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Abstract

The use of time domain reflectometry (TDR) to d@iiee water contenB() from the
measurement of the apparent dielectric conskahiof the square root of the apparent dielectric
constant.2?) in highly saline environments has been limited thuthe dampening effect that
electrical conductivity (EC) has on the TDR sigridie objective of this research was to evaluate the
use of a three-rod TDR probe with a polyolefin @uabn the center-conducting rod (CCRC probe)
to simultaneously measufe and EC in saline conditions where standard, n@tecbTDR probes
(NC probe) are ineffective.

The application of a 0.00053 m thick polyolefin ting on the center-conducting rod of a CS605
TDR probe increased the capability of the probeéasurd, at EC levels as high as 1.06 S m
compared to 0.132 Shior a NC CS605 probe. The CCRC probe was fourmtimcapable of
determining any difference in EC levels. A 0.01and section or “gap” at the center of the
polyolefin coating on the center conducting rod @&grobe) was cut from the polyolefin coating to
expose a section of the stainless steel centeructing rod to allow direct contact with the matéria
being sampled. The GAP probe was found to be capltheasuring, and EC at EC levels as high
as 0.558 S th

Using a water-air immersion method, a comparisdwéen the NC probe and the CCRC and
GAP probes was undertaken. The correlation bet\bges. K2® was found to be linear for all three
probes with the slopen) of the regressed equation for the NC prohe(7.71) being approximately
twice that of the CCRC proben(= 4.25) and the GAP probm 4.36). The intercept values were
equivalent for all three probes. The linearity begnd, vs. K.’ for the NC and CCRC probes using
the water-air immersion method was also observezhwhe probes were used to measfe of

different sand-water mixtures. The slope of regrdssquation for the NC probe in the sand-water



mixtures (= 7.69) was equivalent to the water-air immersitmpe for the NC probe, however the
intercept values for the sand-water mixtures wagtathan the intercept values for the water-air
immersion method. Similarly, the slope of the COBtGbe in the sand-water mixtures (m = 5.00)
was equivalent to the CCRC probe water-air immaerslope. Calculatel,”® values using a water-
air dielectric-mixing model (WAMM) were equivalettt measuret.’> values for the NC probe.
The water air immersion method was found to proadeitable methodology for TDR research,
however a more definitive test of the coated pr@sponse in a series of soils with a range of
homogenous water contents should be completed&stam the reliability of the water-air
immersion method.

The straightforward relationship between the ine@&TDR measured impedané ) and EC
provided an effective calibration method for bdie NC and GAP probes. The use of the Giese-
Tiemann method to establish a calibration curveElGBrmeasurement was limited to a maximum EC
level of 0.132 S mfor the NC probe. The use of the cell constanhetvas considered to be
unacceptable as a means of developing a calibratiore due to the fact that the cell constantas
not a constant value.

K.>° values for the CCRC and GAP were consistentlytleasK.’® values for the NC probe
at alle, levels excep®, = 0.000 M m*® or 100% air. The difference K.>° (AK.>® between the NC
probe and the CCRC and GAP probes was seen t@s®mith increasing water content. Similarly, a
measurable effect was found between the TDR wanefdor the NC probe when the probe head was
surrounded completely by air when compared to (bR Waveforms for the NC probe when the
probe head was completely surrounded by water. Mddgectrostatic fields for the NC and CCRC
CS605 TDR probes displayed a decrease in the ielpcttential and electric field intensity in the

region outside of the polyolefin coating of the GCRrobe compared to the NC probe. The decrease



in potential and electric field intensity becameager when the dielectric constant of the material
surrounding the CCRC probe increased.

The use of a polyolefin coating on the center-cmtidg rod with a small section of the
coating removed at the midsection of rod providesféective means of extending the application of

TDR 6, and EC measurement in saline environments whanelatd TDR probes cannot be used.
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Chapter 1

Introduction

1.1 Reason for the Research

Due to a storm surge, a peat bog mining operatid?okesudie, New Brunswick, was
inundated with saltwater from a greater than nornigth tide. The saltwater contaminated the peat
soil that was being harvested for commercial sa&ffsctively shutting down the operation resulting
in substantial economic loss. Similar situationsuscsuch as the contamination of landfill sites or
the spill of hazardous materials in urban areagravit would be useful to determine the extentef t

contamination and how the contamination could begnitigated.

To obtain the required information it would be resary to understand how the hydrological
processes of the site affect the movement of theaaaination, which in the case of the peat bog
mining site would require the capability to simakausly measure soil water content and electrical
conductivity, as an indirect measure of the sakweabntamination, of the soil at several locatiand
depths over time. Mapping differences in soil watemtent and electrical conductivity with respect t
location and time would provide necessary infororatb determine the hydrological processes

affecting the movement of the contamination.

Attempts to use time domain reflectometry (TDR)hnatstandard TDR probe to measure soil
water content and electrical conductivity at thédamdie site were unsuccessful because water
content could not be determined due to the higtital conductivity levels caused by the saltwater
intrusion. To overcome this problem a modified TPRRbe was developed. A thin polyolefin coating
with a small gap was applied to the center rodtbi@e-rod TDR probe that made it possible to
measure water content and electrical conductiwtyikaneously. Since the TDR probe had been

altered from its original condition, it was not kmo what the effect of the coating with a gap would

1



have on the measurements taken. To gain a beterstanding of the changes introduced by this

modified probe, the present study was undertaken.

1.2 Purpose of the Research

Time domain reflectometry (TDR) has been develagged nondestructive means to
simultaneously measure soil water volumetric canf@) and bulk soil electrical conductivity (EC).
Typically, soil water volumetric content and butkilslectrical conductivity are determined from a
TDR waveform that displays the changes in the TigRa measured from a TDR probe inserted in
the soil. TDR measurements@fand EC are determined from different sectionheffiDR
waveform and are calculated separately.

In highly saline soils, TDR cannot be used to meaSuusing standard TDR probes because
of the adverse effect that high EC levels havehenliDR signal. An increase in soil electrical
conductivity reduces the TDR signal to such a ptbiat it is not possible to discern the difference
between TDR waveforms collected from soils witHatiént water volume contents. Coating one or
more of the TDR probe rods with a nonconductiveemalt has been shown to reduce the effect EC
has on the TDR signal, making it possible to meaBuat higher EC levels than normally possible
with a standard TDR probe. However, the completeted TDR probe was found to be incapable of
measuring EC unless a small section of the coatamyremoved. To understand the effect that the
coating with a small gap had on TDR measuremeatibration of the probe was necessary. The
purpose of this research was to evaluate how alediy coating on the center conducting rod of a
three-rod TDR probe with and without a small gdpaéd TDR measurement of @) using the
water air immersion method and a standard calimatiethod using sand-water mixtures, 2) TDR
measurement of EC using water and salt solutiogsvtoincreasing EC levels and 3) identify

possible reasons why and how the coating affeet§ DR signal.
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1.3 Background

TDR has been used to determéiyaén several types of soil in laboratory settingd &eld
evaluations (Topp et al., 1980; Topp and Davis5)98utomated TDR systems have been
established to measubgin remote locations using real time monitoring ifA@vaara and Bouten,
1990) to provide high-resolution information on ttf&nges i®, at temporal and spatial scales
(Herkelrath et al., 1991).

Pepin et al. (1992) determined that TDR could exlus estimaté, in peat soils between
0.21 - 0.95 mm* with a standard deviation of 0.03 m®, however substantial variation was found
in measured, using the calibration procedure developed, whiek wonsidered to be the result of
differences in the particle size and heterogerwdithe peat. Paquet et al. (1993) corroborated the
findings of Pepin et al. (1992) for TDR péxtdetermination. Kellner and Lundin (2001) succdssfu
used TDR to determing, in peat soils and state that the degree of huatifin of peat soils affected
TDR 6, measurement. TDR measuf&dvas found to be insensitive to changes in peatitien
(Shibchurn et al., 2005).

Dasberg and Dalton (1985) used TDR to meaBuead EC simultaneously in fine loamy
sand and found TDR EC measurements were compdoaBfé measurements obtained using a
typical conductivity instrument, i.e. a four-problectrode. Further study determined that the TDR
and four-probe electrode measured EC values wersdmrably different than originally speculated
(Dalton and Van Genuchten, 1986). Similarly, Topple(1988) found differences in TDR EC
measurements compared to EC measured using a lyugyeonductivity instrument. All the same it
was determined that, in principle; TDR providesaaourate method to determine the EC of aqueous
solutions and moist soils. However, TBRmMeasurement has been found to be limited in sabiie

because an increase in soil EC affects the reealofithe TDR signal (Wyseure et al., 1997; Or et



al., 2004). Wyseure et al. (1997) found tBameasured using TDR was overestimated when soil
solution EC was greater than 0.2 $,while Sun et al. (2000) determined tBatould not be
measured when the saturated soil extract EC exde®@87 S ril.

To overcome this problem, the application of a mmaitictive coating material has been
applied to TDR probes. Coatings that have beeniapiiclude phenolic fabric or adhesive
polyethylene sheeting (Mojid et al., 1998), PVCr(Eeet al., 1996), heat shrink polyolefin tubing
(Nichol et al., 2002; Persson et al., 2004), hbahk Teflon tubing (Miyamoto and Maruyama, 2004)
and a polymer-ceramic composite (Fujiyasu et 8042. In fact, one manufacturer provides TDR
probes with a PVC coating applied to the probe (Bdsker et al., 2006).

In order to use a coated TDR probe, an understgradithe effect the coating has on TDR
measurement and calibration is necessary. The pasitise of any calibration method is to measure
the responses for a series of known standardgndegthe relationship between the responses and
the standards, measure the unknown sample respndsetermine a value for the unknown sample
from the measured value. In the case of TDR, thkediric constant of a sample is the response being
measured and correlated.

Different calibration methods have been used tibicae TDR probes. Standard calibration
methods use the material in which the probe istaded, e.g. mineral or organic soils, where TDR
measurements have been obtained in the selectedtbocontrolled water content and/or electrical
conductivity levels. A widely recognized calibratibas been developed through the work of Topp et
al. (1980) for the determination of water contentriineral soils. Standard calibrations have alsmbe
undertaken for organic or peat soils (Pepin etl@i92; Paquet et al., 1993; Kellner and Lundin,1300
The dielectric constant of several different sgiles of different water contents were measurecdyusin

TDR and compared to the actual water content oédiile that was determined gravimetrically.



Liquids with known dielectric constants have beeadifor calibration purposes. Several
liquids have been used, including penetrating il acetone (Robinson et al., 2003b) as well as
rapeseed oil, syrup and ethanol (Persson et @4)2®lends of liquids with water have also been
used to provide a range of standard dielectrictemts by blending measured volumes of the liquid
and water. Blends of water and alcohols have bédalywsed; blends of propanol and water
(Robinson et al., 2003a), isopropoxyethanol anaen@ones et al., 2005) and many others.

A water air immersion method has been used toaaglithe response of a TDR probe at
different water contents by immersing the TDR praotus to different depths in a column of water
(Robinson et al., 2003b; Heimovaara et al., 20@&tkBr, 2004). The TDR measured dielectric
constant can be correlated to the actual volunweatér that the probe rods are immersed in.

The water air immersion method was selected afitaation method for this study because
the method was found to provide accurate and rejibe measurements quickly and efficiently
over a range of dielectric constants from 1 toSfice one of the objectives of this study was to
determine the effect the polyolefin coating had’ iR 6, measurement, the ability to accurately
control the test parameters, i.e. ratio of the enaluls in air and water, allowed the coating on the
probe to be isolated as the single variable. Affgrdinces betweeld.”* determined using the non-
coated and coated probes would be directly relaté¢ite coating applied. Correlation between the
coated probe TDR,’* response using the water air immersion methodledoated probe TDR
K. response using sand-water mixtures would inditatethe water air immersion method

provides a reasonable means to compare respomsiffidoent TDR probe designs.



Chapter 2
Measuring Volumetric Water Content and Electrical C ~ onductivity
Using TDR

2.1 Measuring Volumetric Water Content ( 6,) Using TDR

The use of TDR foB, measurement has become commonplace. The basitspriEmusing
TDR to measuré, is based on the ratio of the velocity of an elmtimgnetic (EM) wave in a vacuum
(c) to the velocity of an EM wave in a given mediwg).(The ratio of these two velocities represents
an indirect measure of the index of refractighd¢f a medium as:

[2.01] n=c/v,

The index of refraction is related to the dielecpermittivity €) of a material ag = €°°
wheree can be expressed as the relative dielectric congtg, which is the dielectric permittivity of
a material relative to a vacuum), frome, =&/ &, givingn =& °°. For any material that an EM wave
travels throughg, can be substituted forinto Eq. [2.01] to give:

[2.02] &°°=c/v,

TDR 6, determination is assessed by measwijrfgr a sample by measuring the travel time
(t) required for an EM wave to travel the length Gf2R probe ¢f) immersed in the sample from:
[2.03] t;=d/v,

And using [2.03] in [2.02] gives:

[2.04] &%°=ct/d

Topp et al. (1980) used Eqg. [2.04] to deterntipéor various soils by measuringo

calculateg,. The methodology was based on the definitive difiee ine, between the major soll

matrix components: water, air and soil. Nomigidbr water €,ate), air €air) and soil €.;) are 81 (at
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18°C), 1 and 1.5-6, respectively. The large diffiesbetween, - and botle,, andes,; means the,
in a soil with highB, will be considerably slower than thigin a soil with low8, and the time for the
EM wave to travel through the sample will increasth increasing,.

Topp et al. (1980) measurgdo determine the, for soils of differingd, using a coaxial cell
that is electrically equivalent to a coaxial cabith the insulating dielectric material replacedtbg
test soil. A coaxial cable (Fig. 2.01) is commounsed to transmit EM waves, e.g. cable television
signals, and is manufactured in the form of a cotraelayering of an inner conducting wire, usually
copper, encased by an insulating dielectric mdtstieh as polyethylene that is then covered with a
braided shield wire that acts as a ground. Theesntinstruction is then covered with an insulating

jacket, commonly polyvinylchloride (PVC), to protebe internal components of the cable.

A B 1
\ \ Z
27C

Fig. 2.01 Coaxial Cable Construction
(A) Insulating Jacket (B) Braided Shield Wire (@yulating Dielectric Material
(D) Inner Conducting Wire (Source: Belden Cable)
Thev, of an EM wave traveling through a coaxial cabldépendent on the of the inner

insulating material as per Eq. [2.02] and formslibsis for the coaxial cell measurements of Topp et

al., (1980). By replacing the inner insulating nnilewith soil at differen®,, €, was determined by



measuring the time required for the EM wave todtahe length of the coaxial cell containing the
soil sample.

The dielectric permittivity of a material is a coleyp parameter consisting of a real paf}, (
an imaginary parte()), wheree” represents the electric loss due to frequencyrakge loss
mechanisms such as dielectric relaxation and ttefeequency conductivityo(), which is
dependent on the angular frequenoy ¢f the EM wave and the dielectric permittivityafracuum
(g0 = 8.54E-12 farads per meter (Fynhwith j = (-1)°° representing the imaginary component as:
[2.05] =g +j(e" + (04 / WEY))

For this reason, TDR does not measure an exaa ehbuand Topp et al. (1980) assumed
thate’ was significantly greater than the electric logsg’ >>¢€” + (04 / WEg), such that = €'. Even
though the electric loss was not measurable, Topp €1980) accounted for the exclusion of this
term by representingas the apparent dielectric constiigtreplacinge, such that:

[2.06] K2°=ct/d

The use of a laboratory coaxial cell flgrmeasurement is not easily transferred to fieltl soi
measurement @, since it would disrupt the soil structure. Fdstlteason, various field waveguide
probes have been designed specifically for fialdisis. A common design uses a three-rod probe
(Zegelin et al., 1989) that is considered to eneutatoaxial cell (Fig. 2.02). This probe consists o
three parallel steel rods that are connected tmgial cable. The inner conducting wire of the ¢abx
cable is soldered to the center rod of the threallerods and the grounded shield wire is split i
half and soldered to both of the two outer rods.

