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ABSTRACT 

Tnpe Oth,laJJ1i • J ':ectornctry .(TDR) is becoming a widely used m(!thod to de~ermine 

volumetrie soil !Vater \ o.tltent (Sy and bulk soil electrical conductivity (Eea). It has been 

found ("at th~ 6 <tlJ~J r '''', vaiues obtained by this method. on certain soil s. require 

calibration. The j::-" ,<"" ~: this stud)' Ivas to monitor the; effects of soil texture (most 

particularly thf , "- y' ",.", ~'ly content) on 9 and RCa estimated by TDR. 

Water ( "'1... ':', ., ,~'" f'\lt ,,' ',ed, gravimetrically and by TDR, on packed columns of 

nine soil mixtures (. Jmr;-- " " ' of three clay types (Hydrite, Bentonite, and Ste. Rosalie 

clay) and coarse sand at three levels (8, 16, and 30% by weight) of these clay materials. 

• Ttrree replicates of each mixture {a total of 27 columns) were made to statistically 

establish the effect of the clay type and the clay content on 9 and ECa readings by TDR. 

It was found that the TDR overestimated 9 for the Hydrite and Ste. Rosalie (Natural) 

materials but accurately predicted for the Bent0nite materials, compared to gravimetric 

determinations. 

• 

Bulk soil electrical conductivity was simultaneously measured by lwo independent 

techniques, TDR and 4-probe, on the same soils. It was found that the clay types and day 

contents have aImost equal effects on the EC. as measured by TDR and 4-probe 

techniques. It was found that the estimated EC. values obtained by TDR and 4-probe 

methods for the fine-'cextured Bentonite materials were lower th an those: for the Hydritc 

and Ste. Ros~ie materials at equal e and ECw (electrical cO'lductivity of soil waler) . 
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RESUME 

La réflectométrie temporelle (TDR) est de plus en plus utilisée pour déterminer la teDf~ur 

en eau volumétrique du sol (8) et de la conductivité électrique apparente du sol (ECa). Il 

a été démontré que dans certains sols les valeurs de 9 et ECa obtenues par cette méthode 

requièrent une calibration. L'objectif de cette étude était de détenmner les effets de la 

texture du sol (plus particulièrement du type et du pourcentage d'argile) sur 9 et ECa 

estimées par la réflt;ctométrie temporelle. 

La teneur en eau du sol a été mesurée par gravimétrie et avec le TDR sur des colonnes 

contenant 9 mélanges de sol composés de 3 types d'argile (hydrite, bentonite et argile Ste-

• Rosalie) répartis selon 3 pourcentages (8, 16 et 30%). Trois répétitions de chaque 

combinaison (un total de 27 colonnes) ont permis d'établir statistiquement l'effet du type 

et du pourcentage d'argile sur 8 et ECa sur les lectures de TDR. Il est apparu que le TDR, 

en comparaison de la méthode gravimétrique, surestimait 9 pour l'hydrite et l'argile Ste­

Rosalie mais donnait de bOlls résultats avec la bentonite. 

• 

La conductivité électrique apparente a été mesurée simultanément par deux techniques 

indépendantes: le TDR et "les quatre s('ndes" (4-probe), sur les mêmes sols. Les rés'Jltats 

ont montré qu'il n'y avait pas de différence entre la conductivité électrique apparente 

mesurée avec le TDR et la technique des "quatre sondes", quelque soit le type d'argile ou 

son pourcentage. On a également trouvé que les valeurs de EC,\ estimées pour la bentonite, 

à texture fine, étaient plus faibles que celles de l 'hydrite et de l'argile Ste-Rosalie, la 

teneur en eau et la conductivité électrique de l'eau du sel étant égale. 
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CHAPTER 1 

1.1 INTRODUCTION 

Information on the soil moi sture and the bulk soil electrical conductivîty status of 

a soil is of considerable value to many disc:plines, including hydrology, agriculture and 

various aspects of civil engineering. Thus the need for an accurate, quick, non-destructive 

meoans of measuring volumetric soil moi sture (6) and bulle soil electrical conductivity 

(Ee.) at the same time is obvious. Curently, a few methods exist for measuring water 

content and salinity in a non-destructive fashion, these inc1ude; small tensiometers, 

pressure transducers and gamma ray techniques for determining soil moisture and, neutron 

scattering method, 4-probe method, "porous ceramic" salinity sensors and porous ceramic 

• extraction caps for estimating bulk soil electrical conductivity. The first method of 

measuring water content is tedious, problematic and limited in range; the second is 

ex pensive and the third requires highly specialized equipment. For measuring bulk soil 

electrical conductivity (which leads to estimates of bulk soil sali nit y) an often used 

approach is the four-electrode or 4-probe wenner array technique, as defined by Rhoades 

et al. (1977). But this technique requires concurrent knowledge of soil moisture. There 

are sorne limitations to ail these methods and a related problem is that water content and 

soil salinity determinations can not be obtained simultaneously with one approach. 

