'(A)') ANAME
IF (ANAME. EQ. 'FIN') GOTO 200

C ** OPEN CATABASE FILE **
OPEN(l,FILE-ANAME,STATUS='OLC')
WRITE(*,*) ANAME,BNAME
REAC(l,*) NPT,TSTEP,XZERO
TSTEP-(TSTEP/l.333)*1.OE9
XZERO-(XZERO/l.333)*1.OE9
REAC(l, *) A(l)
IF(A(l).LT.-l.O) A(l)-O.O
CO 10 1.-2,NPT
REAC(l,*) A(L)

C IF(A(L).LE.-50.0) A(L)=A(L-l)
10 CONTINUE

CLOSE(l,STATUS-'KEEP')
CALL MECIAN(A,NPT)
IK-O
DO 100 K-ITM-IPM,ITM+IPM
IK-IK+l
DO 50 L-1+K, N3+K
V(L-K) -A (L)

50 CONTINUE
SUM-O.O
DO 55 L-l,N3
SUM-SUM+(V(L)-X(L»**2

55 CONTINUE
CIFF(IK)-SUM

100 CONTINUE
SMALL-l.OE6
DO 110 L-l,IK
SMALL-MIN(SMALL,CIFF(L»
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110 CONTINUE
00 112 L=l, IK
IF(5MALL.EQ.OIFF(L» THEN
J=NX-IPM+L-l
ITJ=ITM+(J-NX)
GOTO 114
ENOIF

112 CONTINUE
114 WRITE(*,*)' OPTIMUM OATABA5E WAVEFORM CUT POINT'

WRITE(*,*) J -
WRITE(*,*) , OPTIMUM OATABA5E WAVEFORM PRETRIGGER TRIM '
WRITE(*,*) ITJ
WRITE(*,*)
00 115 L=l,J
V(L)=A(L)

115 CONTINUE
Nl=J+ITJ
N2=J+J
00 56 L=Nl+l,N2
B(L-Nl)=2.0*A(L)

56 CONTINUE
00 57 L=ITJ+l,J
V(L-ITJ)=V(L)

57 CONTINUE
00 58 L=2,J-ITJ
B(L)=B(L)-B(l)
V(L)=V(L)-V(l)

58 CONTINUE
B(l)=O.O
V(l)=O.O
CALL TAIL(B,J,ITJ,PI,N)
CALL TAIL(V,J,ITJ,PI,N)

C PERFORM FFT: IN=INPUT FFT OU=OUTPUT_FFT
00 60 L=l,N -
IN(L)=CMPLX(V(L»
OU(L)=CMPLX(B(L»

60 CONTINUE
CALL FFT(IN,LN,PI)
CALL FFT(OU,LN,PI)
OPEN(lO,FILE='TMP',STATUS='OLO')
REAO(10,891) FL
CLOSE(lO,STATUS='OELETE')

C ** .TF = TRANSFER FUNCTIOM
C ** .PS = POWER SPECTRUM
C ** .CS = CROSS SPECTRUM
C ** .COH = COHERENCE

OPEN(lO,FILE=FL//'.TF',STATUS='UNKNOWN')
OPEN(ll,FILE=FL//'.PS',STATUS='UNKNOWN')
OPEN(12,FILE=FL//'.CS',STATUS='UNKNOWN')
OPEN(13,FILE=FL//'.COH',STATUS-'UNKNOWN')
DO 62 !Pl,N02Pl
IF (F(L).GT.FSP) GOTO 70
ZIN-Z(L)
Z(L)=OU(L) /IN(L)

C Z(L)=(CMPLX(l.O,O.O)+Z(L»/(CMPLX(l.O,O.O)-Z(L»
C MA(L)=ABS(Z(L»

FXX(L)=GXX(L)+CONJG(IN(L»*IN(L)
FYY(L)=GYY(L)+CONJG(OU(L»*OU(L)
FXY(L)=GXY(L)+CONJG(IN(L»*OU(L)
Mk(L)=REAL(ABS(FXY(L»**2/(FXX(L)*FYY(L»)
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WRITE(10,902) F(L),ABS(Z(L»,ATAN2(IMAG(Z(L»,
+ REAL(Z(L»),ABS(ZIN),ATAN2(IMAG(ZIN),REAL(ZIN»

WRITE(11,901) F(L),REAL(FXX(L»,REAL(FïY(L»
WRITE(12,901) F(L),FXY(L)
WRITE(13,901) F(L),MA(L)

62 CONTINUE
70 CLOSE(10,STATUS-'KEEP')

CLOSE(ll,STATUS-'KEEP')
CLOSE(12,STATUS-'KEEP')
CLOSE(13,STATUS-'KEEP')
SOM-O. 0
DO 575 L-IST,ISP
SOM-SOM+(1.0-MA(L»

575 CONTINUE
WRITE(*,*) , SOM [l-COH(I)l'
WRITE(*,*) SOM
WRITE(*,*)
DIIDB)-SOM

. JC(IDB)-J
. GOTO 1

200 CLOSE(5,STATUS-'KEEP')
IF(ITF.EQ.1) GOTO 202
WRITE(7,915)
WRITE(7,917)

917 FORMAT(' CON T AMI NAN T MAT CH')
WRITE(7,915)
WRITE(7,*)
WRITE(7,9Z0) , MIN. FREQ. ',FST
WRITE(7,9Z0) , MAX. FREQ. ',FSP
WRITE(7,*)
WRITE(7,915)
WRITE(7,918)
WRITE(7,919)

918 FORMAT(' RANK DATABASE TEST SOMMATION OPT. DB. WFM')
919 FORMAT(' WAVEFORM WAVEFORM [l-COH"Z(I) 1 CUT_POÏNT')

WRITE(7,916)
WRITE(7, *)
ITF-1

ZOZ WRITE(*,915)
WRITE(*,917)
WRITE(*,915)
WRITE(*,*)
WRITE(*,9Z0) , MIN. FREQ. ',FST
WRITE(*,9Z0) , MAX. FREQ. ',FSP
WRITE(*,*)
WRITE(*,915)
WRITE(*,918)
WRITE(*,919)
WRITE(*,916)
WRITE(*,*)
DO 161 N-1,IDB-1
SMALL-l. OE6
DO 163 L-1,IDB-1
SMALL-MIN(SMALL,D(L»

163 CONTINUE
DS(N)-SMALL
DO 165 L-1,IDB-1
U(D(L) .EQ.SMALL) THEN
NDB(N)-L
JCL(N)-JC(L)
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O(L) =1.0E6
ENDIF