The section where the rods are soldered to theiaazable forms the probe head and is
typically cast in an epoxy resin to protect theleatmnnection from the surrounding environment.

The exposed rod lengths can then be insertedhetadil such that the soil takes the place of the



inner, insulating dielectric material between tkater conducting rod and the two outer ground
shield rods. In essence, the coaxial cable traséonidine leading to the probe rods has been altere
to a parallel three-wire transmission line, whielm ®e considered analogous to a conjoined

symmetric twin wire transmission line.

coaxial cable

stainless steal rods
0.48 cm diameter

'5'#.__;__,#"‘_ 2.2 cm evenly spaced
(center-to-canter)

Fig. 2.02 Three-rod CS605 TDR Probe
(Source: Campbell Scientific Inc.)

Typically, a twin wire transmission line is baladcee. the voltage in the two wires are equal
in magnitude but different in sign with a positiv@tage on one wire and a negative voltage on the
other wire. Coaxial cables are different in that slystem is unbalanced with a voltage exclusively o
the center-conducting rod. This aspect of coaxdale design means that no voltage is generated
along the outer shield wire conductor as long ascthirent in the center conductor is returned
through the shield wire conductor (Dascher, 1996 connection of the center conducting wire of
the coaxial cable to the center-conducting rochefthree-rod TDR probe means that the three-rod

probe represents an unbalanced transmission line.

2.2 Measuring K, Using TDR

The travel timet;, for an EM wave to propagate through the sampteismonly measured

using a TDR instrument such as the Tektronix 15pRallic TDR Cable Tester (Beaver, Oregon,
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USA) or the Campbell Scientific Inc. TDR100 (Logahah, USA). The EM wave generated by a
TDR instrument comes from a repeated, controlldthge pulse into a coaxial cable and through to
the TDR probe. As the TDR signal travels alongdbaxial cable and into the TDR probe the voltage
will increase, decrease or remain constant depgratirthe dielectric properties of the insulating
dielectric material of the coaxial cable and thegie medium surrounding the probe. The change in
voltage along the coaxial cable and the TDR prelifisplayed as a waveform trace on an
oscilloscope screen with respect to time.

In practical application, the voltage changes showma 1502B waveform are displayed as
discrete changes in the measured impedafjcdlost TDR systems display the magnitude of the
voltage changes in terms of the reflection coedfitj which is the ratio of the voltage reflectedliba
from a discrete point divided by the initial voleagoing into that point. The reflection coefficiép)
is defined as the ratio of the initial or incidewitage ;) and the reflected voltag¥j as:

[2.07] p=(V=V) !V

The reflection coefficient is related to impedan€éhe coaxial cabléZ,), which is typically
50Q for most TDR systems, arfj of the TDR probe in the soil by:
[2.08] p=(Z4 —Z0) /(4 +Zo)

The 1502B plot& or p values as a function of the electrical distancapparent length on
the horizontal axis, which represents the timeeted by the EM wave. The apparent length can be
converted to time using the 1502B propagation vgldactor. The 1502B allows for variable
propagation velocity factor settings in order tachehev, of the generated EM wave to theof the
insulating dielectric material. Most TDR soil messmuents use the propagation velocity factor
setting for air, which is 0.99.

When there is no difference between the impedahtteeacoaxial cableZy) and the

impedance of the TDR probg.}, all of the energy traveling along the transnaisdine is transferred
10



into the sample. When a difference does exist bat&gandZ,, not all of the energy in the system
can be transferred from the coaxial cable to th® Titobe and some of the energy is reflected back
through the probe and the coaxial cable to the Ti3Rument. Any changes ihare displayed on the
TDR waveform trace and the time at which these gbamccur can be determined from the apparent
length at which the change occurs.

A typical TDR waveform obtained from a TDR probeeénted into a soil sample (Fig. 2.03)
shows as a straight line representing the TDR sjgassing through the coaxial cable siNge V;
andZ, =Z, =5 so thatp = 0 from Eq. [2.08]. As the signal enters the jgrblead, the impedance
change gives the case&f# Z, resulting in a voltage change and subsequenttigfteof the EM
wave that gives a corresponding change. ifhhe initial change ip typically occurs at the soldered
connection of the coaxial cable and the probe idelstifying the start pointp) of the TDR probe.
The waveform then increases to a maximpggef), decreases to a minimum valueaf and then
increases to a second maximunpat

The distance tp, at the start point of the probe is identifiedlees first reflection point,
which typically corresponds with an inflection metwaveform and an increasepinThe distance to
the point where the waveform displays another atite point and a second increaseiis
identified as the second reflection poipf)(corresponding to the position or distancetp. The
total apparent length,) is then the distance betweenandp, wherel, can be converted to the time
required for the EM wave to travel the length & irobe and back. Since the reflected voltage pulse
travels the length of the probe rods and backatteal distance traveled by the EM wave is twiee th
length of the probe rods dr= 21;, which when substituted in [6] gives:

[2.09] K2°=ct/ 2,

11



Determining the position gi; andp, is commonly done using the flat tangent or thd dua
tangent method (Heimovaara and Bouten, 1990; @k,2004). Either method determines the
position of the reflection point from the intersentpoint of two tangent lines drawn froprvalues
prior to and after either of the points (Fig. 2.08)jth the flat tangent method, a tangent line falra
to the x-axis is drawn using the averagg just before the beginning of the reflection poiahereas

the dual tangent method draws tangent lines leaditige apex of each inflection point.

TDR Waveform Parameters

0.600

Total Probe Length |;

0.500

0.400

0.300 ~

0.200 ~

0.100 ~

0.000 -

Reflection Coefficient ( p)

-0.100 A

-0.200 A

0s00 | Offset Probe Length s Pmin | P2
’ Position of Second Reflection
-0.400 T T T T T T
7.5 8.0 8.5 9.0 9.5 10.0 10.5 11.0
Distance (m)

Fig. 2.03 TDR Waveform Parameters Obtained Using Aektronix 1502B Metallic Cable Tester
Solid Line represents the measured TDR waveform.
Dotted Lines define waveform positions used to migitee TDR measurements.

Since the flat tangent method measures the disfamre; to p,, the measured total
apparent lengthJ includes the rod length encased in the probe (igaahd the exposed section of
the probe roddj. To obtain the apparent length that is exclugivihe exposed rodky), the

apparent length of the rod encased in the probe hasto be accounted for. This correction is
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typically termed the probe offsdt) value and can be determined by measufinfpr the probe in

air whereK, = 1 or by immersing the probe in a liquid of knolig such as distilled water. The value
of | is then determined by subtracting the measuragevadl, from the expected value bffor air

or distilled water to get the probe offset from:

[2.10] log=li—1a

The probe offset can also be determined ukiagd the dielectric constant of the material
used to form the probe hedtl.{.) that encases that section of the probe rodseSic TDR signal
is applied along the entire length of the probesrdide TDR waveform includes the changé& ihat
is contributed by the probe head material. If ther@ change iZ due to the probe head material and
the change is specific to the material comprishgrobe head onll, can be calculated froip and
Kheagby rearranging Eq. [2.11] to:

[2.11] Lo = In Knead ”

Usingl, in place oft; (Campbell Scientific Inc (CSl), 2005) provides amnefficient method
to determineK, directly from the TDR waveform since most TDR istents use apparent length as
the unit of measurement. Usihgn place oft; eliminates the operational step of computiray
replacingct/2 in Eq. [2.09] with, and the one way distance of the exposed rod lghyyguch that:
[2.12] KL=,

The dual tangent method uses the positiop,@kto determine the starting point of the
exposed probe rod length (Fig. 2.03) and effecgtiediminates the need to determigge An inherent
error is introduced using this methodology sineettine or distance tp,pexChanges with a variation
in 8, (Robinson et al., 2003a). Robinson et al. (20@3amined the problem of determining an
accuratd.y value that is caused by the moving apex of a TRReform using a water air immersion
method. Incremental insertion of a TDR probe t@atgedepths in water caused the position of the

apex to occur at longer apparent lengths when Be probe was exposed to an increased volume of
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water (Fig. 2.04). The error K, measurement due to this lateral movement of tkg ajith an
increase in the volume of water surrounding the Tidébe lead to the decision to use the flat tangent

method to determinigin this study.

Fixed start point ..
13 -+ P Waveform in air

1.1

Moving apex T

Reflection coefficient

/ 'y

//
S S /// // / J.f"Wavcform in water
Eé'é-f Ll - Moving end point

Time, ns
Fig. 2.04 Effect of Increasing Water Content on Pdtson of TDR Waveform Apex
The position of the Moving Apex increases with itherease in Time due to an increase in water
content. (From Robinson et al. (2003b))

2.3 Measuring Electrical Conductivity (EC) Using TD R
Fellner-Feldeg (1969) proposed that the derivative measured by TDR could be related to

the EC of an electrolytic solution with respectitoe. Dalton and van Genuchten (1986) determined
that EC could be calculated from a TDR waveforng(Ri05) using the voltage pulse entering a
parallel transmission lin&/¢) and the reflected voltage puldés) from:
[2.13] EC =K, >¥120rtIn (V+/VRg) (Siemens [S] M)

Determining the position dfr has proven to be difficult and at times imposs{deborio,
2001). To overcome this problem Topp et al. (1988hbined the thin sample analysis of Giese and

Tiemann (1975) with the work of Clarkson et al. {IPto derive a method to determine EC that took
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into account the multiple reflections found in tHeR waveform. This approach is commonly

referred to as the Giese-Tiemann method angriECcalculated as:

[2.14] EGsr = (eo0/ly) (ZrorlZo) [(2Vo/Vinr) — 1] (S nT)

- 1.0
}_ .
> b distilled water
u 4
0.5 A
(u"J_ 4 0.005 mol kg™ 1
.
Ll
8 +—0.0 4 ,
Z e
o) {1 Vi
= 11
O Vgi 05+ |
w 11 =
G.J La | VT 0.1 mol kg
L -
e X A N S—
0 0.61 1.22 1.83 2.44 3.05
ARBITRARY DISTANCE (m)

Fig. 2.05 TDR Waveform Parameters for Measuring EC
(From Noborio, 2001)

WhereZor is the characteristic probe impedariggis the cable tester impedance (usually
50Q), Vy is the incident pulse voltage a¥g; is the return pulse voltage after the multipldestfons
have ceased (Fig. 2.0&spr is usually determined by immersing the TDR prabdeionized water,
whereK,.r (for a known temperature) provides a referenckedigc constant and, is calculated
from:

[2.15] Zrpr = Zo K [V4/(2Vo/V1)] Q)
WhereV; is the minimum voltage at the position@f which is equivalent tp;,, so that/,

is equivalent t@min.
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Fig. 2.06 TDR Waveform Parameters/y, V1, Vins and Vs for Measuring EC

(From Or et al., 2004)

Voltage values\(+, Vg, Vo, V1 andVjy) cannot be acquired directly from the Tektronix

1502B or the TDR100 instruments because thesaimstits reporp values only. However, the

relationship betweep andV (Eg. 2.07) can be used to convérto p values to allow direct

application ofp measurements from the 1502B and TDR100 instrum&htsrelationship betwegn

andV from Eq. [2.07] gives:

[2-16] (1 _px)/(l + px) = (Z\/OIVX)/VX = 2\/0/VX -1

Where the subscripk™ applies to the location or apparent distance wlpeaor V is read from

the TDR waveform. Similarly, the inverse form gives

[2-17] (1 +px)/(1 - px) = Vx/ (Z\/O/VX)

Substituting Eq. [2.17] into Eq. [2.15] with = pmin Yields:

[2.18] Zror = Zo Ko ® [(1 + Prin)/ (L - Prin)]

And replacingZrpr from Eq. [2.18] into Eq. [2.14] gives the sameutedetermined by

Zegelin et al. (1989), which when combined with pheonversion of Eq. [2.16] yields:

[2-19] ECGT = (SOCIIr) Kao'5 [(1 + pmin)/(l - pmin)] [(1 - pinf)/(l + pinf)]
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Nadler et al. (1999) used a similar method andaegal the voltage measurements gith
values from the TDR waveform to determine EC. Thithod has been designated as the cell
constant method (EG) and EG is determined from:

[2.20] ECGen = (K/Zo) [(1-pin)/(1+ pin)] (S M)

WhereK is the geometric constant of the probémndZ is the characteristic impedance of
the coaxial cable (usually 8). The solution for E€, is based on the premise that the correlation
between EG, and (/Z.) [(1-pine)/(1+ pinr)] is linear withK as the slope of the regression line of the
two variables. Essentially, Eq. [2.20] is the ineerform of Eq. [2.08] that has been rearranged to
solve forz,, i.e.Z, = Z. [(1+p)/(1-p)] asZ. ™ = Z.* [(1-p)/(1+p)], with the insertion oK as the probe
constant term. This effectively reduces Eq. [2B0the simpler form of:

[2.21] EGa=KZ* (Sn)

Such that:

[2.22] K=EGaZ (MY

It is not necessary to uggs to obtain an accurate measure of EC. Althoughlliehe use
of pis insures that all waveform reflections have ceaiéslpossible to use@value at a shorter
distance ;) where the amplitude of the reflections have desed significantly and the waveform
flattens enough tha; can be considered equivaleniptg andp: can be used in plagg; for the
calculation of EC. The value of can be determined visually from the waveform erpbsition ofpy
can be selected as a specific distance past theunegbvalue of,, e.g. Noborio (2001) considered
that the position of; should be ten times longer thign

All of the EC measurement methods described herd¢heselectrical relationship between
resistanceR) and impedanceZf, whereR andZ can be considered equivalent for the purposeisf th

study. The relationship betweBwand the conductanc&) is G = R*, so that the reciprocal of
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impedance is related to conductancezy Z*. EC is then proportional 16 and the cross sectional
area of the probe rods and inversely proportiom#hé length of the probe rods (Jackson, 1976) as:
[2.23] EC =A/(GI)

WhereA andl are the respective cross sectional area and lefigiie conductor, which in
this case would be analogous with the TDR probe.rSthce EC is dependent upon the probe
dimensions, a separate calibration procedure woelldkquired for any specific TDR probe design.
However, for a given probe design EC (3)mepresents thé (S) of the medium being measured
relative to the spatial dimensions of the probe.

The TDR waveform equations and their derivatiogedus this study are presented in

Appendix A.
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Chapter 3
Coated TDR Probes

3.1 Background

Problems are encountered when TDR is used to m=@sur saline soils with soil water of
high electrical conductivity (EC). As the EC of thail increases, the zero frequency conductivity
(oq40) increases and the electric loss increases (s€f@ Bg]). If o4 is large enough, theaf + (0. /
weg) becomes significant and the assumption¢hak, is no longer valid. Essentially, the highly
conductive soil matrix between the TDR probe radarialogous to the formation of an electrical
short circuit and all of the energy passes direfetyn the center-conducting rod to the outer shield
rods with little or no interaction with the surraling soil. As the soil EC increases, the ability to
identify the location of the second reflection fgain the TDR waveform is diminished to the point
where it becomes impossible to accurately medgubalton et al. (1984) determined titatcould
not be measured using TDR when the soil EC exce@@®&dS rit. To extend the use of TDR in
saline soils, the use of shorter length probeskas recommended (Robinson et al., 2003a),
however there is a loss of resolution in the meament ofK, because the shorter probes result in
reduced;. The use of three-rod probes was found to be switable in saline soils than two rod
probes, however three-rod probes were still noabkgof measuring, in highly saline soils
(Whalley, 1993).