• 

Recent studies have shown that time domain reflectometry (TOR) can be used for 

measuring both 6 and EC. simultaneously and in a non-destructive manner (Dalton et al., 

i 984, Dalton and Van Genuchten; 1986, Dasberg and Dalton; 1985, Topp et al., 1988, and 

Nadler et al., 1991). Measurement of a and EC. by TDR i~ based upon the velodty of 

propagation (to obtain the dielcctric constant of the soil, ~, ) and the magnitude of signal 
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reflection of an electromagnetic pulse (EMP) guided along metal probes placed in the soil. 

The dielectric constant of a soil can be defined as the ratio of the electric pemlittivity of 

the soil to that of free space. The soil surrounding the metal probes acts as a dielectric 

causing sorne impedance and attenuation of the EMP. The dielectric constant of the soil 

is used to determine soil water content (Topp et al., 1980) and signal attenuation is used 

to determine ECa (Dalton et al., 1984). 

In recent years TDR has become an accepted means of measuring soil moisture 

(Hoyhoe et al., 1983; Patterson and Smith, 1981; Stein and Kane, 1983; Topp and Davis, 

1982; and Topp and Davis, 1985) which has many advantages over other methods: it can 

provide excellent spatial resolution, is able to measure close to the soil surface, and is 

inherently conducive to multiplexing and automation for most minerai soils. For e 
determinations it also appears to be essentially independent of soil type, salinity, soil 

• density and soil temperature (Topp et al., 1980). Yet in sorne instances calibration may 

be required. Although the application of TOR has been successfully reporled upon in 

many studies, questions still arise with regard to the measurement of the dieleclric 

constant and ECa determinations of sorne soil types (peat soils and clay soils). For 

example, the calibration data of the soils with very high clay fractions or an unusual clay 

component, have been shown to deviate significantly from the e calibration curve of Topp 

et al. (1980) (Dasberg et al., 1992), and soils high in organic matter have been shown to 

exibit different dielectric characteristics, than those for minerai soils (Herkelrath et al., 

1991). Herkeirath et al. (1991) attributed lower dielectric values to the presence of soil 

organic material, as previously postulated by Topp et al. (1980). Moreover, several 

investigators wflrking in the microwave range of frequency (1-20 GHz) found a 

dependence of dielectric constant (Kd) on soil texture (Newton, 1977; Wang and 

Schmugge, 1980; and Dobson et aL, 1985). Unfortunately most researchers do not slale 

• at which frequency their measurements have been recorded. Fine textured soils were 
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found to have lower dielectric values than coarse-textured soils at the same water content, 

a difference that increased with water content (Dasberg and Hoprnans 1992). Bonnell et 

al. (1991) in determining EC., found different calibration curve slopes for different types 

of soils (sand, silt loarn, and clay ]oarn). They suggest that the type and amount of clay 

present in a soil may have sorne effect on soil EC. as determined using TDR. 

From reading the above discussion it is evident that a more detailed look at how 

soil texture (most particularly the clay component) affect e and ECa as determined by 

TOR. Thus, this research project was undertaken to monitor the effect of clay type and 

clay content on bulk soil electrical conductivity using TDR. 

1.2 OBJECTIVES 

i) 

ii) 

The objectives of this research are: 

to record TOR measurernents of ECa and 9 for clay soils; 

to establish the extent to which clay content effects the dielectric constant and 

reflection coefficient of the EMP. 

iii) to obtain TOR calibration curves for both rnoisture content and ECa determinations 

for the various soils used. 
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CHAPTER II 

2.1 LITERATURI~ REVIEW 

2.1.1 Background 

Time domain reflectometry is a technique involving an electromagnetic wavc 

propagation, whïch can be used to measure the high-frequency electrical properties of 

materials. In soils applications TDR is used to measure the dielectric constant and signal 

attenuation to attain an estimate of e and ECa respectively. In the TDR technique a stcp 

voltage pulse or signal is propagated along a transmission tine. The signal' s propagation 

velocity and the amplitude and the polarity of the reflected signal are dependcnt upon the 

• electrical properties of the materials of which the transmission line is composed. 