165 CONTINUE
161 CONTINUE

DO 175 N=l,IOB-1
OPEN (5 ,FILE=KNOWN,STATUS='OLO')
DO 170 L=l,IOB-1
REAO(5,'(A)') ANAHE
IF(NOB(N).EQ.L) THEN
WRITE(*,90S) N,ANAHE,BNAHE,OS(N),JCL(N)
WRITE(7,90S) N,ANAHE,BNAHE,OS(N),JCL(N)
ENOIF

170 CONTINUE
CLOSE(5,STATUS='KEEP')

175 CONTINUE
WRITE(7,916)
WRITE(*,915)
WRITE(*, *)
GOTO 2

901 FORMAT(lF25.15,3X,2(lF25.15,3X»
902 FORMAT(lF10.2,2X,6(lFS.5,2X»
903 FORMAT(2(I3»
90S FORMAT(lX,I4,2X,A10,lX,A10,lF10.4,4X,I6)
915 FORMATe' *****************.*.*••*.*.*.*.***.**************.****')
916 FORMAT(' c===c.=========================_···c=.==••• •••••••• ')
920 FORMAT(lX,A15,lF6.2)
999 END
C ••*****••***•••••••••********•••*****••*.*****•••***
C *******.******.****•••***•••******************••••••
C ** COSINE TAIL APPLICATION

SUBROUTINE TAIL (F,NX,ITM,PI,N)
REAL*4 F(4096),A,PI
IX=NX-ITM
M=INT(0.70*IX)
1= (IX-M)*2
K=(IX-M)-l
DO 10 L=M,IX
K=K+1
A=0.5*(1.0-COS(2.0*PI*FLOAT(K)/FLOAT(I»)
F(L)=F(L)*A

10 CONTINUE
DO 20 L=IX+l,N
F(L)=F(IX)

20 CONTINUE
RETURN
END

C ***.*.*.***••***************.*****.******
C ** FAST FOURIER TRANSFORa

SUBROUTINE FFT (F, LN, PI)
REAL*4 PI,X
COMPLEX*S F(4096),U,W,T
N-2·*LN
NV2=N/2
NM1-N-1
J-1
DO 3 I=l,NM1

IF(I.GE.J) GOTO 1
T=F(J)
F(J)=F(I)
F(I)=T
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1 K-NV2
2 IF(K.GE.J) GOTO 3

J·J-K
K-K/2
GOTO 2

3 J-J+K
DO 5 L-1,LN

LE-2**L
LE1-LE/2
U-eMPLX(1.0,O.0)
X-PI/FLOAT(LE1)
W-CMPLX(COS(X),-SIN(X»
DO 5 J-1,LE1

DO 4 I-J,N,LE
IP-I+LE1
T-F(IP)*U
F(IP)-F(I)-T

4 F(I)-F(I)+T
5 U-U*W

DO 6 I-1,N
F(I)-F(I)/FLOAT(N)

6 CONTINUE
RETURN
END

C .*******•••*.*.***************••****.****
C ** MEDIAN FILTERING

SUBROUTINE MEDIAN(A,NPT)
REAL*4 A(5200),D(25),SMALL
REAL*4 B(5200)
DO 10 L-13,NPT-12
M-1
DO 15 I-L-12,L+12
D(M)-A(I)
M-M+l

15 CONTINUE
DO 20 K-l,13
SMALL-l.OE10
DO 30 M-l,25
SMALL-AMINl (SMALL,D(M»

30 CONTINUE
DO 17 M-l,25
IF(D(M).EQ.SMALL) THEN
D(M)-1.OE10
GOTO 20
ENDIF

17 CONTINUE
20 CONTINUE

B(L)-SMALL
10 CONTINUE

DO 50 L-l,12
B(L)-B(lJ)

50 CONTINUE
DO 655 L-NPT-ll.NPT
B(L)-B(NPT-12)

655 CONTINUE
DO 60 L-l,NPT
A(L)-B(L)

60 CONTINUE
RETURN
END
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APPENDIX 2

Previously Published Material
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Applicalion of cleclric polBrizalion 10 conlaminani deleclion in soils

RAVMOND N. YnNG ANI> ErW.'AKI) J. 11111'1'1".
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Rcccivcd Novcmbcr 24. l'.:IR8

AcccptctJ April 18, 1989

Prcliminary cxpcrirncnts indicalc the fca~ibilily of conslructÎng for ficlll use a contamÎnant·dclcClioll inslnmlcntation
bascd on diclcctric rncasurcmenls. This :;Iudy applics the technique of timc·dolnilin rcnCClomctry 10 assess charilclcrÎ!ilic
"signatures" of sorne scl:;';'let.I conlaminanls and soil-contaminanl mixluro. The r~ults imply that li propef dirfcfcntÎatil1l1
bctwccn variou~ signalurc.'i can bc atlaincd, allowing an as.'CSlimcnt in regard ln soil-cOnlDmÎnanl slulus. The prUIlt.1Scd
technique i5 similar in principle lo the imluecd-polarization mClhod applied in minerai exploration.

KC'y words: clcclrie polarization, contaminant transporl, dielectrics, induced pnlarilutiun, nonpolar Iiquids, lime·
~o01ain rcncclumelry. relaxation, contaminant-sail interaction.

Dcs expéricnccs préliminaires indiquent la faisabilité de la con5truction d'une instrumentation pour lu détcction de
contaminant5 sur le terrain b:uéc sur les mesures diélectriques. Celle etude utilise la technique de renel.:tomètrie à platte
temporelle pour évaluer les (( signaturcs 1) l.:aracléristiqucs dc eontamimmls sélccliollll6i ct de méhmgcs sol-eullutlninullI.
I.!=s résullals impliqucnt que l'on peut obtenir une différenlialion entre les diverses signatures sufnsunlc pUlir pcrmCllfc
UIIC évaluation quant à l'élal du sol-cUluaminuul. La technique 5'Jcgérèe est cn Ilfindpe licmblablc à la méthude de
polarisaI ion induite utililiéc pour l'exploration minicre.

Mo/sciés: polarisation électrique,lransport de contaminanl, diélectriqueli, polariSô.ltiuli illduÎlc, liquides IInn pnlain:s.
rénœtomélrie à plage temporelle, relaxai ion, interaction sol-contaminant.
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Introduction
ln the last dccade, mounting environmental conCCTnS have

forceù govcrnments of the United States and Canada to pass
a series of regulatory legislations, aimed at proteeting the
groundwatcr supply. These actions have resultcd in a
substantial decrease of waste water discharges into lakes and
slreams, butlhe use of land as a major reposilory of hazard·
ous wasle still conlinues. According to the United States
En'w'irunmcnlal Protection Agency. American industry pro
duces appro"Î1nately 3S million metric tons of toxic wastc
each year (Waller and Davis 1984). Mueh of lhis wasle is
disposed in land impoundments contained within man-made
or natural materials, $uch as synthetic and clay liners. The
single, most important requirement for these liners is that
tl1ey net as barriers to fully contain hazardous wasteS or
Icachatcs within the disposai site. In many instances. as for
e.ample in lhe Province of Quebee, Canada, lhe use of clay
liners as ba:ricrs has bccome a mandatory requircment on
ail ncwly constructed landfill sites (ministère de J'Environne·
menl du Quebee 1987a, h).