The application of a nonconductive coating mateédahe TDR probe rods has been
successfully used to extend the capability of TlRheasurement in saline soils. The nonconductive
coating acts as a barrier between the probe radithersoil preventing direct contact of the metal

rods with the soil reducing the energy loss dueléatrical conduction (Mojid et al., 1998). TDR
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probe rods have been coated with phenolic fabradbesive polyethylene sheeting (Mojid et al.,
1998), PVC (Ferre et al., 1996), heat shrink pdfinltubing (Nichol et al., 2002; Persson et al.,
2004) or heat shrink Teflon tubing (Miyamoto andrideama, 2004). TDR probes with a PVC
coating are commercially available (Becker et2006).

When a coating is applied to a TDR probe, theimiahip betweelK, and, is affected. At
least three factors have an effect on this relatign the thickness of the coating applied, the
dielectric constant of the coating materi&.t) and the number of TDR probe rods that are coated.
Analytical solutions have shown that increasingtttiekness of the coating material resulted in a
decrease i, (Annan, 1977a, 1977b; Knight et al., 1997; Fetral.e 1996) and experimental results
for a TDR probe immersed in water using coatingaroépoxy ceramid(,,;~ 63-77), enamel spray
paint Keoa:~ 5-8) and heat shrink polyolefil{.~ 3-4) showed a decrease in measitgdith a
decrease iq: Ko Was seen to decrease from 82.5 for the uncoatdsbpo 73.1, 47.1 and 28.0, for
each of the respective coating materials (Fujiyasal., 2004).

Moijid et al. (1998) measured the effect on measHKeddr a three-rod TDR probe with
different rod coating configurations. The coatimgfigurations studied included coating of the
center-conducting rod only, coating just the otier rods coated and coating all three rods. Coating
the center conducting rod or all three rods magestible to measuf in saline soils with EC
levels as high as 7.88 S'nwhile coating just the outer two rods limitedmeasurement to soils with
EC < 0.49 S m. Measured, for all of the coated rod configurations was foumdbe lower than the
measuredK, for the TDR probe with no coating with the greatesgluction irk, occurring when all
three rods were coated (Moijid et al., 1998). A Emieduction in measure€}, was found to occur
using a TDR probe with non-coated rods when théeceonducting rod and ground shield rods were
separately inserted into dry or wet sand in theeseomfigurations as the different coatings (Mojid

and Cho, 2002). Measuré&d was found to be considerably lower when the cetteducting rod
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was placed in dry sand and the ground shield rade yaced in wet sand compared to the center
conducting rod in wet sand and the ground shiadd io dry sand, i.e. the center conducting rod had
the greater effect on measuied

Knight et al. (1997) determined that the effecanfair gap along the length of the center-
conducting rod of a three-rod probe would be grethtn the effect of an air gap along the length of
the outer shield rods. In these cases, the aicgapletely enveloped the TDR probe rods and could
be considered analogous to a coating of air araifibR probe rod such thkt.,:= 1. The reason
for the air gap around the center-conducting rodrtgpa greater effect dg, than an air gap around
both of the two ground rods was based on the $patighting associated with the sensitivity of the
TDR probe (Knight, 1992).

Ferre et al. (1996) considered a square root aweragodel with uniform weighting factors
for axially varying coating materials and an inweaveraging model with non uniform spatial
weighting for transversely varying coating matevidersson et al. (2004) used this approach for

calibrating a coated-uncoated TDR probe desigrgusitwo-phase dielectric-mixing model.

3.2 Measuring 6, and EC with a Coated TDR Probe

The application of a coating to the TDR probe rads primarily intended to extend the
capability of a TDR probe to measu@gein highly saline conditions. For the most parse@ch has
been limited to determining the measuremerti,afnly and investigation into the effect that a edat
TDR probe has on EC measurement is limited. Niehal. (2002), using a three-rod TDR probe with
a 0.0004 m thick polyolefin coating applied to temter-conducting rod coated reported a nonlinear
decrease ip; with an increase in solution EC from 0.1 S tn 7.0 S rit. A small decrease was seen
in pr from 0.1 S it to 2.0 S it while substantial differences i occurred between successive EC

levels for EC > 3.0 S th However, Nichol et al. (2002) noted a failuretwtite probe head seal that
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led to the probe head rod sections being diregipsed to the EC solutions, which could adversely
affect the measurement gfsince the probe head center-conducting rod wasoated. Persson et

al. (2004) determined EC measurement was not pgesstien the center-conducting rod was coated
with their coated-uncoated probe design adaptation.

A TDR probe with the center-conducting rod coatéith wolyolefin was found to be
incapable of discerning differences in soil andisoh EC compared to a non-coated TDR probe for
investigative lab and field studiggefs. commJ. Price). However, by cutting out a section &f th
coating and leaving a section or “gap” in the autivhere the center conducting probe rod was still
in direct contact with the soil yielded a measueate#crease ip; with increasing EC.

There are conflicting reports in the literaturgaling the effect that changes in EC have on
TDR measurement &,. An overestimation of sofl, with increasing EC was found using non-
coated probes (Wyseure et al., 1997; Sun et @0;2ersson et al., 2004), while Nichol et al. @00
found no difference i8, for EC < 0.5 S m. Nichol et al. (2002) and Persson et al. (2004 b
report finding no difference in measur@dwith increasing EC using a TDR probe with the eent
conducting rod coated (Nichol et al., 2002; Persstaal., 2004).

To effectively use coated TDR probes for the mezsment off, in saline soils it would be
necessary to determine the effect that EC woul@ loavthe TDR waveform collected using a coated
TDR probe to measufk. As noted above, past research has reported ciimfliresults regarding the
effect that coatings have on TORRmeasurement with changes in sample EC and thergrsudy
was undertaken to evaluate and ascertain the ¢ffaca polyolefin coating on the center conducting
rod of a three rod TDR probe (CCRC probe) and ggbefin coating with a “gap” on the center

conducting rod of a three rod TDR probe (GAP prdia) on the measurementgyfand EC.
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3.3 TDR 6, Calibration

3.3.1 Standard Calibration Methodology

TDR measurements of s@} are normally done using calibration curves derivgglotting
Ka determined from TDR waveforms for TDR probes itesgin soils of knowr,. Using the
measured, from the TDR waveform for soils at differefitlevels,K, can be calculated using Eq.
[2.12]. The most renowned calibration for minei@lswas derived by Topp et al. (1980) and uses a
third order polynomial to relat€, to 6, as:

[3.01] 6, =-0.053 + 0.0292, — 0.0005%,2 + 0.000004B°

Eq. [3.01] was derived by forcing the regressextitbrder polynomial througK, for water
at 20°C, well outside of the data collected forrthiaeral soils tested. Considering that a thirceord
polynomial mathematically includes an inflectioriggaghat generally occurs at the midpoint of the
regression curve, using this calibration functiongeat soils would not be prudent. The inflection
point found with the calibration function of Toppas. (1980) occurs over the regiongyf= 0.450 n
m*to 0.600 M m?, which is generally well below the water contehinmst peat soils.

Calibration curves have been derived for use it peis and are listed below. A second
order polynomial function (Eq. 3.02) was developgdPepin et al. (1992) for peat from a forested
bog, while third order polynomial functions wereided by Paquet et al. (1993) for peat mixed with
sand and bark (Eg. 3.03) and Kellner and Lundi®{2®or peat from bog hummocks and hollows
(Eqg. 3.04). Shibchurn et al. (2005) derived a liharic regression calibration for peat used in

biological filtering (Eq. 3.05).

[3.02] 6, =0.085 + 0.019, — 0.0000954K, Pepin et al. (1992)
[3.03] 8, =-0.0055 + 0.0426, — 0.00097K.2 + 0.000009K > Paquet et al. (1993)
[3.04] 6, =0.039 + 0.031K, — 0.0004%.% + 0.000002K Kellner and Lundin (2001)
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[3.05] 6,=0.2667 InK,—0.1405 Shibchurn et al. (2005)

A comparison of the four peat soil calibrationvag and the calibration curve from Topp et
al. (1980) is presented in Fig. 3.01. The calibraturves display a wide variety of configurations
indicating a high degree of variation in sjlvs. TDR measureld,. All of the peat soil calibration
curves yielded, values that were greater th@yvalues determined using the Topp et al. (1980)

equation at equivaletd, values.

Comparison of Peat TDR Calibration Curves
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Fig. 3.01 Comparison of TDR Calibration Curves forPeat Soils
The problem of using a third order polynomial fuoctfor calibration is highlighted in the
calibration curve of Paquet et al. (1993) wheralstantial inflection point frorfl, = 0.400 M m® to
0.600 mi m® occurs in the same manner as the Topp et al. {I2@0ration curve. A similar pattern
is seen with the Kellner and Lundin (2001) calilmatcurve, however the inflection point happens

from 8, = 0.650 M m*® to 0.850 M m®, which coincides with the averafgrange for peat soils. The
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pattern of the Shibchurn et al (2005) logarithndtihration curve shows a rapid changdjwith
increasing{, for K, < 25 with a gradual change @ for K, > 25 suggesting that a logarithmic

function does not provide an optimum fit for cadition purposes.

3.3.2 Calibration Curves Using Liquids of Known K, and Water Liquid Blends

Many studies have been conducted using liquidsiof dielectric constant to provide TDR
waveforms that provide a measutggalue that can be correlated to a kndyrvalue. The types of
liquids that have been used include alcoholspaitaffin and glycerol, where the majority of the
materials have dielectric constants in the rangeden that of air and water. Other studies havd use
blends of a liquid of a known dielectric constaitivwater to yield calibration curves.

Two concerns are prevalent when calibration cuaresderived using either of these two
methods. Caution must be exercised to accounhéeffects on the TDR signal that would occur
due to the dielectric loss’() or imaginary permittivity and the electrical cartivity (o4 of any
particular liquid over the frequency range measwitd the TDR system as described in Eq. [2.05].
If the liquid used exhibits a sizealgléor is substantially conductive, the suppositicet ¢h>>¢€"” +
(o4c / WEg) is no longer valid and the effect of eitléror oy, or both, becomes significant. For the
most part, many liquids are available that do raatehany appreciable conductivity and the selection
of a nonconductive liquid is not a concern for loadtion purposes.

Robinson et al. (2003a) discuss the effect thelediric relaxation has on the TDR
measurement a&f at frequencies within the TDR bandwidth of 0 .601..75 GHz. Measurements of
¢’ for propanol were found to decrease from 19.0feequency of 0.2 GHz to 8.4 at 1.0 GHz, which
means the signal at the lower frequency travedslatver velocity relative to the signal at the tégh
frequency. Since the TDR signal comprises theuieegies between 0 .001 to 1.75 GHz, the TDR

waveform represents the combined response ofegjuéncies within this frequency range.
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Water exhibits dielectric relaxation at frequesdiethe range of 17 GHz (Robinson et al.
2003a), which is well beyond the frequency rang&@R. However, when the liquid being measured
by TDR exhibits dielectric relaxation within theefuency range imposed and an increasé in
occurs, TDR measurdg}, is affected. Jones et al. (2005) determigieahde” for various liquids over
the frequency range of 0 .001 to 1.0 GHz (Fig. B.Bar propanold = 22.7) and glycerok(= 46.5),
dielectric relaxation was seen to occur over tegudency ranges of 0.01 to 1.0 GHz and 0.001 to 1.0
GHz, respectively. The increasesihwas substantial for each material indicating thateasured
using TDR would result in a considerably lowgrvalue than the expected value.

An exploratory examination of the effect that thielettric relaxation of these two materials
had on TDR measurd€, was undertaken using a Tektronix 1502B metallletester and a 0.30 m
three rod TDR probe. Measurkdfor propanol was 14.6 and 20.1 for glycerol (F@3). Both
materials had lowe, values than expectedvalues withK, for glycerol being substantially lower at
less than half the expected Based on this example, it is clearly seen thadiklectric relaxation
properties of a material must be taken into comatien when used to calibrate a TDR probe.

Liquids that have little to no dielectric relaxatiwithin the frequency range of TDR have
been identified. Jones et al. (2005) and Blonetist. (2005) have used 2-isopropoxyethanol and
water blends, however 2-isopropoxyethanol doeshibdun increase in” at 1.0 GHz. White paraffin
has been used by Schaap et al. (2003) and acetdmeaetrating oil have been used by Robinson et

al. (2003).
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Fig. 3.02 Real Permittivity €") and Imaginary Permittivity ( ") for Various Liquids
In the bottom, right hand graph, Glycerol (solid fime) and 1-Propanol (dotted red line) display a
substantial increase &f over the TDR measurement frequency range. (Fraraslet al., 2005)

Measured K , vs. Actual g For Air, Propanol, Glycerol and Water
90

Air
80 -
1-Propanol
Glycerol
Water

60 4 —>¢— Expected e'

70

o> oo

Measured K a

T T T T T T T T
0 10 20 30 40 50 60 70 80 90
Actual g

Fig. 3.03 Effect of Dielectric Relaxation on Measuad K, of 1-Propanol and Glycerol
Measured, is lower than Expected for both 1-Propanol and Glycerol due to increase iover the
TDR measurement frequency range.
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Blends of liquids with water have been used tibcale TDR probes (Jones et al. 2005,
Blonquist et al. 2005). However the same precauwdfaselecting a liquid that has no appreciable

dielectric relaxation over the TDR frequency rastk applies.

3.3.3 Water Air Immersion Method

The water air immersion method simply involvesiti@emental immersion of a TDR probe
into a container of water. The length of the TDBl& immersed in water is then equal to the volume
of water measured by the TDR probe while the lenfthhe TDR probe immersed in air equals the
volume of air measured by the TDR probe. The suthefespective water and air volumes

represents the total volume measured by the TDBepfi6ig. 3.04).

Air

Water

Length of Rods in

water - 1, (m) 0.00 0.05 0.10 0.15 0.20 0.25 0.30

Length of Rods - Ir
(m)
Fractional Volume of
Water (6,) Sampled 0.000 0.167 0.333 0.500 0.667 0.833 1.000

By Rods

0.30 0.30 0.30 0.30 0.30 0.30 0.30

Fig. 3.04 Water-Air Immersion Method
Based on a 0.030 m CS605 Three-rod TDR probe

The water air immersion method has been used @gighéforward technique to calibrate

TDR probes. Robinson et al. (2003b) used the veatémmersion method to emulate the effect of
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changes in water content along the length of athod TDR probe to examine the effect of a low
dielectric constant layer over a high dielectriostant layer to emulate a dry soil over moist soil
scenario. Schaap et al. (2003) used a similar apprto the water air immersion method by adding
white paraffin as a third layer to study the effeatTDR signal propagation through layered media.
Heimovaara et al. (2004) determined the dielecwitstant profile along the length of a TDR probe
using the water air immersion method as well asriag soils. Becker (2004) used the water air
immersion method to determine the wave velocitywater and air along the length of a three-rod
TDR probe coated with PVC. Herkelrath et al. (19819 Hook and Livingston (1995) have shown
that the series addition of each individual soitnmacomponent can be summed to obtain the same
K, as a heterogeneous soil matrix.