• 

Every material is characterized by a dielectric pennittivity that, in general, is 

complex and a function of signal frequency. As given by Campbell (1990): 

(2.1 ) 

Where the electric permittivity (e) of a material is proportional to the dielectric 

constant (I\t) for that material and the electric pennittivity of free space (Eo = 8.85 x 10- 12 

farads/m). The ~ can be divided into real and imaginary dielectric components (E,) and 

(ej ) respectively. Thl~ imaginary dielectric constant which is related to a purely real 

conductivity (cr) is interrelated by: 

(2.2) 
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where 0) is the angular frequency of the propagating signal. 

Since the dielectric constant of common soil mineralogical materials range from 

about 2 to 14 whiJe the dielectric constant of water is approximately 80, the dielectric 

constant of soil is a potentially sensitive indicator of soil moisture. The dielectric constant 

for a dry soil is approximately 3, whiIe for a saturated soil it is about 25. 

The first measurements of the dielectric constant of organic solutions using time 

domain reflectometry were made by Fellner-Feldegg (1969). Since that time TDR has 

been applied to the measurement of dielectric properties of many materials including soils. 

A discussion of TDR applications to soils can be found in Davis and Chudobiak (1975) 

and Davis (1980). The strong dependence of the dielectric constant on volumetrie water 

content of a soil was found by Topp et al. (1980), and by Topp and Davis (1985) for a 

number of mineraI soils with varying textures. They conc1uded that the high-frequency 

• dielectric constant js only weakly dependent on soil type, soil density, soil temperature, 

and pore water conductivity. Thus the volumetrie water content of the soil, e, can be 

caIculated from the empirical equation given by Topp et al. (1980) with an accuracy of 

+ 0.02 m3/m3 and a precision or repeatability of + 0.01 m3/m3
• 

• 

e = -0.053 + 0.029 Kt - 5.5 X 10-4 Kl + 4.3 x 10-6 Kd3 .................... (2.3) 

where ~ is the dielectric constant (electric transmissivity) of a soil matrix and is 

determined from the travel time, t, of an electromagnetic pulse passing through a soil by 

Kd = (ct/2Li (2.4) 

where c = velocity of light in free space (3 x 108 rn/sec) and L = actual length of the 

probe inserted in the soil. In the commercial TDR instrument used (a Tektronix 15028), 
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the term ct/2 is reduced to ~ resulting in 

(2.5) 

where ~ is the apparent length of the soil-emheded transmission tines (soit probe) as seen 

by the TDR unit. 

Pepin et al. (1991) established an empirieal relationship between the volumetrie 

water content and the apparent dielectric constant, measured in the laboratory. for peat 

blocks with bulk densities ranging from 0.06 to 0.25 Mg.m-J
• It is: 

e = 0.85 x 10-1 + 1.92 X 10-2 Kd - 0.95 X. 10-4 K/ (2.6) 

This relationship can he used to estimate volumetrie water content between 0.21 and 0.95 

cm3/cm3 with a standard deviation of 0.03 cm3/em3
• They eonclude that the calibration 

curve obtamed for peat soU is similar to the one derived by Topp et al. (t 980) for an 

organic soil within the 0.21-0.55 cm3/cm3 water content range (Fig. 2.1). Also, the results 

of the experiment, obtained in the 100-200 MHz and within the 75-100% moisture content 

range for peat, by Toikka and Hallikainen (1989) agreed weil with the eurve presented by 

Pepin et al. (1991). 

Recent advances in the application of TDR for soil moisture measurements (Dalton 

and Van Genuchten 1986; Dasberg and Dalton 1985; Malicki 1990; Malieki and Skierucha 

1989; Topp and Davis 1985) make it possible to measure water content with an array of 

TDR probes and to monitor unsaturated water flow phenomena in undisturbed soil cores 

using standard sampling cylinders . 



• 7 

dielectric constant vs moisture content 

1.20-r-------------------, 

1.00 
ft 
E 
~ 0.80 
u -ë 0.60 
Q) 

ë 8 0.40 
! 
~ 0.20 
ë5 
E 

- Topp _ al • '1110 Eq 

• P~n _ al • '11111 Eq 

--Tod,ka _ al. '11l1li 
.' 

.' ;.,;.~.; ~':':' ;:~ -';"; ;.:--

0.004+---------------~ 

-0.20 -+--.----.-~--..-__r___r___r"__r__.___.___.___.___,___,.__,~ 
o 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 

dielectric constant 

• Figure 2.1: Comparison of TDR calibration curves for organic and peat soils. 