The use of low·permeability linin8 malerials has been
proven an effeclive mcthod for eontainmenl of many types of
wastc Icachates and could bencrit from the use of an in silu
dctcetion technique to monitor Ihe performance of thcse
lincrs. Currclltmonitoring procedures. which gencrally rely
upon groundwatcr-quality monitoring or use of suction Iysi
meters, arc not totally satisfactory in pinpointing the loca
tion of a liner faUure or in evaluating the extcnl of movement
of il contaminant plume in the liner or in the subsurfaee.
Obviously. detection of a plume advance bctwccn wells can
pose a scrious challenae. particularly if the wells arc not
"propcrly" placcd.

The aim of this study centers on lhe developmenl of a
viable field monitoring technique capable of deteeting lhe
advance of a conlaminant plume in the substrale sail
malerial. The proposed melhod involves an application of

phenomcna associatcd wilh lhe clcctricul polarizution of
dielcctrics. The measurcrnent of frequcncy-dcpcndenl clee
trieal properlies of a conlaminatcd soir can provide a
characteristic "signature" sufficicntly diffcrent from thal
of an uncontaminatcd soil to l'crotH delcclion uf a plume
advance.

Before providing an aeeounling of lhe ùevelopmenl of the
technique and of the obtained rcsult~. il is usefui to rc"icw
the dielectric behavÎour of malerials .mll stress il!\ relcv31lcC
to the problem al hand.

Theo.,
ln dealing with subsurface contamination, il is informative'

to relate lhe level of soil conlaminalion to the chalige in
elcctrical properties of the soil. Thesc properties may be
subslantially affecled by the inlroduetion of liquid conlami·
nant iuto the soil porcs: ln the initial approach tu the IlFnb
lem, il is common to resort to a dc resistivity survey ill !i;tu.
This melhod can provide a quiek anù ine.pcnsive way of
IOCali"g a 5ubsurfacc contamination, provided that Ihc
gcological cross section is fairly unifo.m. In area, of comple,
lithology, however, sueh an approach cannot reaùily ùiseern
belwccn the .esislivity of a particular soil type anù lhalol'
a po.e nuid. ln fael, a varielY of chemic:lily ùiffcrenl
m3tcrials cxhibil cS!iClltially similur de rcsistjvilics. To
address Ihis Jaek of sclcclivÎly, one JUay consider monitoring
the resislivity nol only at zero frequcncy (de) bUI also oyer
a very wide range of clectrical frequcncics. From the
measurcmenl slandpoint) contaminatcd soUs can be regarded
as dielcctric materials, with characlcrislie rcsislivitics and
dieleclrie eonslants innuenced by lhe ehemieal nature of the
contaminant. The problem cntails the interaction of lltese
dielectric materials with an electric or a magnelic field.

When a lime-depcndellt voilage VOl is applieù to lhe
dielcelric. it causes a charge Q to vary wilh limc, re~ulling

in a now of current /. Diclcctric relaxation concerns the lim-
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pol:lrizatioll). the Illuvellleni ur une alotnie nucleus rcl.ui\'c
to anothcr in the sanie Illolecuh: (alumie polari/.alion), Ihc
alignmcrlt of lIlolccular dipoles in Ihe dircclinn uf i1IlPlicd
electrk field (orientatiUlml J1ulari/.atiun), ôllld Ihe 3I.:CIIIIIUI,,·
lioll of charges at inlerfaces bctwl:en lIIatcrials with dilTerelll
electrical properlics.

Il has bccn observcd thal. duc 10 polarizalion phenomena,
1J is nol a constant for a parlicular material bUI varies with
the frcquency. The bchaviour orthc matcrial can he visualilcd
III Icrms of a nlolecular dipole rOlaling hua the dircction
of Ihe elcctric field. When the spccû of Iield reversai bccol1les
l'aster than Ihe rate of cJipolar rcoricntation. rotatinn or Ihe
molceulcs cannat occur. At this relaxatiun frequency thc
malerial's dieleclric conslant drops in value. silice lhere arc
fewer available charges Ihal can he displaced by Ihe eleclrie
field. SimultaneouslY.lhe loss angle 0 inercases markcdly.
signifying a subslanlial risc in encrgy dissipaliun (Fig. 2).
The variabilily of dieleclric conslant with frequcnc)' is
known as dispersion. Thus, Ihe time ur rrcqucncy
depcnuence of Ihe dielectric constanl can be usccJ 10 IJrnvicJe
inlormalion on Ihe rate of di polar reoricmalioll in lhe
malerial. The relaxation frcqucncy is found 10 be
characlerislic of Ihe particular polar moleeulc.

The geophysical technique or iuduccd polari1.ation (1 p)
detc:cls phcnornena prjmarily assoCÎatcJ wilh interracial
polarilalion. Recent work sugsesls that urganic chelllieals
can il1lerfere wilh the cxchangc process in c1ays. permilling
direel deleelion of Ihe5e organks (Olhoen 19K6). This
mcchanism has becn a subject of parlicular Întcrcst 10
chemists and molccular physicisis IlCrforming laboralory
sludies on malcrial propcrties.

Generally. polarilatioll can he allribuled 10 a mut ion nI'
ions, a motion of molccular dipules. ur '1lIIolion of cb:lrnn!ti
in a molecule. The IifSt group of causes occurs al the low
end of Ihe spcclrum, Iypk'ally at so-callcd Ilowcr frcqucneiL'S.
A dipole aelion is commonly observable al lIlicmwavc
frequencies, whercas a mOlion of elcctrons is associau:d with
optical frequencics. The polarization phenumenon due la
iouie displacernenl was invcstigalecJ extcnsivcly by Maxwell
(1854) and Wagner (1913). Credit belongs 10 Debye (1929)
for cxploring the mcchanism or dipole Ilularizalion and lu
Lorenlz (1915) for work on eleenonic polarizalion.

ln sludying the relaxation propcrlies of various malerials
il is impcralive 10 rond a frcqueney range of intere't wher.
lhe effccls arc 01051 pronounced. As pointed out by Cole,

rl"equency li,)

Io"(i. 2. IdcalilcJ h~qucncy fJCtlcnfJcncc uf didcclrk Cl1l1slan\
and IUlIs angle (afler GelUalll IlI\:l).