The basis for using the water air immersion metterdbe attributed to the work of Topp et
al. (1982) where TDR was used to measure the awa@iwater content along the length of the
TDR probe even when large differences in wateramngxisted in the region being measured. Ferre
et al. (1996) referred to this as the length weidtaverage for the measured apparent relative
dielectric constant, i.&,. For two sequential materials along the exposeterod length {J with
apparent dielectric permittivities &f; andK,, covering the probe rods for sequential lengtHs of
and b where the exposed probe rod length |k + I, the length-weighted averaig™® becomes:
[3.06] K*°= (I/l) Kar™® + (I/l) Koz

Robinson et al. (2003b) described the total tiingropagation of the TDR signal for a two-
layered medium, i.e. water and air, as a formrmeffective index or dielectric mixing model whdre
andt, represent the time for the TDR signal to travedtigh each of the sequential materials fand
andf, represent the volume fractions of each materalpectively as:

[3.07] ti=ty+t, =K = Ko ® +f, Ko ®
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Dielectric constant values calculated as a funadbimmersion length were found to yield
accurate values compared to values determined tiséngdjelectric-mixing model with the respective
volume fractions of air and water.

One concern of using the water air immersion nattbcevaluate a coated TDR probe was
the effect the coating has on the determinatiaf,df along the length of the TDR probe rods or in
the axial direction. Annan (1977b) based the sofutor the effect of an air gap along the length of
transmission line by representing the air gap hedbil between the lines as a series capacitance
yielding the total capacitance of the air and thiéas:

[3.08] G = Gair Csoit / (Cair + Coon)

Where G is the series capacitance between the rods dbe &ir gap and the soil sample and
C.ir and Gy are the capacitances due to the air gap and iheese@een the rods, respectively.

In the case of the water air immersion methag,i€replaced by the capacitance of the
polyolefin coating (Ga) While C; is replaced by some combination qf @nd the capacitance of
water (Guate) 10 giVe Guater-coatingNd Gir-coating@S:

[3.09] CGuater-coating™ Cuater Ceoating/ (Cuater + Ceoating
[3.10] Ghir-coating= Cair Ceoating/ (Cair + Ceoating

Since the water and air layers are distinct arghali axially along the probe rods, the water-
coating and air-coating layers represent two cagaoes in parallel and as such, the total capamtan
(C) along a non-coated probe rod would be the sutheo€apacitances or:

[3.11] G = Cuater-coating™ Cair-coating

For a coated probe, both conditions representdegby3.09] and [3.10] exist, i.e. the coated
probe immersed in two separate layers of air andwapresent two sets of two capacitors (air-
coating and water-coating) as two capacitors ialfgralong the length of the TDR probe in the hxia

direction giving a total capacitance of:
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[3.12] G =[Car Cooat! (Cair + Ceoaj] + [Cwater Cooat/ (Cuater + Ceoa]

The fractional contribution of each of the twosset the two capacitors in series is correlated
the to cross-sectional area of the probes andds ate directly proportional to the respectivegtén
of the probe rod immersed in either air or wateve@ that the coating thickness and the separation
between the TDR probe rods are constant, for argndiractional length of air and water, the total
capacitance with respect to the length of the prodeémmersed in water or air would be expected to

conform to a linear correlation.

3.3.4 Dielectric Mixing Model

A dielectric mixing model (DMM) provides an alteth@ method to establish a functional
relationship betwee, andK, using TDR. The premise for development of a DMMdoil matrix
is based on the respective contribution of theedielc constant of each material to the ackKyaf
the soil matrix. Roth et al. (1990) developed a DMMietermine, using TDR measurements kf
based on the fractional volumes of wat),(soil (1 -¢), whereg represents the porosity of the soil,
and air (p—6,), and the respective dielectric constants of thestituent parts of the soil matrix such
as water Kyatep), S0il Ksoi) and air Kyi).

The modular arrangement of a DMM into the respecti®lume fractions and material
dielectric constants provides the opportunity towespecific information regarding, or ¢ of a soil
matrix. Temperature correction can also be incaeal for any of the individual parameters that are
temperature dependent.

A three-component system for wet soils (Roth ¢tl&190) is given as:

[3.13] Ka=[By Kuater' + (1 —¢) Ksoi™ + (0= 8,) Kai"] ™
Wherea represents the geometry of the medium relatiteeé@pplied electric field. For

layered soilsq is considered to range from —1 for soil layererpprdicular to the electric field of
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the TDR probe to +1 for soil that is layered palaib the electric field (Birchak et al., 1974; Avudt
et al., 1984). Roth et al. (1990) determined tha& fitof the mixing model for several soil types
occurs whem = 0.5, while Kellner and Lundin (2001) arrivedoatalues ranging from 0.28 to 0.38
for peat soils and Dobson et al. (1985) foand 0.65 for sandy loam to silty clay soils. Chamgin
to fit a DMM conflicts with the theoretical relatiship betweemn ande of Eq. [2.01] (Whalley,
1993).

To conform with the relationship betwegrande from Eq. [2.01] the value af = 0.5 would
be expected mathematically and substituting 0.5 into Eq. [3.06] gives:
[3.14] Ka=[BKuaer * + (1 —@Ksoi™® + (@ — 6,)Kqi>]?

Using average values Bty = 5,9 = 0.96 anK,.er= 79.4 as reported by Kellner and
Lundin (2001), a comparison between the DMM of BcP7] and the calibration curves of Kellner
and Lundin (2001) and Topp et al. (1980) providgsaghic example of the problem encountered
using a third order polynomial (Fig. 3.05). Thefeliénce ing, between the DMM and the two third
order polynomial calibration functions féf, = 1 to 80 is as high as 16% for the Topp equadiuth
13% for the Kellner and Lundin equation. The infilee range of both third order polynomial
calibration curves suggest the chang8,iwith the change i, is considerably less over the
inflection range than the change@ipat other points along the calibration curve, whielems
guestionable as there is no physical reason givemglain such a relationship. In effect, the usa o
third order polynomial incorporates measuremerdreénto the regression curve.

From the DMM, the relationship betwe&gandb, is seen to be directly proportional to the
exponent of 2 from Eq. [3.09], suggesting that@ad order polynomial would provide a more
accurate representation of the correlation betwéemnd6,. In fact, the correlation can be described

with 8, directly proportional tok.2° which is the same 4gl, from Eq. [2.12]. Plottind, vs.14I;
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results in a straightforward linear regression afioyg the optimum correlation betweéf and6,

and is essentially the same as using the linear &, vs.t; of Ledieu et al. (1986) and others.

Comparison of Soil 8, TDR Calibration Curves to Dielectric Mixing Model

1.000

—e— Topp et al. 1980
0.900 1
—a— Kellner and Lundin 2001

08001 4 Dielectric Mixing Model (Roth et al., 1990)

0.700 A

0.600 A

A6, vs. Dielectric Mixing Model
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0.400 A

0.300

1, Error (nf m?)

0.200

0.100

0.000 +#

Fig. 3.05 Comparison of TDR SoiB, Calibration Curves to Dielectric Mixing Model
Inset shows the deviation @ of the Topp ¢) and Kellner-Lundin®) regression equations from the
Dielectric Mixing Model (A) regression equation.

3.3.5 Water-Air Dielectric Mixing Model (WAMM)

The DMM can be simplified to a two-phase mixing rabdsing only water and air by
eliminating the soil and porosity terms in Eq. [R.@s:
[3.15] Ka’°= 8y Kuater >+ (1 -6,) Kair®

The water-air DMM (WAMM) of Eq. [3.10] can be ustmicalculate expectdd.,’* values

that can be compared to actigl” values measured by a TDR probe using the watémaiersion
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method. The water volume fractiod,) of the WAMM would then be equivalent to the radiothe
length of the TDR probe immersed in watigg:{) to the exposed rod length,ast, = lyaer/ | and

the air fraction then becomes the length of théglicnmersed in ail{) tol; as (1 -6,) =l /|,

3.3.6 Effect of Temperature on K, Measurement

The value oK is temperature dependent dgh.r decreases with increasing temperature.
Pepin et al. (1995) found an absolute measurememt@ 2.1% inB, for peat soil over a temperature
range of 15° C, while Persson and Berndtsson (188@&ymined a correction factor of —0.002690
°C™ for sandy soils or a 4%, measurement error. Since it is common for tempegab vary within
a 25 °C range under normal field conditions, cogrgition should be given to the effect that
temperature variation has on TDR measureme#t,of

The effect that temperatur€)(has on measurekl, can then be accounted for by calculating a
temperature corrected valueAif..: using the correlation betwe@randK ..., of Weast (1986):

[3.16] Kyawer= 78.54*[1 — 4.5791E-03¢25) + 1.19E-5(-25) — 2.8E-08(-25)}]
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Chapter 4

Experimental

4.1 6, and EC Measurement Using NC, CCRC and GAP TDR Prob es

4.1.1 Method and Materials for 0, Measurement - Water-Air Immersion

The water air immersion method was used to obtlibration curves foK,2> vs. 6, using a
CS605 TDR probe (Fig. 4.01) that had no coatindieghpo the center-conducting rod (NC probe),
the center-conducting-rod coated with polyolefitCC probe) and the center-conducting rod coated
with polyolefin with a 0.01 m gap in the coatingla midpoint of the center-conducting rod (GAP
probe).

The CS605 TDR 3-rod stainless steel probe (Fidl)h@ad a total rod lengtih) of 0.385 m,

a head rod length,J of 0.085 m and an exposed rod lendthaf 0.30 m. The center-to-center
distance between the rods of the CS605 probe rad€vd22 m and the diameter of the individual
probe rods was 0.00475 m. The probe head was nficfeepoxy material witK,, = 4.5 to 4.6 ffers.
comm.J. Bilskie, CSI) giving a median valuekf = 4.55. The probe offset calculated using these
values gives,s = 0.181 m from Eg. [2.11]. The probe head dimemsare 0.108 m long, 0.07 m
wide and 0.019 m thick. The CS605 probe was atththa 15 m Belden 9907 RG58A/U cable that
had a rated cable impedance 0€50

The CCRC and GAP probe (Fig. 4.01) were coatedyuitl9 m 1.D. thin wall, heat shrink
polyolefin tubing (NTE Electronics Inc.). The dietgéc constant of the polyolefin tubing wlg., =
3.3 based on technical data sheets for similarghefiyy tubing products. The polyolefin heat shrink
coating was applied using a thermal heat gun vétltion taken to insure that no air gaps were

formed between the coating and the probe rod. Usicgometer calipers, the average thickness of
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the applied polyolefin coating was measured at@G0n. The GAP CS605 TDR probe was
prepared by removing a 0.01 m section of the pelyolcoating from the CCRC probe at a distance

of 0.145 m to 0.155 m from the junction of the prdtead placing the GAP at the direct centdy. of

: NC Prob

GAP Probe

Fig. 4.01 Polyolefin Coating Applications for the G605 TDR Probe
No rods coat (NC), center-conducting rod coatedRC¥and center-conducting rod coated
with gap (GAP)

The NC, CCRC and GAP probes were immersed in dagonivater at incremental depths of
0.05 m from 0.00 m to 0.30 m in a 100 mm I.D. P\W@ncler with a total depth of 0.60 m. The
immersion depths were selected to obtgih ratios corresponding &, levels of 0.000, 0.167, 0.333,
0.500, 0.667, 0.833 and 1.008 m®. The CS605 TDR probe was centered in the middteePVC
cylinder to ensure a minimum distance of 0.05 mvbeh the probe rods and the cylinder wall. The
temperature of the deionized water was 22.5 °@eatitne the TDR readings were taken, which
corresponds Witk yqer = 79.45 from Eqg. [2.22].

TDR waveforms were obtained using a Tektronix 15@&Rallic cable tester and WinTDR

software (Or et al., 2000). Ten separate wavefavere collected at eadh level for the NC, CCRC
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and GAP probes in order of lowest to high&stThe waveform data points were transferred to an
Excel worksheet to determine the first and secefidation points @, andp,) and calculaté, for the

three probes from Eqg. [2.10]. Average valueKofor eachB, level were calculated using Eq. [2.12].

4.1.2 Method and Materials for 8, Measurement - Sand-Water Mixtures

A standard calibration method using sand and desahivater mixtures, to represent the
condition of a sandy soil, was used to obtain agamieson between the calibration curveKgf vs.
0, for the non-coated (NC) probe and center-condgetia coated with heat shrink polyolefin

(CCRC).

The NC and CCRC probe were inserted vertically thiosand-water mixtures to a depth of
0.30 m so that only the TDR probe rofsWere exposed to the sand-water sample leavingrtize
head exposed to air to represent the same condifittre probe head in the water-air immersion
method. The NC and CCRC probes were inserted atethier of a glass cylinder containing the sand-
water mixture to ensure a minimum distance of @0Between the probe rods and the cylinder wall.
The glass cylinder was 0.54 m deep with an I.0D.&10 m. The temperature of the sand-water
mixtures was 20 °C at the time the TDR readingewaken, which corresponds WKRaer = 77.56

from Eq. [2.22].

The sand used was a commercially available gradg$Bnd from Sil Industrial Minerals
Inc.). The sand was dried at 100 °C for 48 houi po use. The weight of sand necessary to cover
the NC and CCRC probe rods was measured in the gjdiader, removed to a polyethylene pail and
thoroughly mixed with three different volumes ofatézed water to obtain thrék calibration
samples. A fourth sample using only dried sandingsided in the sample regimen. Each sand-water

mixture was then packed into the glass cylinder@mdpacted to obtain a level surface that was
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aligned at the interface of the probe rods andet@ad of the NC and CCRC probes. The bulk

density of the dry sand sample was calculated th &8 g crif.

TDR waveforms were obtained using a Tektronix B@#etallic cable tester and WinTDR
software (Or et al., 2000). Ten separate wavefamere collected for each sand-wafigemixture and
the sand only sample for each probe. The wavefata jpoints were transferred to an Excel
worksheet to determine the first and second reéflegioints p; andp;) and calculaté, for each of
the samples from Eq. [2.10]. Average value& gfor each sand-waté, level were calculated using

Eq. [2.12].

Drying the sand-water mixtures for 48 hours at 1&fihpleted gravimetric determination of
0, for the sand-water mixtures. The volume water eonfor the sand-water mixtures was 0.086,
0.183 and 0.306 fm* for the NC probe and 0.096, 0.202 and 0.334rhfor the CCRC probe,

respectively.

4.1.3 Method and Materials for EC Measurement

The NC, CCRC and GAP CS605 TDR probes were cadiirasing 11 EC control solutions
(ECsor) that ranged from 0.00002 S'rfdeionized water) to 1.06 SinThe NC, CCRC and GAP
probes were completely immersed in the EC conblit®ns to obtain measured EC calibration
values. The incremental immersion of the probetdifferent depths in the water column used in the
water air immersion method was not used for ECbcatiion of the probes.

The EC solutions were prepared by adding quantifieemmercially available sea salt to
emulate the same chemical composition as thataa¥ater and then each solution was transferred to
the same PVC cylinder used in thestudies. EG,, and temperature were measured using a WTW

LF 330 Conductivity Hand Held Meter. The temperasuof the EC solutions were found to be very
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consistent with a temperature range during testfrgR.2 °C to 22.9 °C. No temperature correction
was applied to the measured EC values.

The NC, CCRC and GAP TDR probes were completelyénsed in each EC solution and
TDR waveforms were obtained using a Tektronix 15@2Rallic cable tester and WIinTDR software
(Or et al., 2000). Ten separate waveforms werecidt for each EG;, in a random order. The
waveform data points were then transferred to axeBExorksheet to determine the requipedalues.
For each EG,, measureg@: represents the average of the laspi@lues from the waveform. To

evaluate the effect of EC ¢0° measurement, values were also determined for eachJsC

4.2 Results

4.2.1 6, Measurement Using NC, CCRC and GAP TDR Probes — Wa ter-Air Immersion

Waveforms for the CCRC and GAP probes were esdlgriti@ same for correspondirty
levels, while both the CCRC and GAP waveforms veengsiderably different then the NC
waveforms (Fig. 4.02a to 4.02f). There was a natite separation between the CCRC and GAP
waveforms whem, exceeded 0.333%m™® and the degree of separation appeared to incasfse
increased. The distancefgexand the amplitude qf,,.xwas the same for each TDR probe at
corresponding@, levels but increased with increasi®gfor each probe.