• 

2.1.2 The evolution of TDR for soU salinity 

Fellner-Feldegg (1969) proposed that the shape of the reflected TDR signal could 

be analyzed to give the low-frequency electrical counductivity of the soil; however Van 

Gemert (1971) found that Fellner-Feldegg's (1969) approach did not have enough 

resolution to be practical. Bucci et al. (1972) proposed fitting the TDR response curve 

asymptotically to a function of the inverse of the square root of time. The coefficient 

providing a fit to the function was related to the electrical conductivity. A review by 

Clarkson et al. (1977), following the approach of Giese and Tiemann (1975), includes 

electrical conductivity in the equation for the reflection coefficient of the dielectric 

interface al the beginning of the sample as shown: 
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ECOT = EC. as detennined by Giese and Tiemann (1975) 

Eo = electric pennittivity of free space, 8.85 X 10-12 farads/m 

c = velocity of electromagnetic waves in free space, 3 x 1011 mIs 

1.0 = impedance of the transmission tine 

Zu = output impedance of the TDR system 

V 0 = magnitude of signal coming from the TDR 

Vf = attenuation fraction 

(2.7) 

Dalton et al. (1984) and Davis (1980) have demonstrated the feasibility of TOR for 

measuring soil salinity. It has been noted that there exists a relationship between bulk soil 

salinity and TDR signal attenuation (Dalton et a1., 1984; Topp et aL, 1988; and Zegelin 

et al., 1989). 

For a conducting medium such as a saline soil, the launched pulse voltage is 

attenuated by a number of factors inc1uding conduction and dielectric losses into the 

medium. The amplitude of the reflected pulse voltage is thus diminished in proportion 

to the electrical conductivity of the transmitting medium. Fig. 2.2 shows a schematic of 

a TOR system with a typical TDR output trace on an oscilloscope screen. Point A 

corresponds to the point where the probe enters the soil and point C corresponds to the 

probe ends, the point of the flfst reflection of interest. Vo represents the output of the 

pulse generator, VI is the magnitude of the voltage pulse that enters the parallel-rod wave 

guide, and V 2 is the magnitude of the signal reflected at the end of the probes (Fellner­

Feldegg, 1969). For an ide al lossless medium, V 2 will he equal to VI' 
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Figure 2.2: Schema tic of a IDR trace showing the location of the various reflection 
coefficients measured. 

In the laboratory, Dalton et al. (1984) followeà by Dasberg and Dalton (1985) in 

the field, estimate that the applied voltage pulse, VI' is attenuated according to 

V2 = VI + VI exp(-2 a. L) (2.8) 

where a is an attenuation coefficient which is appiOximated by 

.................... (2.9) 

In Eq. 2.9 EC. is the electrical conductivity of the medium (in siemens per meter); Er is 

tbe relative dielectric constant of the medium; Eo is the electric permittivity of free space; 

"'0 is the magnetic penneability of free space (41t(lo-7) N/m); and PR is the relative 
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magnetic penneability of the medium. For soils low in magnetic material, PR = 1 and Eq. 

2.9 becomes 

a = 60 1t EC. 1 KI
/2 (2.10) 

combining Eq. 8 and 10 yields the medium electrical conductivity. EC. (ECo is EC. as 

defined by Dalton et al., 1984), as 

(2.11) 

Topp et al. (1988) state that the nonunifonn frequency dependence of any 

outstanding impedance mismatches must he taken into account. The:y de al with this 

problem by attributing the difference in electrical conductivity to the contribution of the 

• imaginai)' part of the dielectric constant of the soil. They have found that measuring 

solution conductivity by TDR using both a one round-trip of the TDR signal for analysis 

and the thin sample approach of Giese and Tiemann (1975) agreed weil with the 4· probe 

conductivity method of Rhoades et al. (1976) and concluded that the imaginary component 

of the dielectric constant was therefore negligible for solutions. But for soils only the thin 

sample approach of Giese and Tiemann (1975) produced valid results. Since the one 

round trip of the TOR signal approach did not work, the y concluded that for soi ts, the 

imaginary component of the dielectric component is not negligible. They proposed that 

further investigation of the frequency dependence of the dielectric constant and attenuation 

was necessary to identify the relative contributions of the real and imaginary parts of the 

dielectric constant. 

• 
Topp et al. (1988) suggested a direct considt;iation of the reflected pulse after one 

rOUl,d tripe so as to avoid any problems ~ ith maltiple reflections (parame~er explained in 
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the next page) and obtained an approximation of electrical conductivity (ECr) of the 

medium, as shown by Zegelin et al. (1989), in 

(2.12) 

According to the above method, the magnitude of the reflected pulse (V 2) can be defined 

as: 

(2.13) 

where the attenuation coefficient (a) is: 

(2.14) 

In equation (2.14) Er and ~:. are the real and imaginary parts, respectively, of the complex 

dielectric constant, ro is the angular frequency of the propagating signal and Ode is the 

statie or direct current conductivity. 