Ig6

------------------- IR

illg of Ihis clectncal rC:"lponsc, which rencets the spccinc
rclalÎunship bCl\\occn V(I), QW, anu 1(1) for various
lI1alcrials. This rclatiunship applics 10 a lincar systelll, whcrc
a rcspunsc 311\.1 a stimulus arc proportionallo cach ather.
Relaxation cOIISIÎlulcs-'Q. dcla)'cd rcsponsc 10 a changing
!rIlimululrI. The Slimulus i!i usually an clcctrical field, whilc
Q(t) and 1(11 (Daniel 1967) form the ""ponse.

The relalion,hip of V(/), Q(/), and 1(1) cali be con,idered
hy un anulugy 10 an cleelrieul circuit consisting of a
1,.'~lllilcihllll:C C und il rcsislancc R. Whcn a stcp-funclion
\'(lIHIP,C is applicd lu ta capacilor (conneclcd in series wÎlh
a n:sistnr). Ihe ..:harge riscs exponenlially farm Q = 0 al
t =. 010 ta fraction Ile of ils rinal value al a lime T = Re:
III Q ~ CV(I - e' "')

The de);'IY limc T is call,,'Ü:, "limc constant" in clcelrical
clIgillL'erill~ and a "rc:laxalioll tinu:" in physics and
chcmiMry. The capacÎlancc of the dicleclric is cqual to the
produ":l of thc gcomctrical compl>l1cnt Cu and Ihe diclcclric
constant f. Dieleclric relaxai ion is Ihe manifestation of a
IlhL'IlOl1lenol1 whcreby Ihe mal~rial constant f is variable over
a wide r3UI:!e of frequem:ics. Theret'orc, Ihe capacilance of
a rCil1 calladlor ilctually varies as Ihe lime-depcndenl voltage
is il1llloscd on its tcrminals.

When Ihe c);cilation voltage is sinusoidal. wilh a given
frcllucncy f. and Ihe recorded respunse forms a currenl l,
thcllille pha~e relationship betwccn Ihcsc quantities rencct!!
Ihe dicleclrÏl.: propcnics of the material. In a texlbook
c~ullllllc of a pcrfcct dielcctric placed in ail clC\:tric field,
Ihe ClIm:llt leads Ilu: voilage by 90° and no power is being
di\~illal ...d. At the llIher eXlreme. in a eonuuctor, the drift
nr hee ch:..:tnms furlll!l a cunduction currcnt in phase wilh
Ihe i'IJllIieû voilage. It has been documenteu Ihat in practical
<Jicleclric mau:rials there is nlways a detCC:labh: conduclion
CUfIl:l1l. which in thc case of a sood insulalor has a very
,nli.1I value (von Hippcl 1954). Thus, in real dielCClries lhe
n:~ullanl currenl no longer leads the voilage by 90° bUI by
(lj() - 01), where h may be <alled a "1055 angle." The greater
Ihe value of b, lhe greater Ihe power 1055 in lhe dielcclrie
(Fig. 1).

11u:re arc: scvcrall11eehanisms of polari1.alion Ihat cause
li frequency dcpcndcnce of elcctrical propcrtics. Contribu·
liolls 10 Ihis polarizalion arise fromlhe displaccmcnt of elcc·
trons rc:lative to Ihe nucleus of an alom (elcctronic

le
FUi. 1. Phuse: rclaliunlihip hClwcc:n \'OII ..gÇ (U) and curreRl ff)

in il fCld lIiclcclric. Ill' rCliilllÎvc componeRI ur currelll; I t "

\"ilIMClli\'c Cl'llll'0llcni ni' clinclIl.

•
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Fili. 3. Typical 5Ctup for the TDR mcthod and a schcmalic

farm of the s1cp rc.'iponse for a Debye relation: the tunnel diode
produccs a slcl" impulse (aftcr van Gc:mert 1973).

Ihis frequency range is onen as awkwardly low for soli~s as
il i, awkwardly high for Iiquids. The reasan for sueh disparilY
is lhal the charge displaccment is much more conslrained
in a salid malrix Ihan in a liquid. For example, walcr
molecules in a Iiquid slale become aligncd wilh an c1eetric
field in abuul 30 'IS ("eller and f'rischkneehl 1%6). The
iunounl of polarizalion is fairly large. as watcr cxhibiis the
diclcctric constant of 81.5 al low frequencies.

Asludy eonducted by Hockslra and Delaney (1974) indi·
cales that in gcological malcrials the rclationship bctwecn
watcr content, conductivity, and diclcctric constant is a
slrong function of Ihe soiltype from dc levels up 10 about
1 MHz. Olhoefl (l9g7) shows Ihat in elay-waler systems,
there arc significanl effects of the clay up 10 100 MHz. At
higher frequencies the innuence of Ihe porc nuid beeomes
duminant. Il is a1,0 obscrvcd thallhe frcquency of maximum
dielectric Joss is apprcciably lower in a soil-watcr mi"ture
than in bulk watcr bccausc of the constraints on chargc
displacemelll, auributable!o lhe double layer. Il is envisagcd
thal lhe problem might become more signifieanl in aClive
clay suil. where double·layer effecls and innuenees are more
prunounced. A sludy by 1l0ckris.1 al. (1%6) indieales thal
Iiquid lItulecules of the double layer arc severely reslrielcd
in their motion, and their relaxation frequeney is Jowcrcd.
Work involving rncasuremcnts on packcd protein powdcrs
wit h adsorbed water; conducled by Harvey and Hocksua
(1972), reports two distinct relaxation rrequencies, cor
responding to two layers of adsorbcd watcr.

A."il"ble melsuremenl lechnlqu..
The lraditional four-eleclrode arrangemenl used in the II'

method is capable of delecting low·frequency relaxalions,
which arc commonly associalcd wilh lhe inlerfacial polarizl-

tion. Whilc crrccti\'c for minerai exploration. this setup i!\
not dcsigned .0 deieci relaxations of oricntational polariJ.a·
tion occurring in porc nuic.l. 1\ majorÎty of high-rrcqucncy
dielcctric measuremenls have becn conrinctlto a laboratory
cnvironmcnl; howevcr, as wÎlh the W;" situ technique,the
objective of cach tIlcthod of measurentent was dcteclion of
the elcctric polarization phenol11ena. To perform high
frequcncy mcasurements, the monitoring circuit must he
propcrly shielded from, far exarnplc, inductive coupling in
JP betwecn thc transmitter and receivcr,

To invesligale the relaxation pattcrn uf an unnlyzcd
malerial, the dispersion of clcctric properties of dielcetrks
is usually evalu81cd O\'er 5cveral dceades of frcquency, Sincc
the transicnltcchniquc cO'Jers a brond frequency spcclrutll
with a single impulse, it is often judgcd more expcdicnt than
the allernalive of performing a mullitude of frequency
domain rneasuremenls. Many rescarchers favour Ihe upplku.
lion of a transienl II1cthod ovcr thc "poim.hy.poinl"
approach rcquircd in thc frequcncy domain. /\ Fouricr Sl'CC·
trum of such an impulsc contains a widc range of frcquen·
cies. A single impulse, applicd 10 a dieleetric ",aleria!, yields
a tirne·damain responsc. Whcn Ihe Fouricr spectra of the
inpul and lhe r..ponse signal are calculated, il is pussible
to arrive at the saine outcomc as obtained with Ihe
frequcncy·damain approach. Thc cxpcrirncntal result" arc
often displayed in lhe form of a Cole-Cole plol (Cole and
Cole 1941).