K. values for the CCRC and GAP probes were lessKifatvalues for the NC probe
(Table 4.01). A small differencaK.”% was found between CCRC and GKE* values fo®, >
0.167 m m® with the maximum difference occurring@t= 0.667 m m?>. A very strong linear
correlation was found for the stand&td-° vs. 0, calibration curves for the NC, CCRC and GAP
probes with respectivé values of 0.999, 0.997 and 0.996 (Fig. 4.03). difference in the slope of

the NC and CCR®&_,>* vs. 6, calibration curves combined with their equivalgittercept values
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indicated that the difference in measukelf® between the NC and CCRC probes increased with
increasing,.

WAMM K values (Table 4.01) were calculated using EqO[Bith Kyaer = 79.45
calculated using Eq. [3.11] wifhi= 22.5 °C. NC prob&.>* values were consistently lower than
WAMM K> values with the exception 6f = 0.167 M m®. This exception was considered to be the
result of the difficulty encountered in determiniaig accurate distance to the position for the sitcon
reflection point fo, = 0.167 M m* (Fig. 4.01a). In general, the differend(’°) between WAMM
and NCK,”*° values was the same at e&chevel, suggesting that a common factor may bénisitr
in the measurement &£ using the NC probé,>* values for the CCRC and GAP probes were all
consistently less than WAMM_ > values as expected, since CCRC and GARNEvalues were
consistently less than NIC® values.

A very strong linear correlation was found betwBERK 2®° vs. CCRC and GAP N&.>°

values with T = 0.994 and 0.992, respectively (Fig. 4.04).

Table 4.01K.%®vs.@, for NC, CCRC and GAP TDR Probes

ov K a0.5 AK a\0.5 AK a\0.5

(m® m? WAMM NC Probe CCRC Probe | GAP Probe NC - WAMM | GAP - CCRC
0.000 1.000 0.860 0.895 0.895 -0.140 0.000
0.167 2.319 2.330 1.321 1.333 0.011 -0.012
0.333 3.638 3.435 2.191 2.218 -0.203 -0.027
0.500 4.957 4.727 2.892 3.034 -0.229 -0.142
0.667 6.276 6.044 3.595 3.778 -0.231 -0.183
0.833 7.595 7.301 4.335 4.456 -0.293 -0.121
1.000 8.913 8.675 5.025 5.080 -0.239 -0.055
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Fig. 4.02a 8, = 0.167 m®> m™ TDR Waveform

Fig. 4.02b 8, =0.333 m® m™ TDR Waveform
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Fig. 4.02 a-f TDR Waveforms for the NC, CCRC and GR Probes
Water immersion depth of TDR probe increases 0.@6 6130 m from Fig. 4a to Fig. 4f.
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Fig. 4.03K,>°vs. 0, Standard Calibration Curves for NC, CCRC and GAP TDR Probes
Solid lines represent calculated regression curves.
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Fig. 4.04 NCK.>° vs. CCRC and GAPK,”®
1:1 correlation between the NC probe and the CCIRD@AP probes, respectively.
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4.2.2 6, Measurement Using NC and CCRC TDR Probes - Sand-Wa ter Mixtures

Waveforms for the NC and CCRC probes for the diffiéisand-water mixtur@, levels are
presented in Fig. 4.05a to Fig. 4.05d. The shapgygfwas not discernable for either the NC or
CCRC TDR waveforms &, levels of 0.086 and 0.096°m?, respectively. The distance pg.exand
the amplitude opa.exWas the same for &, levels for both probes. The distance to the second

reflection was reduced using the CCRC probe ingptddhe NC probe for all equivalefitlevels.

Fig. 4.05a @, = 0.000 m* m™® TDR Waveform Fig. 4.05b @, =0.086 NC and 0.096 CCRC m®m™ TDR Waveform
1.000

0800 o e

0.600

a 0.400
NC Probe
777777 CCRC Probe 0.200

———NC Probe
———— CCRC Probe

0.000

185 190 195 200 205 210 215 220 225 230 235 -0.200
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Fig. 4.05c @, =0.183 NC and 0.202 CCRC m ®m TDR Waveform Fig. 4.05d @, =0.306 NC and 0.299 CCRC m®m™ TDR Waveform
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Fig. 4.05 a-d TDR Waveforms for the NC and CCRC Prbes — Sand-Water Mixtures

A very strong linear correlation was found betwig!? vs. 0, for both the NC and CCRC
probes with anrof 0.997 for both probes (Fig. 4.06). The slopkthe NC probe.> vs.8, for the
sand-water mixturesy(= 7.687) and water-air immersion methau= 7.714) were equivalent while
they-intercepts for the NC probe for the sand-watertames and the water-air immersion method
were 0.911 and 1.673, respectively (Fig. 4.07)p&édor the CCRC prob€.® vs. 8, for the sand-

water mixturesrfi= 5.000) and the water-air immersion methwd=(4.247) were comparable while
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they-intercepts for the CCRC probe for the sand-wati@tures and the water-air immersion method
were 0.770 and 1.629. The difference in the yragpts of the regressed lines found for both probes
in the sand-water mixtures vs. the water-air imimoarsethod reflected the difference in the
dielectric constant of 100% ai; & 1.0) vs. 100% sand, (= 3.0 orK,2°~ 1.7).

The difference in the slope of the NC and CORE® vs. 6, calibration curves for the sand-
water mixtures combined with their equivalgribtercept values indicated that the difference in
measured,’® between the NC and CCRC probes increased witkasargd, in the same manner

observed for both probes using the water-air imimensiethod.

K .>°vs 0, - Sand Water Mixtures

4.5

1.57 NC K 2°=7.687 @, + 1.673 1* =0.997
@ NC probe
1.0 0 CCRC probe CCRC K,>®*=5.000 g, + 1.629 r* = 0.997
0.5
0.0 T T T T T T
0.00 0.05 0.10 0.15 3 _30.20 0.25 0.30 0.35
6y (M m~)

Fig. 4.06K,2°vs.8, Sand-Water Calibration Curves for NC and CCRC TDRProbes
Solid lines represent calculated regression curves.
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K >°vs @, - Water-Air Immersion and Sand-Water Mixtures

NC K %% =7.714 g, + 0.911 r* = 0.999 Water-Air
5.0 1
CCRC K %% =4.247 g, + 0.770 r* = 0.997 Water-Air

NC K 2% =7.687 g, + 1.673 r* = 0.997 Sand-Water

4.0 1 CCRC K %% =5.000 g, + 1.629 r* = 0.997 Sand-Water /A

/

3.0 4

0.5
Ka

2.0 1

@ NC probe Water-Air Inmersion
O CCRC probe Sand-Water Mixture
A NC probe Sand-Water Mixture

® CCRC probe Sand-Water Mixture

1.04

0.0 T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

8, (m*m™)

Fig. 4.07 Comparison of Water-Air Immersion and Sad-Water Calibration Curves
Solid lines represent calculated regression curves.

4.2.3 EC Measurement Using NC, CCRC and GAP TDR Pro bes

The effect of increasing Egy, was clearly evident in the NC TDR waveforms (Hd8).
All of the waveforms had leveled out or had becdiagened at an apparent distance of 30.0 m and
valid pr values to correlate with Eg, were obtained at this distance. A different patigas found in
the TDR waveforms for the CCRC TDR probe, as theas virtually no difference ip; values with
increasing EG,, (Fig. 4.09). There was also a reduced number dtiptaureflections in the CCRC
waveforms compared to the NC waveforms and angetdins that were discernable were difficult to
distinguish when EG;,> 0.132 S rif. TDR waveforms for the GAP TDR probe (Fig. 4.10pwed

the same pattern of decreasmqvith increasing EG,, as witnessed in the NC TDR waveforms. As
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with the CCRC TDR waveforms, there were fewer midtreflections in the GAP waveforms
compared to the NC waveforms.

Three distinct patterns were found in the caledd G values for the NC, CCRC and GAP
probes (Fig. 4.11). A response betweeng@nd calculated E& was nonlinear using Eq. [2.19]
with NC probepni» andp; values. NC probe E& reached a maximum at Ef;> 0.236 S rit. No
discernable relationship was found between.Eé&nd EG: for the CCRC probe, as there was no
correlation between the decreasgsimvith increasing E¢. The CCRC probe was found to be
incapable of discerning differences in &ECA nonlinear response was found betweeg.Eénd
ECsr with the GAP probe and a very strong correlati@s found for Egr vs. EGq, Using a second
order polynomial regressiorf & 1.000). A one to one relationship was not fobhativeen EGr and
ECsoin vValues for any of the three probes tested, i.er&@lues were not equivalent to Efvalues.

A second reflection point was not evident in NCheravaveforms for EG;,> 0.236 S rif
resulting in a situation wheg,, = pirr (Table 4.02), which effectively reduced the te(in+ pmin)/(1
- Pmin)] [(X —pine)/ (1 + ping)] in EqQ. [2.19] to unity. As an alternate approaah, was replaced by,
i.e. the cable impedan@g, to determine the effect on the calculated;E@lues. With the change to
Po in place ofpmin, a substantial error still resulted in calculatatlies of EGy for the NC probe
(Table 4.03). However, E& vs. EG,, for the NC probe using, displayed a similar pattern to g€
vs. EGon usingp, with the GAP probe. In this approach, for both i@ and GAP probes, a very
strong correlation between E£vs. EG,in was found using a second order polynomial regoassi
with r? = 0.999 and 1.000 for the NC and GAP probe, raimy (Fig. 4.12). Values of EG for the

NC probe were generally an order of magnitude grehtin EGy for the GAP probe.
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Fig. 4.11 EGst vs. ECn Using NC, CCRC and GAP TDR Probes
For the case of Eg;, calculateK values for the NC, CCRC and GAP probe using EQ2[2

were found to increase with increasing.g&Table 4.04) demonstrating thétwas not a constant
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value for either of the probes. As such, the ugegpf2.21] to obtain Eg; was determined to be of
little value and using the direct correlation betwg, * and EG,,, would be more effective.

Table 4.02 EG,, TDR Waveform Parameterspp, and ps

TDR Waveform EC,, Parameters p,,, and p;
ECsoln pmin pf
(sm? NC Probe | CCRC Probe | Gap Probe Noncoat Coat Gap
0.00002 -0.385 -0.184 -0.228 0.920 0.984 0.975
0.01106 -0.429 -0.193 -0.236 0.457 0.950 0.903
0.02410 -0.466 -0.201 -0.242 0.109 0.962 0.861
0.05370 -0.526 -0.214 -0.257 -0.252 0.981 0.769
0.08060 -0.568 -0.223 -0.270 -0.428 0.977 0.685
0.13200 -0.626 -0.252 -0.301 -0.595 0.982 0.538
0.23600 -0.716 -0.272 -0.331 -0.716 0.989 0.319
0.34600 -0.798 -0.273 -0.371 -0.798 0.989 0.142
0.55800 -0.851 -0.279 -0.416 -0.851 0.984 -0.095
0.77200 -0.878 -0.284 -0.444 -0.878 0.983 -0.239
1.06000 -0.900 -0.296 -0.480 -0.900 0.973 -0.369

Table 4.03 NC Probe EGr Values Usingpmin and po

NC Probe CCRC Probe GAP Probe

ECer ECor ECer ECer ECor ECer
using Pmin | USING Po | USING Prin | USING Py | USING Prmin | USING Po

0.00002 | 0.00154 | 0.00328 | 0.00049 | 0.00071 [ 0.00053 | 0.00085
0.01106 | 0.01177 | 0.02828 | 0.00145 | 0.00213 | 0.00235 | 0.00382
0.02410 | 0.02309 | 0.05984 | 0.00111 | 0.00166 | 0.00338 | 0.00556
0.05370 | 0.04087 | 0.12515 | 0.00058 | 0.00089 [ 0.00563 | 0.00955
0.08060 | 0.05414 | 0.18689 | 0.00064 | 0.00102 | 0.00800 | 0.01393
0.13200 | 0.07096 | 0.29213 | 0.00051 ]| 0.00085 | 0.01224 | 0.02273
0.23600 | 0.07887 | 0.45319 | 0.00026 | 0.00046 | 0.02028 | 0.04000
0.34600 | 0.07887 | 0.65306 | 0.00026 | 0.00046 | 0.02751 | 0.05911
0.55800 | 0.07887 | 0.91041 | 0.00038 | 0.00068 | 0.04055 | 0.09572
0.77200 | 0.07887 | 1.13431 | 0.00038 | 0.00069 [ 0.05090 | 0.12759
1.06000 | 0.07887 | 1.41643 | 0.00060 | 0.00112 | 0.06175 | 0.16703

ECsoIn
(sm?)

Using the reciprocal of the impedange; vs. EG,, two distinct patterns were found for the
NC, CCRC and GAP probes (Fig. 4.13). A nonlineapomse was found betwegn' and EG, for

the NC and GAP probes with a very strong secondrqudlynomial correlation betweéh™ and
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ECson for the NC and GAP probes with¥ 0.999 and 1.000, respectively. NC pr@é values were
greater than GAP prom'l values for all EG,, and in general, NC prom'1 values were an order
of magnitude greater than GAP pro‘l’)_é1 values. The response betwegi vs. EG,, with

increasing EG,, was similar to EG; vs. EG,, for the CCRC probe, i.e. no correlation could be

determined between * and EG,, with increasing EG,.

ECot (S m™)
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1.800

0.180

+ NC Probe
= CCRC Probe
A GAP Probe

1.600 -

1.400 -

1.200 A

1.000 -

0.800

0.600 -

0.400

2+ 1.972EC,

soln

NC EC, = -0.632EC,

soln

0.200 1 2 4 0.179EC

'soln

GAPEC,;, = -0.020EC,

soln

0.000

+0.020 r2 =0.999

+0.000 r2=1.000 |

+ 0.160

+ 0.140

+ 0.120

+ 0.100

+ 0.080

+ 0.060

+ 0.040

r 0.020

0.000

0.000 0.200 0.400 0.600 0.800 1.000

Ecsoln (S m-l)

1.200

Fig. 4.12 EGst vs. EGin Using po

Table 4.04 Cell ConstanK vs. ECqn,

EC,q Cell Constant K (m ™)
EC:soln
1 NC Probe | CCRC Probe | GAP Probe

(Sm™)
0.00002 0.02 0.11 0.09
0.01106 1.48 20 11.7
0.02410 1.50 57 17.6
0.05370 1.61 238 23.4
0.08060 1.62 315 24.6
0.13200 1.69 615 25.3
0.23600 1.97 2016 27.0
0.34600 1.98 2982 27.7
0.55800 2.29 3285 28.9
0.77200 2.55 4439 30.6
1.06000 2.83 3782 33.1
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As with EGst, EC.e values were not equivalent to Efzvalues (Table 4.05). EG values

were consistently less than Efvalues.

Table 4.05 EG.; Values for NC, CCRC and GAP TDR Probes

ECson Ps ZL-l (S m'l)
(Sm? NC Probe CCRC Probe | GAP Probe NC Probe CCRC Probe | GAP Probe
0.00002 0.916 0.982 0.979 0.00088 0.00018 0.00021
0.01106 0.456 0.947 0.909 0.00746 0.00054 0.00095
0.02410 0.109 0.959 0.872 0.01607 0.00042 0.00137
0.05370 -0.251 0.978 0.794 0.03340 0.00023 0.00229
0.08060 -0.427 0.975 0.718 0.04981 0.00026 0.00328
0.13200 -0.593 0.979 0.587 0.07830 0.00021 0.00521
0.23600 -0.714 0.988 0.392 0.11990 0.00012 0.00874
0.34600 -0.795 0.988 0.231 0.17488 0.00012 0.01250
0.55800 -0.848 0.983 0.017 0.24362 0.00017 0.01931
0.77200 -0.876 0.983 -0.115 0.30286 0.00017 0.02521
1.06000 -0.899 0.972 -0.231 0.37501 0.00028 0.03203

There was no effect on the measurememt,df with increasing EG, (Table 4.06)K.2°

could not be determined for the NC probe atJ€ 0.236 S i, all K2° values were equivalent for
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the CCRC probe and the slight increasi fiT for the GAP probe at EG,> 0.558 S rit was
considered to be the result of increasing difficitidentifying the second reflection in the GAP
probe TDR waveforms.