The analysis used by &.>alton et al. (1984), Dalton and Van Genuchten (1986), and 

Dasberg and Dalton (1985) ignores the effect of multiple reflections of the signal within 

the soil transmission line. Topp et al. (1988) point out that frequency-dependent 

attenuation makes V 2 a somewhat arbitrary measure. To overcome this, Yanoka et al. 

(1988) il'troduced a multiple reflection model and used the amplitude of the signal, Vf, 

after ail reflections within the cell had taken place (see Fig. 2.2). In this mode! ail 

interfaces cause partial reflection and partial transmission of the wave energy travelling 

away from and back to the TDR recorder. Thus a portion of the wave energy which is 

reflected back to the recorder from the ends of the probes is again reflected back to the 
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probe ends at the soil surface interface. This phenomena leads to multiple reflections 

occurring at all interfaces. The curve beyond point D (Fig. 2.2) represents the 

accumulation of the energy of these multiple reflections. Yanuka et al. (1988), using a 

more rigorous theoretical approach, and correcting for multiple reflections as applied by 

Zegelin et al. (1989) obtained an approximation of EC. by: 

(2.15) 

The results from the thin sample analysis of Giese and Tiemann (1975) which, 

although being theoretically valid for samples only a few millimetres thick, was found by 

Topp et al. (1988) to work weil in coaxial cells. Zegelin et al. (1989), following the 

resuIts from Topp et al. (1988), adapted the thin-sample analysis of Giese and Tiemann 

(1975) and concluded that this approach was an improvement over the method employed 

• by Dalton et al. (1984) provided that the measured probe characteristic impedances are 

used. Yet estimates of electrical conductivity were only within 10% of values determined 

using a control method, provided ECa was greater th an 10 mS/m. Zegelin et al. (1989) 

used the following equation to estimate EC.: 

• 

(2.16) 

Van Loon et al. (1990), recognizing that signal reflection is not only influenced by 

the soil medium but also by the measuring system itself, corrected for measuring system 

influence by comparing a soil reflection measurement with a reference measurement 

performed with the probe in air. The aiT reference mcasurement was assumed to he 

characteristic of the syste'm itself and any change in the signal, when the probe was 

inserted ioto the soil, was attributed to the soil itself. Their results were comparable to 

those of Dalton (1987), Heimovaara et al. (1988) and Topp et al. (1988). They assumed 

t 
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that the attenuation due to the measuring device itself was constant and contrary to Topp 

et al. (1988) assumed that the influence of the imaginary part of the dielectric constant can 

be neglected and the use of superposition to correct for the influences of measurement 

system itself was valid. 

According to the above assumptions the attenuation coefficient (a) cao be written 

as (Van Loon et al., 1990): 

Cl = (1 /2L) ln (ro / r) (2.17) 

Equation 2.17 is independent of multiple reflections. This approach avoids the 

necessity of accounting for cable and probe impedance mismatches by calibrating the 

probe in air and comparing these results with those obtained with the probes in the soil. 

• The bulk electrical conductivity is then: 

• 

ECv = [K/2 
/ (120 1t L)] In(ro 1 r) (2.18) 

where the recording of ro (the magnitude of the reflection coefficient) is taken at Xco and 

that of r is taken at Xc, with the probe in air and in the soil respectively. Xco and Xc are 

the x-axis distances as read on the oscilloscope with the probe in air and in the soil 

respectively (Fig. 2.3). Il should be noted that (ro) is a constant for any particular probe 

configuration and has to be determined only once. The choice of Xco at which to measure 

ro is arbitrary, but to obtain the best resolution it should he measured near the maximum 

of the curve at a point beyond the probe ends, ie. in the region of point D of Fig.2.3. The 

magnitude of rand ro is composed of the addition of 1.0 plus the vertical distance of the 

curve above (+ve) or below (-ve) the horizontal zero line as shown in Fig. 2.3. Note that 

rand ro have an absolute value of 1.0 when measured from the x-axis up to the horizontal 
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Figure 2.3: A TOR trace in air and soil showing reflection coefficient, rand ro, measured 
at Xc and Xco respectively. 