FoUowing the work of Fellner·f'eldegg (1%9), pulse tran
sient melhods have found a widespreod use in the sludy uf
fasl relaxation proccsscs appcarÎng al microwovc frcqucncies.
These melhods commonly originale from Ihe field of SIndy
caUed lime-domain renectomelry (TOR), developed in elee·
Irical enginecring. Typically, an elcclrical impulse with a faSi
rise time is scnt ioto a coaxial cable. Upon rcaching lhe cnd
of lhe cable embedded in lhe analy.ed malerial,the impulse
is rencelcd in a manner indicating the characlcrislic spectral
signalure of Ihe sample malerial (l'ig. 3). The renected signol
can range in magnilude from +100'1, 10 - 100'1, of the
incident signal. These two CXtrernC5 correspond to condi"l
tions of open-circuit and short·circuil rcsislivilY of the
sample material. The shape of lhe wave form al carly lime.
is indicativc of eapaeilive propcrticli of Ihe rmlleriul. In Ihe
casc of an idcal capacitor tcrminadng the coaxial cable, Ihe
renecled wave form lfrops rapidly la zero polenliul, befure
increasing exponenliaUy lowards Ihe level of Iwice lhe
amplilude of Ihe incidenl wlve form. This lype of behaviuur
rcprC5cnts the capacitor's propcrty of bcing a virlual
conduclor al high frequencies and behaving Iike an in,ulolor
al a dc level. In the case of a praclical dieloclrie malcriul,
Ihe renectcd signal docs nol cxhibit a purely c,ponentiol rise,
becausc o( polarizalion phenomena and varioliun in diel,oclric
conslanland capacitance. A gond review of Ihe upplieotion
of TOR lechniques 10 soils can be fuund in Davis., al.
(1977).

Dieleclric relaxation has long becn recognizcd as n power·
fui 1001 for analyzing lhe physieal slole of a sy'lem eonlain·
ing polar molecul.. or groups, HislorieaUy, one o( Ihe
melhods for sludyina the behaviour of polar mol«ules ha.
been by measuring lhe eomplex dieleclrie conManl
,(/..) = ,'(..) - j,"(..)overthe frcquency range of in:.,e'l.
The rcsulls Ire commonly expresscd eilher as a dielcclrie
constlnl .ersus frcquency arlph or as a Cole-Cole plol of
a diclcctric 1055 versus dicl«tric conAtanl. Dielcc:tric lIipcC~
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Iro"copy cavers an unusually widc range of frcqucncics.
l'mm the 10 .• Hz to Ihe high GI-I1. rcgion, wiLh gcologial
lI1'IIcri;,lls IYllÎl:ally mmlyzcd in the lowcr end of this
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t:xper~menl.1 study
ln Ihe presenl sludy, bolh time-domain and the rrcqueney

donmin upproncl1c5 wcrc evalua.cd and the timc·domain
technique W3!' SCICCICd. In lime-damain mcasurCl1lcnt the
distribution of high·frcqucncy componcnts of an impulse
is dcpcndcnt on the signal's rise lime. Thus. a stccply rising
Î1npulsc cxhibits a widc spcctrum.

To a..ess the praelicalily or applyinS a TDR melhod la
contaminant delcclion, a series of laboratory cxpcrimcnts
was coneJuclcd. The instrumentation sclup is shawn in
Fig. 4. The main compone"ts includc the stcp-funclion
generalor, coaxial cable tcrminattd by a probc, digilal wave
l'urm recorder. and ponable computer 10 analyze Ihe
llcquircd data. The rcc.:ording device scleetcd wa.'i a Tcklronix
114U~ dii;ililinc osciiluseope Ihal has a bandwidlh of 1GHz.
l'he impulse sisnaltransmitted by the seneralor is splil as
illravels paSl poinl A. Half or Ihis sisnal is deteelc<! by the
digilizinS oscilloscope, while Ihe olher halr reaehes the
diclcctric m31erial al (lOinl D, wherc il is rcncclcd. Recause
Ihe relum sisnal is alsl> splil in hair al pllinl A, ilS amplilude
ranges rrom - SU'" 10 +SO'" or Ihe incidenl sisnal.

The Mep-function gcnerator uses a mercury-weUcd contact
relay, whieh delivers reproducible pulses with subnanosccond
risc limes (Andrews 1973). l'he slep·runelion senerator
charges a seclion of RG S8 coaxial cable, acling as a
capacilor. and dischargcs illhrough Ihe rncrcury switch 10
a low·lo" RC; 214 cable, where it propasates with minimum
distortion..

Ta simulale field eondilions, lhe lenslh or the RG 214
cable was seleelcd as 7 m. ln Ihe field, a probe would be
driiled or pushed inlo lhe soil and Ihe reeordins instruments
plaeed al Ihe surrace. A substantiallensth or coaxial cable
resulls in impulse delerioralion. The err"l or pulse desrada
lion is iIIuslralcd in Fig. .s. The ancnuation characlerislics
or Ihe inilial sisnal arc eompared wilh Ihose of lhe signal
reOeeled rrom poinl D, measurcd al poinl A. In the range
or 0-200 MHz Ihe RG 214 L'olUdal cable docs not signineanlly
attenuale lhe sisnal. Furthermore, il ean be seen lhal Ihe
200 MHz rrcqueney eomponenl exhibils about 40 dO atten·
ualion, whieh translales into a sisnal SlrenSlh or 0.01 of the
de eomponenl. This sisnallevel is weil within Ihe resolution
eapabilily or Teklronix 11402.

The conL'Cpl or an eXlendcd ccnlral eleclrode, surrounded
by a dielCL1rie malerial, borrows rrom lhe lumped capacilancc
melhod or Iskander and Stuehly (1972). Eleetrieally, the
cquivah:nl circuÎllDay bc rcprescnled by ta shunl cupacilor
Icrminuling lhe coaxialline. The reneetion coefficicnt l' for
a IransOlission line or impcndancc Zn lerminaled by the
Inad Impedance Z, ean be expressed as

121 l' = Z, _·Z" = V",n
li + III Vh...:

ln Ihe limedomain,lhe input sisnal, system response, and
OUlpUI sisnal arc related Ihroush Ihe Duhamel convolution
inlegral:

III )1/} = ,[. II(r).l1/ - r)dr

t -r1 DICIt'lttll 1 Tltklronl. lin..