Table 4.06K.2° vs. EC,, for the NC, CCRC and GAP TDR Probes

ECsoln Kato'5
(sm? NC Probe | CCRC Probe | GAP Probe
0.00002 9.09 5.77 5.79
0.01106 9.02 5.83 5.79
0.02410 9.06 577 577
0.05370 9.09 5.79 5.81
0.08060 9.06 5.68 576
0.13200 8.97 5.45 5.74
0.23600 n/d 561 5.78
0.34600 n/d 5.65 5.87
0.55800 n/d 5.74 6.08
0.77200 n/d 577 6.31
1.06000 n/d 5.78 6.46

4.3 Discussion

4.3.1 6, Measurement Using NC, CCRC and GAP TDR Probes —Wa ter-Air Immersion

The application of a polyolefin coating to the @rtonducting rod of the CS605 probe
improved the capability of a CS605 probe to meaBuet higher EG,,, concentrations than a CS605
probe with no coating. The CCRC TDR probe was éffely insulated from any energy loss caused
by the increase in Eg;, such that the CCRC probe was capable of meastyifog EC,,,> 1.06 S
m™. The NC and GAP probes were both affected witheiasing EG,,, concentration with the NC
probe exhibiting the most pronounced effect. Thepgi@be could effectively measubgfor ECyo, <
0.132 S rit, while the GAP probe was capable of measudinipr ECyon < 0.558 S .

The linearity seen between NG’* values vs. CCRC and GAR *° values (Fig. 4.04) is in

agreement with the results reported in soil by Meji al. (1998) and Persson et al. (2004) while the
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linearity seen betwee.”® vs.8, (Fig. 4.03) is in agreement with results repotigtaub et al.
(2008) for gravel, soil and water samples.

Overall, measured N&,>° values were in good agreement with WAMM predidtetf
values; supporting the tenet that dielectric miximgdels can be used as an accurate calibration
method to determin®, using measurel.>>. NC K.>® values were less than all WAMKL® values
except for§, = 0.167 M m*. Determining an accurate position of the secofidaton in the TDR
waveform for thed, = 0.167 ml m® was a contributing factor for this deviation. CCR@ GAPK*°
values were considerably lower than WAMM and K€° values and the difference between the
coated probes and the NC and WAMQ values increased with increasi@ig This differential in
K.° was evident in the regression slopes of the N®gommmpared to the CCRC and GAP probes.
At the same time, there was a very strong lindatiomship between NC vs. CCRG’® values and
NC vs. GAPK.2® values. The coating appears to dampen the TDRsigrore so with increasirfly,
but still maintain a linear correlation with respezK.>> measured by a non-coated probe.

Implied by the fact thak.”* values for the NC probe were consistently lowantdVAMM
K® values was the possibility that the calculatediealfl.x = 0.181 may be inaccurate. Using the
method described in Section 2.2 and Eq. [2.10}a8 possible to determimg for the NC probe with
the probe immersed completely in air (PI®\= 0.000 mi m*) or deionized water (PICV, =
1.000 i m®). SinceKy; = 1 andKyqer = 79.45 at 22.5 °C, the expeclgdalues for the PICA and
PICW would be 0.300 m and 2.674 m, respectivelati@gting PICA and PICW, values from
measured, values using Eqg. [2.10], PICA and PIAVY values were determined to be 0.139 m and
0.151 m, respectively. PICKy was less than PICWy; and both of thesky values were lower than
the calculatedi value of 0.181 m. Of note, the above calculatetirmaasuretl values are all
greater than the probe offset factor of 0.085 rereined empirically by the manufacturer of the

CS605 probe (Campbell Scientific Inc., 2005).
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The discrepancy ihg values could possibly be related to the dielecigstant of the
material surrounding the probe head of the CS606Bgyrwhich is always air in this case, using the
water air immersion method. This line of thoughggests that the rod length encased in the probe
head epoxy coating has measured some fractionaimeobf material external to the dimensions of
the probe head. In effect, the probe head epoxyngpeould be considered analogous to the
polyolefin coating applied to the CCRC and GAP g=brhis also suggests that the probe head
dimensions or the volume of the probe head maysigréficant factor on TDK.>®> measurement,
i.e. the smaller the volume of the probe headgtkater the effect the material surrounding théero
head has on the TDR measurement. The smallest siomeof the CS605 probe is the thickness at
0.019 m, which means the thickness of the epoxtirapabove and below the circumference of the
probe rods would be 0.0095m or 18 times the thiskrd the polyolefin coating.

The effect that materials with considerably diffarpermittivities surrounding the probe head
had on TDR measurements was examined using the aiatexmersion method and the results are
provided in Chapter 5. There was a substantiaddifice in the TDR waveforms collected with the

NC probe when the probe head was surrounded lopaipared to being surrounded by water.

4.3.2 6, Measurement Using NC and CCRC TDR Probes - Sand-Wa ter Mixtures

The linear response betwelég° vs. 8, observed for the NC and CCRC probes using the
water-air immersion method was also evident wher\t& and CCRC probes were used for the sand-
water mixtures as a valid representation of a saodyat different water contents. The linearitgise
betweerk,”* vs. 6, for the CCRC probe (Fig. 4.06) was in agreemetit ttie results reported for
coated TDR probes when used in different soils lojid/et al. (1998). Linearity was also established
betweerk,’® vs.8, for coated probes used in sand (Persson et &84)2Md gravel, soil and water

mixtures (Staub et al., 2008) using data transpfreed their research results (See Appendix B).
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The substantial discrepancy betweenKfe vs. 8, calibration curves for the water-air
immersion and sand-water mixtures method highlighsfact that a separate calibration step would
be required when a TDR probe is used to deterrhimevater content of different materials when a
polyolefin coating is applied to the center-conthgtod of a TDR probe. Of significant note, the
water-air immersion method cannot be used as agate for other mediums, however the water-air
immersion method does provide an effective methajoto measure and determine any differences

that may result from design changes to a TDR probe.

4.3.3 EC Measurement Using NC, CCRC and GAP TDR Pro bes

Increasing EG,, resulted in decreasimy,, andp; values for the NC and GAP probe while
Pmin Values decreased apgvalues were equivalent for the CCRC probe. Noctlicerrelation was
evident between Eg, andp; for the CCRC probe. The NC and GAP probes weraldajof
measuring EG;, up to 1.06 S mand the CCRC probe was incapable of measuringBEany
level. These observations clearly indicate thatetimeust be direct contact between the medium being
measured and the metal surface of the center-ctindguod of the CS605 probe before any effect on
the TDR signal is caused by an increase ig,EThis finding indicates that the effective soilwme
being measured for EC has to be contained withdratea of the 0.01 m gap and does not represent
the EC along the entire length of the probe.

The low conductance polyolefin coating on the CGR@G GAP probes has effectively
reduced the length and cross sectional area afathéuctive metal TDR rod exposed tog{and
altered the measurement of conductance and cowityclihe effect of reducing the exposed metal
surface of the center conducting rod from 0.30 .64 m for the GAP probe resulted in &@nd
Z,* values for EG,, that were at least a magnitude lower thapEdZ, * vs. EC,, for the NC

probe.
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The fact that NC probe &g values usin@min (0Or po) were not equal to Eg, values (Table
4.03) clearly demonstrates that thede@ethod does not accurately explain the relatignbbtween
EC and TDRomin andps values. As well, the E& method effectively reduces the maximum EC
concentration that can be measured with TDR asewigent from the results shown in Fig. 4.08
where EG.,> 0.132 S nt could not be resolved. By definition, this resumttuld be expected since
Pmin = Pt for EGon> 0.132 S it thereby reducing [(1 #min)/(1 - Pmin)] [(1 — Pin)/(L + pinr)] Of Eq.
[2.19] to unity such that EG = (e,¢/l;) K.>°. This will be a constant value at any giirevel and
essentially identifies the maximum Efconcentration that can be calculated using thgrBt&thod.
The same limitation for the B method will occur with the GAP probe singg, will eventually be
equivalent tq; for an EG,, concentration greater than 1.06 $ (Rig. 4.08).

Since EG values were not equal to Ef;values for the NC and GAP probes and the cell
constanK increased as Eg;, increased, the cell constant method was considered invalid as a
means of determining EC using TDR in highly sabnés: especially in light of the fact thidtwas
variable and not a constant value. The relativalyomchange in slope of the second order
polynomial regression curve for Ef< 0.132 S rif supports the use of a linear correlation between
EC..i and EG,,, however calculated Eg values are still not equivalent to Eivalues. The EgG,
method does not accurately explain the relationsbfveen EC ang; values. The straightforward
relationship betweeh, * vs. EG,, was found to perform just as effectively as abralion method
for the determination of EG;, using TDR.

No change ifK.* was found to occur with increasing E&(Table 4.06) foB, = 1.000
m3. The only noticeable effect of E§ on the measurement Kf°° was the suppression of the
second reflection in the TDR waveform. Interestingl.’ values for all three probes in Table 4.01
were lower thark.2° values in Table 4.06 and this discrepancy wasidered to be a function of the

resolution of the 1502B TDR instrument. To obtaweéd p; value for EC measurement, the distance
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scale was increased from the 0.5 m per divisiohwlas used for thK.>> measurements in Table

4.01 to 2.5 m per division.

4.3.4 Applying the WAMM to 6, Measurement

K. values measured for the CCRC and GAP probes ve¢requal tdk.>> values calculated
using the WAMM. The slope for the NKG2° vs. 8, regression line was approximately twice the
slope of the CCRC and GAR®vs. 0, regression lines. This difference indicated thateffect on
K.>® caused by the polyolefin coating became more pmoced a®, increased. The effect of the
polyolefin coating appears to be substantially tgnethhan would be expected based on the 0.00053 m
thickness of the coating. The thickness of the @efin coating pc) relative to the 0.002375 m
radius of the probe rods,f waspc/r, = 22.5%, while the thickness of the polyolefin thog relative
to the separation distance between the probe sgdsgspc/s, = 3.0%.

The difference irK.>> between the CCRC and GAP probes and the WAMM mideai >
cannot be calculated using the WAMM unless modiifices are made to the WAMM to account for
the effect of the polyolefin coating. The coatingtarial has become an integral part of the sample
volume being measured by the TDR such that thenwelaf the coating materidV{,,) and the
dielectric constant of the coating materi&.t) would have to be included in the WAMM of Eq.
[3.08]. As well, the volume fractions of water amidwould have to be adjusted to account\Mgg:as
a portion of the total volume of the sample, effedy reducing the sample volume being measured.
Modifying the WAMM to derive a coated probe waterdielectric model for water and air
(CWAMM) was found to be very involved technically.

The fact that the electrical insulating propertiéthe polyolefin coating may have had a
greater effect on the TDR signal than the volumthefcoating, consideration was given to the effect
the coating material had on the electric fieldsagated by the TDR probe. Annan (1977a) considered

the dependence of the sample volume to be relatr:tproximity to the center-conducting rod and a
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result of the TDR signal being more sensitive ®rdgion closest to the center rod of the TDR probe
The spatial sensitivity df, measured using TDR has been related to the edtatiopotential
distribution () for a TDR probe and considered analogous todh#pte area measured by a TDR
probe (Zegelin et al., 1989; Knight, 1992; Ferralet1998).

Two-dimensional electrostatic field models of thectric potential field ®) and the electric
field intensity E) were generated for the NC and CCRC probes imaiter and polyolefin to
evaluate the effect the polyolefin coating hadl@electrostatic properties created with a three ro
TDR probe. The results of this study are preseimtézthapter 6.

To estimate the effect of the spatial sensitivityT®R measure,’, the volume of the
polyolefin coating was increased radially by addsngcessive, concentric layers of the polyolefin
heat shrink tubing (Fig. 4.14). A total of 20 lay@f the polyolefin tubing were applied to the esnt
conducting rod of the CS605 TDR probe to obtaiimal ftoating thickness of 0.011379 m. The effect
of increasing the thickness of the polyolefin cogton TDR measured.’® was determined using the
water air immersion method.

Due to the large number of waveforms collected tiventy layers times si@, levels, only
the waveforms fo8, = 1.000 M m® have been presented here (Fig. 4.15). As thertaigkof the
polyolefin coating increases, the distance to t&tin of the second reflectiop,j decreases. When
the coating thickness exceeded 0.011 m, thereittlasskeparation between the TDR waveforms and

the position of..
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Fig. 4.14 Increasing Thickness of the Polyolefin Gding on the Center Conducting Rod
Shows the successive layers of polyolefin heahkhribing added to center conducting rod.

Due to the large number of waveforms collected tiventy layers times sig, levels, only
the waveforms fo, = 1.000 M m* have been presented here (Fig. 4.15). As therthiskof the
polyolefin coating increases, the distance to t&tipn of the second reflectiop,j decreases. When
the coating thickness exceeded 0.011 m, thereitilasskeparation between the TDR waveforms and
the position of..

The expected value &>° = 1.82 for 100% polyolefin was not reached atrttaximum
polyolefin coating thickness of 0.011328 nBat 1.000 M m with measured.”* = 2.13 or 17%
greater than expectdd’®. In effect, the small change in measukelf past 0.011 m polyolefin
coating thickness indicated that the contributibaryy material outside of the 0.011 m coating
thickness was minimal. The thickness of the poffjioleoating relative to the separation distance

between the probe rodsXwaspc/s, = 66%, leaving 34% open to be filled by any maiteri
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TDR Waveforms - CCRC Probe with Increasing Coating ~ Thickness at @, = 1.000 m*m?
1.200

,=0.000 m* m*

1.000

0.800

0.600

0.400

0.200

0.000

-0.200

-0.400

Increase in Coating Thickness

A

-0.600

75 80 85 9.0 95 100 105 110
Distance (m)

Fig. 4.15 CCRC Probe TDR Waveforms for Increasing Gating Thickness atf, = 1.000 i m™®
(NC probe TDR waveforms f@, = 0.000 m m* and6, = 1.000 mi m* are included for reference)
Regressing measuré&d”® vs. thickness of the polyolefin coating determitteat a very

strong, log-log (power) correlation existeti=r0.993 (Fig. 4.16). This was not the case when th
radius of the center-conducting rod was addedve tie total thickness of the center conducting rod
plus the polyolefin coating, a correlation could he determined betwedh* vs. thickness of the
polyolefin coating + the radius of the center castahg rod.