As explained by Bonnell et al., 1991, "In the method of Van Loon et al. (1990) the 

basic premise is to measure the refleetion of the signal from the probe in the air (ro) at a 

chosen location or number of reflections (n) beyond point D. If for example, the point 

of 10 reflection is required, then from the definition of K above, XcO = nLKd
l
/2 == 10 

LK.tl
/2. In air, Kct is essentia1ly equal to 1.0. Next, the probe IS inserted into the soil and 

r is measured at Xc' The change in magnitude of the refleetion coefficient from ro to r is 

attributed to the effeet on EMP attenuation by the soil. Since EMP trave) time is longer 

in the soil than ih air, the distance Xc must he smaller than X~o to correspond to a point 

representing the same number of reflections. Thus, the soil measurement of r must be 

made at a different position on the X-axis to correspond to the same time frame. The 
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determination of Xc at which to measure ris given by Xc = 10LKd
l
/2 (the 10 corresponds 

to 10 reflections and once in the SOil9 ~ is a function of Xw)'" 

NadJer et al. (1991) used an approach similar to that of Van Loon et al. (1990) to 

overcome multiple reflection interferences caused by impedance mismatches and also to 

simplify EC. measurement by reducing the number of parameters required for the 

calcuJation. They assume that at very long distances along the trace, ail the reflections 

are suppressed and the signal approaches a constant value (Vf ), which they assume is the 

resuJt of impedance of the direct CUITent only. They found that Vr is independent of the 

probe configuration, transfer efficiency of pulse energy or multiple reflections. Nadler et 

al. (1991) used the voltage reflection coefficient (r) to determine the impedance of the 

transmission line according to 

r = (~ -1.0) 1 (Zt. + Zo) (2.19) 

where 1.0 is the characteristic impedance of the cable and Zt. is the load of the 

transmission tine embedded in the medium under investigat;on. Therefore, measuring the 

amplitude of the signal at a long distance gives r values, which can be read directly from 

the instrument screen, from wh:ch tbe load of the transmission line (Zr.) can be calculated, 

and converted to EC. by using the probe's geometric constant. 

The geometric constant (~) can he experimentally determined by immersing the 

transmission line in a solution of known salinity (ECJ, measuring the resistance RL by 

TDR, and using an equation identical to Rhoades and Van Schilfgaarde (1976) as: 

(2.20) 
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where ECre~25°) is a solution of known electrical conductivity at 25 oC, and ft is a 

temperature-correction coefficient. The author cautions against using such an approach 

because of the differing results obtained by Topp et al., (1988) and Bonnell et aL, (1991) 

when measuring EC of solutions and that of moist soils. In conclusion, Nadler et al. 

(1991) found that their approach and the calculation procedures of Dalton et al. (1984) are 

the most suitable for calculating EC.. They found the method of T opp et al. (1988), 

Yanuka et al. (1988) and Zegelin et al. (1989) not to correlate as weil as their own 

approach. Yet BonneIl et al. (1991) found that the equation given by Dalton and Van 

Genuchten (1986) for determination of absolute EC. values is not valid for ail conditions, 

but is valid for measuring aqueous salinity levels. 

In another work, Bonneil et al. (1991) obtained different slope values of calibration 

curves for different soil types. They hypothesized that the se differences May be attributed 

• to the transmission coefficient, [T] (as defined by Rhoades et al., 1976), of the soils and 

clay type which in turn is a function of soit texture and structure with respect to conti nuit y 

of the soil pores. Rhoades et al. (1989) found a soil structure dependency of EC. to ECw ' 

where ECw is EC of the soil water, sufficiently important to make field calibrations 

necessary and used undisturbed soit for evaluating volumetrie soif water content in fine 

pores. However, Nadler (1991) reports a minimal effect of structure disruption on bulk 

soil electrical conductivity, determined byelectromagnetic induction. The Teason is based 

on an electromagnetic pulse signal interaeting with the electric field of ions in the soil 

solution and not on direct contact (Nadler, 1991). 

• 
Current research in field applications of TDR technology is al so looking into 

improved probe design. Zegelin et al. (1989) propose the use of simulated coaxial 

transmission lines, i.e. three- or four-rod probes, to avoid the necessity of using an 

impedance matching transformer (balun) at the coaxial wire to soit probe connection . 
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Malicki and Skierucha (1989) have developed an in series probe design whereby several 

probes can be monitored without switching. Hook et al. (1992) have developed a 

transmission line (3-rod probe) combined with a remote shorting diode to provide maximal 

amplitude reflections defining the point at which the transmission line enters the soil and 

of points within the soil. This has the advantage of eliminating extraneous reflections and 

allows easy and reliable waveform interpretation by unskilled operators or by automated 

system software. 

TDR has also been successfully used to monitor the travel time density function 

of a conserving tracer added as a pulse under conditions of a constant surface water flux 

density (Kachanoski et al., 1992). 

Recent innovations that allow several wave guides to he automated and 

• continuously monitored by one unattended TOR unit (Baker and Allmares, 1990; and 

Wraith et aL, 1991) have made TDR a potentially powerful tool for studying root water 

uptake. 