III Il Itll

1 COl'IP'Uftll 1 11Il'I r'ntllbl~

COHTAMllfUttl ~OlL

rlOIZ- bu.. rod, J _ dl ...... 20 .. 1..""
Itu.ndt". Iro. th" (,,",t'( (on,t"rlor
of th. ro..ld rlIII,

l'lU, 4. U"pcrimcnHlI setup clI1llloycli in Ihilt !'Il ully.

ln principle. the convolulion may be seen as a proccss of
correlating one lime series with another thal has becn rcverscd
in lime. The input and the output signais can bc Iransformcd
into the frequeney domain lhroush lhe use or rasl rourier
lransrorm (FFT). Subsequenlly, lhe lransrer runclion If(/)
of a system may be dcconvolved by dividing Ihe spectrum
of Ihe oulput by the sl'JCclrum of the input wavcl'orm:

Y(j) = H(j)·X(j)
(41

If(j) = na
X(j)

What usuaily necds 10 be eSlablished is how a siven sySlelll
rcsponds la eaeh rrequeney componenl of an arbilrary inpu\
signal. In a Iincar, tirne-invariantsystcrn. 5uch a rcsponsc,
rderred la as a transfer runction, orfers a completc circuit
eharaelerizalion (Ramire. 19S5). Proper application or Ihe
spcclral analysis demands Ihal a wavc rorm ta he transfor01cd
besins and ends allhe'same amplitude. Steplike wave rorm;
producc a well-known lruneation error, ir they arc directly
uealed by the FFT alsorilhm. Several methods addressins
Ihis parlieular problem have been published (e.s.,
Waldemeyer 19S0).

Tests were pcrformed on several arbitrarily choseo "conta
minants" and on soil-contaminanl n1ixlurcs. The sail uscd
10 creale these mixlures (simulalinc a Iypieal sandy clay)
eonsisled or 60'" Lake Asassiz clay and 40'10 crushed
sranodiorilc passins sicye No. SO and relaincd un sic...c
No. 16. Samples were prepared wilh 60 and 40." fiuid con
tent, reprcsenlins fully saluraled and unsaluraled sail con
ditions. Table 1 summarizes tht chemical composition or
Ouids used in Ihe expcriments.

Lake ASassi. clay was eollectc<! rrom SI. Boniface,
Maniloba. Ils minerai composilion. in decreasing arder of
abundancc. is montmorillonite, iIIile, quarlz, kaolinitc.
feldspar, and dolomile (Yons e/ al. 19S6). Based on the
saturation cxtract ana7:is. the main watcr-soluble ions werc
elassincd as Na +, Ca +, HCO;: The predominanl exlraet-
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FICi, S. Erfect of pulse propagation lhrough the coaxial cable on Ihe signal attenua'ion (frc4UCncy dumain l'FT).
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T"IIl.h 1. Chcmical charactcrislic5 of Iiquids uscd in cxpcrinu;nl~

S Na Ca K MS cr co:~ Bea, soI- AI)· Cd:' C,Zl Cu:' Fe!1 Ni!' Ph!' Zn!'
Pullulant pH (mS/m) (ppln) «(Jpm) (prin) (prm) (mell/L) (rucq/L) (!neq/l.) (mcq/t) (J'lVIII) (ppm) (l'pm) (ppl") (Pr"ITl) (fll'lI1lll)llll1l (1'1'1ll1

l'AH 7.54 23.0 198 54 103 95 15 0 Il Il.112 0 0 Il Il Il Il Il Il
<"El: :!.73 5U Il 8 2 148 27 0 1.0 107.0 15 17 Il 42 47 Il 1 298.\
1'8 2.11 64.7 340 2 1 0 45 0 2.0 0.10 0 0 0 Il Il Il (.3 Il
1120 5.24 Il.3 1 1 0 0 0 0 3.0 0.16 0 0 0 0 Il Il Il Il

NIlIt,,: S, clInduclivilY; l'AU. Icachalc from Kahnawaki la"drill ~ilc. $oulh of Munuéal: CUl. bY-I)wdul;l ur lille J1,otJucliull, l:ulh:l.'lcd l'Will a i'~
IUry ",,'cloi of MOlllréal (diluled to 2110 Ing/l.); l' D, laboratory solution of Ica'] chloric,ic; H20. di5lillcd walcr. In IIddililln, IJllre: helll:cllc, purc t.:lhullui.
muJ t1.01 N ~\lltlliun of CaCI: (label: CACLI wcrl: uset! in clIpcrimCnll't.

•

ilblc iOIl was round 10 be CalI and the cation cxchangc
cap.cilY (CEC) was delermincd as 71.4 mg/lOOg. The Iiquid
and plaslic Iimils were 112'7. and 2g'7. respeclively. The
crushcd granodioritc originated from Cold Springs Quarry
in Lac du Bonnet, Manitoba. Ils mincralogical composition
was found 10 include quarlz (28'70), feldspar plagiuelase
(l5';.), and mierocline (20'7.).

Exp.rlm.nlal resulls
Tillu' domu;1I

Mc:asurclIlcnts wcrc pcrformcd 011 conlamin811ts and 011
soil-conlaminant mixtures, prcpared 24 h in advance of
te!'iting. During the 10 h te!'iting pcriod, no signif'icant sealler
in cach material's responsc was obscrvcd. figures 6-8 display
the experimental rcsu((s obtained with a circuit 85 shown
in Fig. 4. Figure 6 shows th. wav. forms oblaincd from lesls
on contaminants themsclves, whereas Figs. 7 and 8 por'ray
lhe wave forms of soils I.eed wilh lhe individual
contamÎnanls. Bach wavc form, samplcd al a 40 ps time stcp,
eonsists of 4220 dala points and iIIuslrales lhe inilial vollag.
stcp as the impulse reaches the digitizing oscilloscope and
a subsequent renectlon from the samplc materiallocated at
lhe end of lhe coaxial eabl•• The lime 1 - 0 signifies lhe

.riggering point for the wave form acquil'ilion to Ihe
digitizer's rnemory. The negative lime range reprc!'lcnls
pretrigger events. An.r about 71 ilS following Ihe slarl of
incident impulse acquisition, the rellcclcd signal rcachcs Ihe
digilizcr. This lime la8 is governed by lhe lell81h of cable
belw.en the samplin8 poinl and lhe probe.