Regression oK.’ vs. 8, for each increase in coating thicknesses deteditmat a strong,
linear correlation was evident at all thicknessét) an 7> 0.980 for all thicknesses. As with the
TDR waveforms, only selected thicknesse&8f vs.8, regressions are presented here (Fig. 4.17).
The slope of all regresséq’° vs. 8, lines decreased with increasing coating thicknésswell, the
difference between measuréd-® values for the NC probe and measuketf values for all coating
thicknesses increased with an increas&.itHowever, the difference between NC and co#téd

values decreased with increasing coating thickness.
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Effect of Coating Thicknesson K ac°'5 at 8, = 1.000 m3m
7.0

6.0 K .*° = 0.593(Coating Thickness) 2"
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Fig. 4.16 Effect of Increasing Coating Thickness ol.’* at 8, = 1.000 i m™

The substantial change in the slope of the regressor coating thicknesses of 0.000254 m
and 0.000660 m (Fig. 4.17) corresponded witKg> of 1.80 a®, = 1.000 M m™® for a 0.00041 m
change in the thickness of the coating. A 160%siase in coating thickness resulted in an absolute
change of 28% in measurg’. This suggests that any deviations in the thickméshe coating
along the length of the probe rod would affectrireasured value ®€.>* and the thinner the coating,
the greater the influence that a change in codhiiogness will have. Cursory measurements of the
polyolefin coating after removal from the CCRC prakere made with a micrometer determined an
approximate range of £ 0.00012 m or a 14% variat8ased on these observations, the best practice

would be to calibrate the TDR probe after the aapion of the polyolefin coating
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K ac>® vs 8, with Increasing Coating Thickness
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Fig. 4.17K.>° vs. 0, with Increasing Coating Thickness
For six of twenty different coating thicknessesleated
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Chapter 5
Determining the Probe Head Offset |

5.1 Background

The fact thaK.2° values were consistently lower than WAM° values suggested the
possibility that the calculated valuelgf = 0.181 was inaccurate, especially since meadRi€4
and PICW values were 0.139 m and 0.151 m, respectively)@andported by the manufacturer
was 0.085 m. Since the methodology called for tlobg head to be immersed downward into
deionized water, the probe head was surrounded KldSA) for all6, measurements.

To determine the effect that the material surrongdhe probe head had qgp &nd,
subsequentli.>®, it would be necessary to immerse the probe headdh a way that the ratio of
I/l was equal td,/I;. This would require the TDR probe head to be eggds water and air at the
same length ratio as the probe rods, which wouldepg difficult to carry out. However, it was
possible to follow the water air immersion methady with water replacing air as the material
surrounding the probe head (PHSW), which incretisedlielectric constant surrounding the probe
head fromK,;, = 1 toKyaer = 79.45. This range in the dielectric constantegponds with the

minimum and maximum dielectric constant that thebprwould be exposed to.

5.2 Method

Using a second CS605 TDR probBg’° measurements were taken with the TDR NC probe at
the previously establisheédj levels for the PHSA and PHSW conditions. To aaM€ probe PHSW
measurements, the CS605 probe was clamped intsitiopcat a distance of 0.035 m from the bottom

of a large polyethylene container using a pladtiop. Deionized water was then added to ¢ji¥le

63



ratios corresponding to the safidevels as the PHSA condition but with the probacheompletely
surrounded by water, i.e. the PHSW condition.

The CS605 probe was clamped along the sides gfrtie head (width = 0.075 m) at the end
of the probe head where the coaxial cable wastet@anto the probe head. This insured that the
clamp was at the maximum distance possible fromndtiesections within the probe head to minimize
any interference on the TDR measurement by thelaaterial. No significant difference was found
between PICA; values (p = 0.300) with and without the clampdtel, demonstrating that the
clamp had no affect on the TDR measurements.

TDR waveforms were obtained using a Tektronix 15@&Rallic cable tester and WinTDR
software (Or et al., 2004). Ten separate wavefarere collected at eadh level for the NC probe in
order of lowest to highe§. The waveform data points were then transferreahtBxcel worksheet
to determine the first and second reflection pajptsaandp,) and calculaté, for the three probes
from Eq. [2.10]. Average values Kf, for eachf, level were calculated using Eq. [2.12].

All statistical tests were completed at a configdelewvel of 95% unless otherwise stated.

5.3 Results
There were substantial differences in the NC pfH&A and PHSW TDR waveforms at

corresponding, levels (Fig. 5.01 a-f). Distance to and amplitefi@,,.decreased with increasing

6, for the PHSA while there was no chang@ip.with the PHSW. The fact that,.cwas constant

for the PHSW condition (Fig. 5.02 b) was a comptiparture from that seen in Fig. 2.04 (Robinson
et al., 2003b) and results for the PHSA conditigig.(5.02 a). The increase in the dielectric camtsta
of the material surrounding the probe head hadtindt effect on the TDR waveform response,

which was seen to extend along the entire lengthefTDR probe.
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Fig. 5.01a 8, = 0.167 m*> m™® Probe Head in Air vs. Water 100 Fig. 5.01b 8, = 0.333 m* m™ Probe Head in Air vs. Water
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Fig. 5.01 a-f NC Probe TDR Waveforms for PHSA and RSW Conditions
(PHSA = Probe head surrounded in air, PHSW = Phelagl surrounded in water)

There was a significant difference in PHSA and PHS\Wat allg, levels (p < 0.000) based
on a difference between means analysis using ac@s#tdence interval, but the difference decreased
asb, increased (Table 5.01). The definition of the PH®#eforms was enhanced with a noticeably
steeper slope evident in the risepifollowing p,and the position gb, was more easily

distinguished. All PHSW; values were significantly less than PHB&alues with the exception of
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8, = 0.000 M m® and@, = 1.000 M m®, which were equivalent for the PHSA and PHSW ctiows,

respectively (Table 5.01).

Fig. 5.02a PHSA Apex Position
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Fig. 5.02b PHSW Apex Position
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Fig. 5.02 a-b Position opapex for the PHSA and PHSW Condition
Probe head is surrounded by air in Fig. 5.02a aatemin Fig. 5.02b
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Table 5.01 PHSA and PHSWp,, and I, vs. 8,

pmin It

0, PHSA PHSW PHSA PHSW
0.000 0.330 0.335 0.426 0.449
0.167 -0.005 -0.218 0.885 0.615
0.333 -0.181 -0.284 1.238 1.032
0.500 -0.267 -0.306 1.613 1.502
0.667 -0.299 -0.317 2.007 1.917
0.833 -0.312 -0.322 2.370 2.334
1.000 -0.320 -0.330 2.742 2.762

The design of the methodology included tf° TDR measurements where the material
surrounding the probe head had substantially diffex, values: PHSA &, = 0.000 m m™ with the
probe head and exposed rods surrounded bkair(1) and PHSW &, = 0.000 m m*® with the
probe head surrounded by wat&f4.: = 79.45) and the probe rods exposed to air. Aifgignt
difference was found between PHSA and PHSVelues aB, = 0.000 M m™® (p < 0.000) based on a
difference between means analysis using a 95%demde interval which is clearly seen in their
respective TDR waveforms (Fig. 5.03).

Measurements taken to determigeusing PICA and PICW conditions for this secondogro
were compared to PICA and PICNY values for the first probe. Using Eq. [2.10], PIGA= 0.126
m for 8, = 0.000 M m® andK,; = 1 with PICWIly = 0.149 m foif, = 1.000 and,aer = 79.45. Both
values were different than the respective PICARIEW | values of 0.139 m and 0.151 m for the
first probe. There was no statistical differencevaen PICAI; values (p = 0.300) for the two probes
based on a difference between means analysis a¥i6g6 confidence interval, but there was a
statistically significant difference between PlIGWalues (p < 0.000) for the two probes. However,
the difference in PICW values was very small (< 0.2%) and the two valuese considered
equivalent. Measured PICA and PIQWy values for the probes were notably less than aleutated

lo value of 0.181 m from Eq. [2.11].
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Using the respectivigis valuesK.>° vs. 8, calibration curves were constructed (Fig. 5.04).
PHSWK.2® values were consistently less than PHSX® values at alb, levels except fof, = 0.000
m® m* and@, = 1.000 m m®. The greatest variation betwelgl° values occurred &, = 0.167
m3. A very strong linear correlation fé ° vs.6, was found for the PHSA%r 0.999) and PHSW
(r* = 0.992) conditions.

The results indicate that the material surroundiregprobe head affects the measured TDR
waveform of a CS605 TDR probe and thatvaries with thee of the material surrounding the probe
head K.>* of the material surrounding the probe head alaxtsf measured or Z values as
witnessed by the significant differencegg, values of the TDR waveforms (p < 0.000), based on
difference between means analysis using a 95%dsmrde interval.

In field applications the entire TDR probe is tyadlg inserted into the soil. The probe head
and the probe rods would in all probability be sunded by a material that had the saheand the
large difference ik, between air and water surrounding the probe head here would not be
experienced. However, a variationl ifn andpmi» would still occur with a large deviation in water
content, which would introduce an error in the TBRasurement d,.

The effect that the dielectric constant of the miaksurrounding the probe head has on
subsequent TDR measurements was marginal due teltiely large dimensions of the CS605
probe head epoxy coating. However, TDR probes svithller probe head dimensions would be
affected to a greater extent. In order to deterraimaccurate, constagg value the dimensions of the
probe head coating material should be sized suaththib encased rod sections measure the dielectric
constant of the probe head coating material ordle@ion of a probe head material with a high
dielectric constant, i.e. that of water, would #igantly reduce, if not eliminate the variationtime

position 0fPapey
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Probe Head Surrounded in Air (PHSA) and Water (PHSW ) at 8, = 0.000 m® m*
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Fig. 5.03 PHSA and PHSW TDR Waveforms a@, = 0.000 ni m™

K a°'5 vs. 0, Calibration for PHSA and PHSW Conditions
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Fig. 5.04K,2° vs. 0, Calibration Curves for PHSA and PHSW Conditions
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Chapter 6
The Electrostatic Field of Non-coated and Coated TD R Probes

6.1 Application of Electrostatic Theory

The ability to determine the relationship betw&gmand6, for a coated TDR probe is
complicated by the effect the coating material drashe TDR signal. If the coating is an integratt pa
of the composite sample there should be very klect on measurdg, when a thin coating is
applied to the TDR probe. Annan (1977a) considéredlependence of the sample volume to be
related to the proximity to the center-conductiod and a result of the TDR signal being more
sensitive to the region closest to the center fadeoTDR probe.

The spatial sensitivity df, measured using TDR has been related to the ebtatio
potential distribution® in V) for a TDR probe and considered analogous todh®pfe area
measured by a TDR probe (Zegelin et al., 1989; Knig992; Ferre et al., 1998). A greater
interaction with the nearer surrounding dielectniaterials is found within the higher relative energ
density resulting in an increased sensitivity (Baait al., 2006). The effective sampling area or
volume was considered to conform to the area adtgst spatial sensitivity within the electrostatic
potential distribution, which in turn, is contralldy the diameterdj and separatiors) of the rods
(Ferre et al., 1998). This approach associatebdterogeneous variations in dielectric constant
surrounding the probes to be directly dependenbonhered is determined from the source voltage
applied to the probe.

The electric field intensityH) is the space surrounding an electric chargeemtrét force per
unit charge ¥ m™) and is dependent upon potential differences wisini electric field. The
organization or charge density of potential differes within the electric field, which includes dar

migration and electric dipole reorientation, istied the electric displacement field or electrixflu
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density D). The electric displacement field is related te ¢hectric field intensity by theor K, of
the material the electric field is formed withirr@Rlich, 1986; Jackson, 1976) and defined as:
[6.01] D =KE (C m?)

Electric fields store energWj and for normal substances:
[6.02] U =0.5€D +HB) ()

WhereH is the magnetic field ari8l is the magnetic induction. For most soils the nedign
properties cannot be established due to the shaetihterval of the exciting TDR pulse (Roth et al.
1992). ThereforeliB << ED and the stored electric energy is representedaliytie product oE
andD. The relationship betwedsy D andU is dependent upon the dielectric constant of &mede
volume and changes i, will directly affectD andU corresponding to a specific ratio. Over the very
short time interval in which the TDR measuremenéai®en, i.e. nanosecondss,andg can be
considered constant, effectively making the sampleme homogenous in terms of sample dielectric
constant even though the separate soil componentgeterogeneous in make up.

By determining the spatial pattern®fwithin the region of the TDR probe it could be
possible to define the sample volume by determittiegposition where the TDR receiver can detect
the minimumE created by the TDR voltage pulse. The maximunades to which the difference in

voltage due td can be differentiated by the instrument will defthe volume measured.

6.2 Method

Two-dimensional electrostatic field models of thectric potential field ) and the electric
field intensity E) were developed using Ansoft Maxwell 2D Versioh.@4 Electrical Engineering
Simulation Software. The models were derived usifigsic template to represent a CS605 TDR

three-rod probe inserted into materials of diffédielectric constants.
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The modeled fields were generated within a 0.06a&mma using the dimensions of 0.10 m in
a parallel orientation to the probe rods and 0.07@ mperpendicular orientation to the probe rods
(Fig. 6.01). The origin of the modelat 0 m andy = 0 m was set at the center of the center-
conducting rod. It was possible to extend the As@nd 70 crby setting a ‘balloon’ boundary. The
balloon boundary extends the model area to infinityed on the assumption that the fields generated

by the TDR probe in the balloon boundary are isaldtom other electric field sources.

2D Post Processor g@@

Flle Edit Wew Coordinates Geometry Data Plob  Options ‘window Help

ahs. o] +

Balloon Arei

Rad [0
Ang [0

Snap To: ¥ Vertex
W Grid [ other...

Left Shield Roi Riaht Shield Ro

o - B—8—
Center Rod With Coatir

Grid Spacing =:

Anap to a vertex

Fig. 6.01 Ansoft Maxwell 2D Model Configuration
The® andE field were modeled for the NC and CCRC probes insexd in air, polyolefin or
water using the respective dielectric constants,pf 1, Ko = 3.3 anKyaer = 81. As well, models
were designed to examine the differenc@iandE field for a CCRC probe completely immersed in

water. An input voltage of 0.8 was applied to the center conducting rod only;stiield rods were
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set at OV to represent a grounded connection, typical afrdralanced twin wire transmission line.
The 0.5V was selected based on the potential differencesuned across the center conducting rod
and one of the shield rods of the CS605 TDR praiigua Mastercraft Digital Multimeter. This
voltage also corresponds to the short circuit domdifor a TDR probe such thzt ~ 0Q.

To determine the effect of the polyolefin coatingtbe electric field intensity between the
center conducting rod and the ground shield rd@ssame model was used with dielectric constants
that represented tHg levels used in the water air immersion method s€laielectric constants were
calculated using water air dielectric mixing mod&r each dielectric constant@y; a transect of the
electric field intensityE, was drawn from the center of the center-condgatid through the center
of the ground shield rods to a distance 0.05 m filmecenter of the center-conducting rod. An E

transect modeled for the NC probe and the CCRCeprob

6.3 Results

The® generated by a NC probe immersed in air (Fig.)ec08forms to the dimensionless
electric potential distribution for the three-roape that was presented by Zegelin et al. (198%. T
model showed no changednwhen the NC probe was immersed in water or pofiyolelowever, a
distinct change occurred b when the CCRC probe was used, especially wheprtiee is
completely immersed in water (Fig. 6.03).