• 

It is c1ear ihat the use of TDR for determination of EC. has not been clearly 

established and requires a better understanding of the complexities of the dielectric 

behaviour of a soil matrix and of the electromagnetic phenomena which affect wave 

attenuation and velocity of propagation (Bonneil et al., 1991). BonneIl (1993) i~: his thesis 

presented a detailed discussion of electromagnetic wave propagation theory and a number 

of caveat factors related to the TDR technique. He presented a number of unanswered 

questions related to the EM problems in the use of the TOR equipment for soil 

measurements. "The number of possible unknowns is still so large that a rigorous causal 

relationship is still elusive and the need of an empirical calibration approach is necessary" 

(Bormell, 1993). 
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CHAPTER III 

3.1 MATERIAIJS AND METHODS 

3.1.1 SOILS AND SALT SOLUTION 

Two artificial clay materials (Hydrite R Kaolin and Korthix-H Bentonite) and a 

natural clay soil (Ste. Rosalie) were used in the experiment. Note that the Hydrite and 

Bentonite materials are 100% clay minerai, but they have 80% and 90% clay size 

respeetively. Some charaeteristies of the Hydrite, Bentonite and Ste. Rosalie clay soit are 

given in Table 3.1 (Typical particle size distributions and detaited properties are presented 

in Appendix A). The natural clay soil was air-dried and passed through a 2 mm sieve. 

Eaeh of the se materials (Hydrite, Bentonite and Stt.~. Rosalie) was mixed with a sand soit 

• (Ste. Sophie) at three different levels; 8%, 16% and 30% by weight (resulting in nine 

different mixtures). In order to maximize homogeneity, the clay material and sand were 

• 

Table 3.1: Physieal/Ch(;mkal properties of Hydrite R, Korthix-H Bentonite and Ste. 
Rosalie clay. 

Type of clay 

Property Hydrite R Bentonite Rosalie 

Col our White White Dark brown 

Form Fine powder Fine Powder Granular 

pH 4.2 - 5.2 9-10 5.2 - 7.8 

% clay size 80 90 43.5 

Specifie surface (m2 /g) 5 - 20 700-800 Unknown 

Swelling eapacity Low High Low 

Cation exehange capacity 

(meq/l00 g) 3 - 15 80 - 100 5 -20 
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Table 3.2: Physical/Chemieal properties of different mixture soils. 

Property 

Type of mixture 
Clay content Specifie surface Cation exchange capacity 

% (m2/g) (meq/lOOg) 

H-8% 6.40 0.4-1.6 0.24-1.2 

H-16% 12.80 0.8-3.2 0.48-2.4 

H-30% 24.00 1.5-6.0 0.9-4.5 

B-8% 7.20 5.6-6.4 6.4-8.0 

B-16% 14.40 11.2-12.8 12.8-16.0 

B-3~% 27.00 21.0-24.0 24.0-30.0 

N-8% 3.48 Unknown 0.4-1.6 

N-16% 6.96 Unknown 0.8-3.2 

N-30% 13.05 Unknown 1.5-6.0 

H-8% : 8% Hydrite clay material mixed with 92% coarse sand by weight. 

H-16% : 16% Hydrite clay material mixed with 84% eoarse sand by weight. 

H-30% : 30% Hydrite clay material mixed with 70% eoarse sand by weight. 

B-8% : 8% Bentonite clay material mixed with 92% coarse sand by weight. 

8-16% : 16% Bentonite clay material mixed with 84% coarse sand by weight. 

8-30% : 30% Bentonite clay material mixed with 70% eoarse sand by weight. 

N-8% : 8% natural (Ste. Rosalie) clay soil mixed with 92% coarse sand by weight. 

N-16% : 16% natural (Ste. Rosalie) clay soil mixed with 84% coarse sand by weight. 

N-30% : 30% natural (Ste. Rosalie) clay soU mixed with 70% eoarse sand by weight. 

thoroughly mixed by hand. Sorne properties of these mixtures are presented in Table 3.2. 

Texture and particle-size analyses of the Ste. Rosalie caly soit and sand were determined 

using the hydrometer and seive methods respectively (Appendix A). Three replicates of 

• each mixture were packed into PVC cylinders (150 mm diameter and 200 mm in length) 
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to a depth of 150 mm from the bottom with a bulk density of 1.66 Mg/m'. Thus there 

was a total of 27 cylinders. The cylinders were open on top and a wooden base with an 

enttance hole at the centre was glued on the bottom. Tap water was mixed with 

potassium chloride (KCI) salt to obtain a soaking solution of 10 dS/m. The solution 

conductivity was measured using a standard conductivity meter. The salt solution was 

introduced into the soit columns via the bottom entrance hole. A small positive head was 

maintained and the s?mples were allowed to saturate by capillary rise until the soil surface 

glistened. Readings of bulk electrical conductivity (ECa) of the soils (method described 

below) were recorded every four or five days as the soUs dried byevaporation. To obtain 

mort" data points, the samples were resaturated and readings were again recorded over a 

period of 70 days. Values of e were detennined by recording changes in the weight of 

each core at the same time as each ECa rcading was perfonned. At the finish of the ECa 

readings, the cores were oyen dried to determine a final e from which ail previous 

moi sture contents were determined by back-ca1culation, using the changes in weight 

previously recorded. 