Data can also be cOllvcnicnlly prescntcd in terniS of Ihe
load impcdance of various diclcctric materials. The transfor·
malion, b3sed on the relationship bctwccn the rcl1ccliun
coeffieienl and lhe load imped.llce <1211 is showlI ill
Figl'. 9-11. These figures portray the lime dcpcl1ut:nce uf
thc load impcdancc ZI' departing from the SU n cuaxial
cable impcdancc Zu.

Frequency dOllluin
The relationship belween applied .ignal and ohserved

r..ponse is commonly analyzcd in lh. froquency domain. The
lechniqu. wed for protessing of lime·domain dala in Ihis
study involvcs application of a Hanoing window 10 the lasa
50'1. of data poinls. Additional preprotcssill8 of wav. fonns
includcs tn:ating dala with a smooth, nonrecuuive mter,
Jl3S'iing lhe Iower oll.-lhird of lhe Nyqui.l illlcrvul (Holllllling
1977). Furlh.,mor., 100'1. zero padding is appli.d, so Ih.l
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•
Ihe u"aIY<cd impulse 'ignal appear. 10 Ihe FFT algorithm
as li rcpclitive wavc farm. The transfer runelion or the
l'rcqucncy rcspul1l'ic. computw. by dividing the oulpUI wavc
t'onn by Ihe input in frcqucncy domain, rcprcscnts the
d",raclcriMic rcncclion cocrricilmt l'or u givcn diclcctric. The
!-llCclnllU of the input inlpulsc Îs bascd on 'the short-circuit
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reneelion, while the wave forro rcneetcc.l from an analyzcc.l
matcrial is taken as an output signal.

Figure 12 iIIustrates sorne typical cxamplcs of lhe rcsponsc
to a slep-funclion excilation in a coaxial line terminatcc.l by
resistancc and capacitance. Each lime-domain wave fmm
rcprcsents a malhcmolical idealization of Ihe rcal signal (i.e.,
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•
no ripplcs or distortions), whilc the corrcsponding frequency
domain lIansfer function resulls from Ihe actual processing
technique used in this study. The relationship belwccn Ihe
lime domain and lhe frequenoy domain may be regardcd
as rcciprocal. mcaning that at short limes Ihe wavc farm
is demibed by lhe high·frequeney harmonie" while allonger

limes il is shapcd by the low frcquencics and a de cumponelll
of Ihe in1pulse. Il can be obscrvclJ thal Ihe iniliaJ lime
damain respanse 01' lhe capacilor corresponds 10 Ihal ur a
,hort circuit (N = 0), wh'ile in the laller sl.ges it appro.ehes
exponentially the behaviour of an open circuit (N = ..).
This phcnomenon renecls Ihc capacilor's property of con·
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ducling al high frequcncics whilc blocking an)' currenl al circuit lcrminalion (infinitc rc:sistancc) ail rrcqucncy com-
" dc h~\·cl. Thus. the transfer function of a capacitor panents of the output signal appcar in pha~e with the
inùicates a relative phase shift and attenuation or the spcctrum of the incident signal. In the short.circuit termina·
mullilude of frequency eomponenls of the applicd impulse:. lion (zero r..istance) Ihe lransfer occurs in .nliph.se•
Uy contraSl. the rcsiSior tran5fm ail frcquc:ncies of the input A contaminatcd soU can bc vicwcd as a complcx collcction
s;gn.1 equ.lly. bulh in magnilude .nd in phase:. In the open· of rcsislors and imperfcet eapacilors exerting a eombincd
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•

innucncc on the ovcrall clcctrical response. Sorne rcprcscn
talivc frcqucncy.domain rcsulls arc shown in Figs. 13-17.
Transfcr functions for contaminants and soil-contaminant
mi);lurcs arc computcd in the spectral range of 20-200 MHz,
in 4 MHz frcqucncy incrcrncnls. anù arc cxprcsscc.l in polar
coordinatcs. The upper Iimit is govcrncd by the attcnuation
of the incidellt impulse in the analyzcd matcrial and by the
initial spectral composition of the gcncrated signal.

Il will be notcd Ihat distinct transrcr-function signaturcs
can be obtaincd for thc various tcst cascs studicd. The exact
quanlitative detcrlllination of individual chcmieal compo
nents cannot be made al this stage; however, it is expccled
Illat with a greater varielY of test situalions, a series of
characterislic signatures can be catalogucd to permit rapit!
qnalilalivc analysis.

J)jscussion
The lime-demain relationship, shown in Figs. 6·8, rcvcals

various wavc forms as they arc acquircd by the digitizer.
Il can be seen lhal lhe applied step funclion is not perfeetly
rcctangu!;.tr. The initial stage of the incident impulse is
al'fccled by ripples, stcmming from imperfections in the
impulse gcncrator and from unwantcd rcnections in the
measuring circuit. However, the shape of the incident signal,
and therefore its;spcctral composition, remains virtually
idcntical in different tests. The renectcd voltage stcp,
commencing at about 71 ns, is charactcristic of the material
bcing analyzcd. Thus. in noopolar Iiquids, such as bcnzcne
or clhanol (Fig. 6), the renected wave form practically mir
rors lhe applicd slep voltage. A substanlial signal auenuation
occurs in conductive liquids, sueh as CEZ or PB (sec Table 1
fllr esplanalion of lerons). The inilial dip of lhe rencclcd

impulse signilies capacitive crfccts. The laller pari of cach
wave form approachcs a sleady valuc, indicative of the OC
resistivily. Il appears that the transition pcriod bet wecn the
inilial and final amplilude of lhe renccled signal is nol purely
cxponenlial, signifying a phenomenon of more complcx
nature than the charging of an ideal capacitor. This dielcctrk
rc."ponsc is most predominant in the IirM 4 Ils or Ihe reJlcclcd
wave form.

Grèphs di,playing the load impedanee of variou, malerials
(Figs. 9-11) porlraydifferenees in lhe dieleclric rcsponsenf
highly conduelive nuids, sueh as CEZ or PD, as enrnpared
wilh virtual insulators, 5uch as benzene. Soil-conlaminant
mixlures (Figs. la, Il) produee more allenualed reneclions,
siemming from the eoilductivity contribution of sail par·
lieles. Howcvcr, wave forms of a pure contaminanl amI of
a corresponding soil-eontaminant mixture indicalc somc
resemblance in the initial stages of Ihe acquisition (Le., al
high frequeneies).