The modeledE field generated for the NC probe immersed in@imed a different pattern
than® (Fig. 6.04). For the NC probe, an elliptical paitevas evident foE with the highesk
occurring adjacent to the center rédwas more concentrated along the axis betweemihslhield
rods (Fig. 6.04), which is opposite in orientatiorp. The distribution irE did not change with
immersion in water or polypropylene. An increas&iaccurred around the inner circumference of

the shield rods facing the center rod. A distinffecence inE occurs for the CCRC probe, especially
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when the probe is completely immersed in water. (€i95). For the CCRC probi,was found to be

concentrated within the polyolefin coating material

000_100_water_air_nocoat

Fig. 6.02¢ Field for Three Rod NC TDR Probe in Air, Water and Polyolefin

100_000_water_air_coated

Fig. 6.03® Field for Three Rod CCRC TDR Probe Completely Immesed Water
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Fig. 6.05E Field for Three Rod CCRC TDR Probe Completely Immesed Water

The polyolefin coating on the CCRC probe appeatsate a dampening effect @nandE in
the sample region whil® andE seem to be more concentrated within the coatingmah The
insulating effect of the polyolefin coating subdtalty alters thep andE fields generated by the
TDR probe. The effect of the polyolefin coating bees more pronounced with increasthg

TheE transect for the NC probe was the same &, délvels (Fig. 6.06). A rapid decrease in
E was seen to occur with distance from the centadgcting rod, reaching a minimum value at a
distance of 0.0125 m. This was followed by an iaseeinE to the ground shield rod after which a

gradual decrease occurred. In contrastEleeoss section for the CCRC probe was not the $ame
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the differentd, levels (Fig. 6.07). The CCRC prokgransect followed the same pattern as the NC
probe transect, however a drastic increase inldutrie field intensity occurred within a distanake

0.6 mm from the surface of the center-conductirty As well, the increase in E at this distance was
seen to increase 8gincreased. The increase in the electric fieldnsity was confined within the
polyolefin coating.

Outside of the polyolefin coating, a decrease @ndlectric field intensity was noted over the
CCRC probe cross section. The decrease in theieletd intensity of the CCRC probe was seen to
increase with an increasefin The one exception wés = 0.000 mm?, i.e. air, where there was a
decrease in the electric field intensity within giwyolefin coating and the electric field inteysit
along the cross section outside of the polyolefiating of the CCRC probe was generally equivalent
to the cross section of the NC probe.

The decrease in the electric field intensity viftbreasingd, corresponds with the earlier
finding thatAK .2 between the NC and CCRC probes increases witkasiigd,. The significant
increase in electric field intensity within the polefin coating with increasing, suggests that the
containment of the electric field intensity withthme polyolefin coating is a contributing factortive

observed reduction of TDR measutef® using the CCRC probe.
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Electric Field Intensity Cross Section forthe NC P robe
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Fig. 6.06 Electric Field Intensity Cross Section fothe NC Probe
Ka values were calculated to match water air immar8josalues using the WAMM
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Ka values were calculated to match water air immar8jovalues using the WAMM
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Chapter 7

Conclusions

The application of a 0.00053 m polyolefin coatinghe center-conducting rod of the CS605
probe increased the capability of the probe to omedk in highly saline solutions. The CCRC probe
made TDRB, measurement possible at Elevels as high as 1.06 Slmompared to a maximum
ECson Of 0.132 S rif for the NC TDR probe. However, the applicatioragfolyolefin coating to the
center-conducting rod eliminated the ability of ®ERC probe to effectively measure the electrical
conductivity of the solution. Using a GAP probetiwéa 0.01 m long gap at the center of the
polyolefin coating that exposed a section of tlangtss steel center rod, made it possible to nneasu
the electrical conductivity of a solution. Howevtre GAP probe was only capable of measuing
when EG,, was less than 0.558 S'mirhere has to be direct contact between the metédce of the
TDR probe rods and the sample to make EC measutgrossible as the nonconductive property of
the polyolefin coating acts as an insulator betwiberprobe rods and the sample being measured.

The EC measured using the GAP probe was contaiiththwhe small section of the exposed
metal surface of the center-conducting rod, i.e.attual area sampled was only /8®the total
area measured by the CS605 TDR probe. Any sizgahtkent in the EC of the soil being measured
along the length of the probe would not be seemguie GAP probe coating configuration used here
and result in an incorrect EC measurement. Inangasie size of the gap would alleviate this
problem, however an increase in the size of thengagd lower the maximum EC concentration that
the probe could effectively measure. However, the of the gap can be tailored to the expected
range of electrical conductivity, i.e. low EC contrations could use larger gaps and high EC

concentrations could use smaller gaps. The poggibflusing several small gaps spaced at intervals

78



along the length of the polyolefin coating has bpesented as a viable alternative (pers. cobm.
Rudolph and certainly deserves further study.

An increase in Eg,, did not affect the TDR measuremenBgfNo difference was found in
measured .2 when EG,,, was increased. However, the ability to meadureas limited to the
maximum EG,, levels noted above for each respective TDR probe.

The straightforward relationship betwean' vs. EG,, was found to perform effectively as a
calibration method for the determination of §sing TDR compared to the Giese-Tiemann
method which could not be used when&G 0.132 S rit. The cell constant method was considered
to be unacceptable as a means of determining B{glnty saline soils due to the fact that the cell
constanK was not a constant value.

The linear relationship between NG° vs. CCRC and GAR2® was in agreement with other
research results using soils. The linear relatignsatweerk .2° vs. 6, for the CCRC probe in sand-
water mixtures demonstrated that the responseofted TDR probe in soil would be linear. The
linear relationship betwedf.’° vs. 6, for the CCRC probe in both the water-air immersitethod
and sand-water mixtures were in agreement withteeseported in the literature. Equivalency
between N&K.2° values and WAMM predictel,’* values indicated that the water-air immersion
method provides a suitable methodology for TDRaesg®e Although these results indicate a linear
relationship betweel,2® as measured with the coated probe &84 of the soil, a definitive test of
the coated probe response in a series of soilsaniéimge of homogenous water contents should be
conducted. The water-air immersion method will igmdly result in a linear relationship between
K.>®vs.8,, regardless of the media properties or probe mgaioperties, i.e. dielectric constant and
thickness.

The very strong linear relationship betwdefi* vs.8, supports the premise of using= 0.5 in

dielectric mixing models when using non-coated psfThe polyolefin coating affected TDR
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measured. > values significantly with the CCRC and GAP prokgiesding K.”° values considerably
lower than NOK2® values except for measurements taken in air. atiettat the difference between
K.>*° (AK®) measured using the NC probe #8° measured using the CCRC and GAP probes
increased with increasing water content indicabed the polyolefin coating had a more pronounced
effect when the CCRC and GAP probes were exposethterials of higher dielectric constant.

The variation in the thickness of the polyolefoating applied to the center-conducting rod
showed enough variation in measuke® to warrant a separate calibration for each apipbicaf a
coating to the TDR probe. Each separate TDR prbbeld be calibrated individually even if the
same polyolefin tubing material is used to coah€BEBR probe.

The material surrounding the probe head had a madalsieffect on the TDR waveforms
with a substantial difference seen in the waveftraoes when the NC probe head was surrounded by
water instead of air. As well, a discrepancy inghebe head offset.f) value was found for the NC
probe when the probe head was completely immersanl tcompared to complete immersion in
deionized water. The effect of an increase in tekedtric constant of the material surrounding the
probe head was not just limited to the immediata af the probe head but was seen to affect the
entire TDR waveform. The stable positionpgf.xand the greater definition of the TDR waveform,
especially the position of the second reflectiompp,, suggest that the use of a high dielectric
constant material in the construction of the proad would improve TDR,>° measurement.

The modeled electrostatic fields generated by R pibbe were greatly affected when the
center-conducting rod was coated with polyolefirdeerease in potential and electric field intensity
was seen to occur in the region outside of thegbefin coating. The decrease in potential and
electric field intensity was greater when the ditrie constant of the material surrounding the CCRC
probe was increased. The decrease in electricifisddsity outside of the polyolefin coating was in

direct contrast to the significant increase in &ledield intensity within the polyolefin coatirgnd
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the increase in electric field intensity within thelyolefin coating increased as the dielectricstant
of the material surrounding the CCRC probe increéase

A common element was found between the increa8& i for the NC and CCRC probes
and the increase in the dielectric constant ofhthgerial surrounding the probe. In essence, the
coating on the center-conducting rod has exterueg@itobe head along the entire length of the center
rod. Even though the geometry and dimensions #ierelit as well as the fact that the dielectric
constant of the probe head material and the pdiyadeating are not equivalent, the entire center-
conducting rod is covered in the similar mannethasrod sections contained within the probe head.
The effect on TDR measurement noted using the CRBe also exists for the dielectric constant
measurement of the rod sections in the probe hezidh was evident from the different shapes of the
TDR waveforms and calculatég values for the probe head surrounded by eithasrairater.

The same dampening of the electrostatic fields dvogtur in the region outside of the probe
head but to a larger extent since the thicknesiseoprobe head is significantly greater than thabe
CCRC polyolefin coating and the probe head matélisithe entire volume between the center
conducting rod and the ground shield rods. Thecefia K.’ measurement would be similar to that
found when the thickness of the polyolefin coatimgthe center-conducting rod was increased.

The application of a polyolefin coating on theteg-conducting rod of a three rod TDR
probe with a gap in the coating at the midsectioth® rod can be used as an effective means to
extend the capability of measuring water contedtelactrical conductivity in saline environments
where regular TDR probes would be ineffective. Eixang the effect of a polyolefin coating on TDR
measurement also provides an alternative appraoettie tunderstanding of the working principles of

TDR.
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Appendix A

TDR EC Formulations

Relationship between voltage amd

[1]

(2]

(3]

[4]

(5]

[6]

[7]

(8]

(9]

(10]

(11]

Vo * (2o - Z)

Vo * (2o - Z)

VoZy - VoZe

VoZy - pVoZ,

Z * (Vo - pVo)

Z " [Vo(1 - p)]

Z

Z

Vo

p*Vo

ZL'ZC
Z +Z

Vi* (2L + Zo)

PVo * (ZL + Zc)

pVOZL + PVch

VOZC + PVch

Z.* (Vo + pVo)

Z:* [Vo(1+ p)]

Zc*Vo* (1+p)

Vo*(1-p)

Z:*(1+p)
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Conversion between voltage apdalues

The forms are simply the inverse of each other: due to arithmetic the final step in the LHS cannot be attained for the RHS

V: - Vo
[ = Vo
Vi - Vo
a-p 1 - v
1 i 1 + Vi- Vo
+ _VitVo
@+p v
1 Y 1 Vi~ Vo
ap > ) v
1 i v 1 Vi~ Vo
N Vi Vo
(1+p) o Vo
1 v v Vi~ Vo
(1-p) ) 0 - ° Vo
1 i v + v Vi Vo
+ _VYiVo
1+p) 0 °© Vo
1-p) Vo - (Vi - Vo)
1+p) Vo + (Vr - Vo)
(1-p) Vo - Ve Vo
(1+p) Vo + Ve Vo
(1-p) 2Vo - V,
(1+p) Vr
(1-p) 2Vo
= - 1
(1+p) Ve
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1 1 . Vr - Vo
N Vit Vo
(1+p) Vo
V;- Vo
- 1 -
-0 Vo
1 \% 1 Vi~ Yo
. Yo Vo
1+p) 0 . Vo
1 v 1 Vi - Vo
(1-p) o Vo
1 Vi + v Vi~ Vo
N Yt Vo
(1+p) o o VA
1 v Vo Vi - Vo
1-p o - v
1 +p) Vo + (Vi - Vo)
1-p Vo - (Vi - Vo)
1+p) Vo + Vi Vo
(1-p) Vo - Ve Vo
1+p) Vr
1-p 2Vo - Vi




ECsr Thin Section Calculation

THIN SECTION
g*cC Zrpr 2Vy - Vint
ECor = *
Ir Z, Vin
g*C Z1pr (1 - pinf)
ECGT = *
Ir ZO (1 + pinf)
Vmin
Ztpr = A K%® *
2VO - Vmin
(1 + pmin)
Z1pR = Zo Ko® *
(1 - pmin)
g*cC Zo K*® (1 + Pmin) (1 - piny)
ECqr = * *
|r Zy (l - pmin) (1 + pinf)
€ *c (1 + pmin) (1 - pinf)
ECqor = * K5 * %
Ir (1 - pmin) (1 + pinf)
g*C 8.85E-12 * 3.0E+08
= = 0.008848
I I
(1 + Pmin) (1 - Pine)
ECer = 0.008848 * KOS * *
(l - pmin) (1 + pinf)
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Appendix B
Response of Coated TDR Probes Used for Water Conten  t

Measurement

A review of the literature provided three exampdéthe TDR response for a three-rod TDR
probe with the center rod coated (CCRC) probe ts@tkasure water content in different soils. In
each case, regression lines were determined uatagrnsposed from the graphs reported. The
graphs used for transposed data are presented bdalowhe corresponding linear regression
analysis.

All three studies displayed a very strong linedationship between water content and the
travel time oK. for a three-rod CCRC probe. The regression reaudtsn agreement with the very
strong linear relationship that was measured ugiegVater-Air Immersion and Sand-Water

Mixtures methods.

Mojid, M.A., Wyseure, G. C. L. and Rose, D. A., 899

The Use of Insulated Time-Domain Reflectometry $ento Measure Water Content in Highly

Saline Soils. Irrigation Science, 18:55-61.

In this study, two different polyethylene-coatimgterials were used and designated as
Material 1 and Material 2. The results are listedreir Fig. 2. Data transposed from Fig. 2
corresponds with the symball”. The regression analysis undertaken was baseleoresults
presented for Material 1 (Fig. 2 Reproduced). grassion analysis yielded a linear regression
equation of:

[1] Apparent dielectric constant = 0.795 * Soil ldigtric constant + 2.328 ¢ 0.997
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Fig. 2 Mojid et al., 1998
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Fig. 2 Apparent dielectric constant, k,. of non-saline soil and wa-
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Persson, M., Bendz, D. and Flyhammer, P., 2004

Time-Domain Reflectometry Probe for Water Contertt Electrical Conductivity Measurements in
Saline Porous Media. Vadose Zone Journal, 3:1144-11

In this study, the center rod of the TDR probe we@ated using two different types of heat
shrink material: polyolefin and polyvinylidene fltide. Results are presented as their Fig. 4. Data
transposed from Fig. 4 corresponds with the syrfibBblThe regression analysis undertaken was
based on the results presenteddigy(lower left quadrant of Fig. 4) that used a padyinl heat shrink
coating. The regression analysis (Fig. 4 Reprodugietded a second order polynomial regression
equation of:
[2] Kap = 0.010 (Water conterity 0.121 (Water content) + 2.909 *=r0.994

ConvertingK,, values td,,>° values (Fig. 4A Reproduced) yielded a linear regjan
equation of:
[3] Kap® = 0.085 Water content + 0.1433 * =r0.994

Fig. 4 Persson et al., 2004
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¥

°
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Fig. 4 Reproduced Persson et al., 2004
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Staub, M., Laurent, J., Morra, C., Stoltz, G., Gour, and Quintard, M., 2008

Calibration of Time-Domain Reflectometry Probedteasure Moisture Content in Municipal Solid
Waste in Laboratory-Scale Cells. Geo-Environmetajineering, Kyoto, Japan, June 2008.

In this study, the type of material used for tbated probe was not mentioned, however a
Campbell Scientific CS605 probe was used. Restdtpresented as their Fig. 5. Data transposed
from Fig. 5 correspond with the symbd!'* The regression analysis undertaken was baseleon
results presented for Volumetric MC with an EC @f8 cnt. The regression analysis (Fig. 5
Reproduced) yielded a linear regression equation of
[4] Volulmetric MC = 9.992 Travel Time — 39.864 ¥ 0.996

Converting Travel Time t&.>° and plotting<.> vs. Volumetric MC (Fig. 5A Reproduced)
gives a very strong linear relationship with a esgion equation of:

[5] K.>° = 0.050 Volumetric MC + 1.998 2F 0.996

Fig. 5. Staub et al., 2008

TDR Calibration - Sand-gravel - Liquid with varying EC
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(i}
35;“ = « 0 mSiem
% ch: a ¥ o 4 5 mSlem
%) ] -
£ 20% L * 10 mS/om
E 159 o A - nm ® 20 mS/em
=3 L] » w
S 10% ° ’l_‘..'u. - T ¢ 40 mSiom
> v e i
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Travel Time (ns)

Figure 5: Comparison of TDR calibration curves for different ECs of the flud.
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