Sincc in the timc..«Jomain relatiollship the lihapc of thc
initial stage of caeh wavc form is govcrncd by ils high·
frequency contcUl, while the limll stage relates lu a OC IcrlII.
il is mcaningfullo look al rcsults in the rrcqucncy domain.
as displayed in Figs. 13-17. Jn Ihes<: figures Ille mtcflualilJlI
and phasc-shirt characteristics of individual contaminaOl!'l
and soil-contaminant mixtures arc prcsentcd as material
lransfer funelions. They are computed by dividing lhe spec·
lrum of lhe renccled signal (outpul FIT) by lhe speelrurn
of lhe incidenl impulse: (inpul FIT). The resulls arc shuwn
in a polar form, wilh lhe modulus bcins lhe distance rrom
lhe poinl of orisin 10 lhe parlicular frcquency componenl
of lhe wave form and lhe eorrcspondins phase angle
mcasurcd relalive 10 lhe posilive x·axis. Wilh reference 10
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Fig. 12. while il would appear thalthe malerial's resistivilY
(or eonduelivilY) affccls lhe lransfer-funelion posilion along
the: x~axis. and that ils dic:lcctric constant causes the relative
phase shirt of various frequencies, il is likely lhat the pro~

cesses contributing to the rcsults shown arc more com~

plieated. The real pari of Ihe resislivity (or imaginary part
of <l would also affcct the phase shifl.

The transfcr-funclion reprcscnlation provides a mcaning
fui insighl inta the material's diclcctric bchaviour. When the
samplc matcrial is cither conductivc or polar, or possibly
both. it does nol behave Iike a perfccl eapaeitor (as in
Fig. 12), leading to a partieular phase shift of various haro
monies. If the charges eontained in the material are free to
mave l under the influence of an electrical field, the
resistanee is effcclively independent of the frequeney of lhe
applied signal. but if Ihese charges arc bound, as in
oscillating L1ipoles, the resislance becomcs a characlcristic
funelion of frequency. This pallern manifests itsclf readily
in Figs. 13-17.

Il ean be scen that Ihe transfer funetion elhibilS a dif·
fcrcili signalure for differenl conlaminanls. In a highly con·
dueli.. liquid. such liS CEZ (l'ig. 11). il approaehes tho
response of a short eireuil (Fig. 12). In a praelieally non·
1l0lur malcrial. such as bcnzcnc (Fig. 14), Ihe phase shm and
aucnullion of diffcrcnt frequcncy componcnts arc minimal.
The transfer funelion rencets lhe eombined innuence of the
dicleclric conslanl and resistivity of a given material. and
thus the response of benzene (f = 2.3), ethanol (f = 31.2),
and distillcd water lE = 80) iIIustralelhe trend of inercasing
diclcclric constant and diminishing rcsislivilY.

lhllcrfacial polari7.alion il' from "frce" ,har,c movcmcnl. and
is si~nmcant al thcM: frequcncics.

ln generol, the signature of the (ransfcr funclion or a pure
conlaminant resembles the eorrcsponding lransfer 1"lRclion
of a soil-e:onlaminanl mixlure. Il appcars Ihal al highcr rrc
quencics Ihe transfer funclion is innucnccd prcdominanaly
by Ihe dielcclrie propcrties of a Iiquid. This phenomenoll
can be exploitcd ta Irace the exlent of a subsurfacc cOlllami·
nant plume and its appraximau: concenlration.

As st3ted previously. a greater collection of informai ion
from various bcforc and arter (contaminaiion) silualionll ,
would provide one.with Ihe basis for eslablishing a general
eataloBue of signatures. Il is hoped thatlhrough syslemalic
amassing of dala a qualitative approaeh ean be de.elopcd
ta permit one ta deduce the presence of conlaminanls in
soils. Further wark alSd rcmains 10 he donc on the cvalualioll
of Ihe effccts of ehemical interaction betwccnlhe eontallli·
nant and the ,oil vis·a·vis aiteralion of lhe dieleclric prop
enies of the eontaminanl nuid (sec, for ela",ple. Olhuefl
19B7). Obviously, other factors that need fllll eOllsideralioll
include clay type. contaminant spccics and concentrai ion,
multispecics contaminanls. etc. The lisl is cndlclis. Jluwcvt:r.
il is hopcd thal a demonslralioll of Ihe ahililY of Iho Icchlli'I"O
presenlcd wauld spur alhers to pUniue furlher (lld"'",""
documenlation of signalures.

Conclu.iun.
This study is intendcd to domonstrale Ihe feasibility ur

eonstruetina an efCeclive in silu eontaminanl·deleotion
technique based on lhe phenomenon of elcctrical polari1'"
tion. In principle, the proposcd approach is ~itl1i1ar 10 tlll,:
prcscnl\y ulilized geophy.icaltechniquc uf induccd polariza·
lion. The main diCfcrencc stcms from Ihe nCCCllsily of delCCI·
ing high·frcquency ~larizalion phcnomena OI:curring illlhe
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porc nuid, a., opposcd 10 low.frequency interfacial polariza
lion indicative of minerai content. Technically, H1e measur
ing ,elup i, relalively .imple, requiring only one cable 10 be
in,ertell inlo Ihe .oil. Wave·form acquisition by a digilizer
und ils processins by a portable computer can bc pcrformed
directly in .ilu, wilh Ihe aid of a dalabase of signalures
eSlablished from more delailcd laboratory Icsling. The exlenl
of an underground contaminalion can be delectcd by prob·
ing Ihe affecled arca and analyzing the spectral signalure
of a .ub.urfaee porc nuid for the presence of a contami·
nanl. Prescnlalion of results in tcrms of a transfcr function.
CXllrCf\s\.'d in polar coordinatcs, facilitatcs the ta.'ik of con·
laminalll deleetion and moniloring. Thi. task ean be further
enhaneed if the technique proposed in this sludy is used in
conjunction with other monitoring methods. Thus, an initial
sile reeonnaissanco can be rapidly pcrformcd with a porlable
ck'Ctromosnelic conductivity instrument. The arca of interest
ean he ,uhsequently narrowcd down wilh Ihe aid of the elec·
tricnl pol.uization melhod. Io'urlher renDemenl, if rcquired.
C'lII he ô1chievcd by a direct drillillg and fmlllpling from u
moniloring weil. which al Ihis stage can bc judiciously
Incalcd. Cunently, there is a arowing need for a quick and
emeiellllechnique 10 lISsess Ihe eXlenl of a localized ground
conlamination and il is cnvisaged Ihal Ihis siudy can Icad
lu fllrther work, whieh would beapplicd 10 lhedevelopment
01' a mobile conlaminanl-detcclion system.

Mu..:h work relnains 10 be donc to sort out specinc erreels
uf conlaminanl-soil inleraetion-particularly for situations
involving multicomponenl contaminants. ··Calibration"
e.pcrimenlS thal scek 10 identify before and after (con·
I.lllinalion) .ilualions arc nccdcd for ealaloguing of
signalures-espceially with rcference to soillypc, conlami-

nanl spccics, and concentration. For the prescRI, the rcsullS
oblaincd indicale Ihe usefulness and ability of thi. technique
for detcction of contaminant presence.
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