3.1.2 EC. MEASUREMENT 

Two completely independent, electrical techniques for measuring ECa were used: 

(i) In the TDR technique, the data were recorded using a Tektronix 15028 cable Tester 

connected via a 50 ohm coaxial cable to a wave guide made of three parallel stainless 

steel rods (Zegelin et al., 1989), spaced 3 cm, 6 cm long and 2 mm in diameter (Fig. 3.1). 

As shown in Fig. 3.1 the central probe is isolated from the metal shield by a plastic 

dielectric and passes through the centre part of this shield and is connected to the centre 

conductor of the coaxial cable. The two outer probes are screwed into the metal shield. 

Inturn the outer wire shield of the coaxial cable is split in two and connected to the metal 

shield. For calculating ECa from transmitted and reflected pulse voltages, the Van Loon 
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• Figure 3.1: A Schematic of the TOR unit. the Wenner array probes and a soil core. 

• 

procedure (eq. 2.18 in literature review) was used and the following measurements were 

taken by eye directly from the screen for each combination of the packed soils. 

x ... - the travel distance of the pulse through the soil (or apparent length). 

r - the magnitude of the reflected signal at ~ with 10 reflection. 

(ii) ln the four-probe technique, the readings were perfonned using a Meggar ET3 Earth 

Tester connected to four electrodes of stainless steel (40 mm long by 1 mm in diameter). 

Eight electrodes were inserted horizontally through the sides of each PVC column to a 

depth of 10 mm into the soil. The holes through which the electrodes protruded were 

sealed with an epoxy glue. The electrodes were inserted at 45° intervals around the 

column circumference and stationed at 85 mm from the bottom of each column (Fig. 3.1). 
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These electrodes were used to measure bulk soil electrical conductivity (EC.) via the four­

electrode technique as outlined by Rhoades et al. (1977). Any four neighbouring 

electrodes can he regarded as a Wenner array, the outer two are used as current electrodes 

and the inner two as potential electrodes. By rotating the connections, four independent 

measurements were obtained for any sample and the averaged value was used to calculate 

EC4P (EC4P is EC. as measured by 4-probe method, dS/m) as: 

(3.1 ) 

where fI is the appropriate temperature factor for correcting resistance and conductlvity 

data (presented in Appendix B). The cell factor (K) determined for a cylinder by filling 

it with a solution of known electrical conductivity at 25°C (EC2S) and measuring the 

resistance at temperature t (R, ohms), and then calculating Kas: 

(3.2) 

The temperature of the soil for each reading was determined using a metal thermometcr. 

This tempe rature value was then used to determine the fI factor for correcting EC •. 

3.1.3 Surface conductance (Ee.) and transmission factor [T] determination 

Bulk soil electrical conductivity (EC.) is known to be influenced by the properties 

of the soil liquid and the solid phases of a soil matrix. Rhoades et al. (1976) have 

advocated the following equations to describe this functional relation: 

EC. = ECw e T + ECs 

[T] = a + b e 
(3.3) 

(3.4) 
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where [Tl is a transmission coefficient (pore geometry factor) linearly dependent on e 
with a and b being empirical parameters which are dependent on the tortuosity of the 

current path as a consequence of soil texture and structure, Ee... is the electrical 

conductivity of the soil solution and Eel is soU particle surface conductance. 

The equations above show that EC. is a function of a number of parameters. Ii' 

an effort to jsolate the effects of sorne of these parameters, such as surface conductance, 

ECs, and transmission coefficient, [T), the same cylinders were used and refilled with the 

same soil mixture types, in the same method described above. Salt solutions of 2.5, 26 

and 54.2 dS/m were us{".d to saturate the soils from the entrance hole in the bottom. 

Readings of bulk electrical conductivity of the soils, using the 4-probe method, were 

recorded every 5 d?,yS as the soils dried out by evaporation. The values of a were 

determined by recording changes in weight of each core in the same manner (back­

calculation) as mentioned above. Then the procedure as outlined by Rhoades et al. (1976) 

was used to determined [T] and ECs' The ranges of water content and salinities used in 

this study are shown in Table 3.3. 

Table 3.3: Range of volumetric water content, a (cm1/cm1), and liquid phase electrical 
cc lductivity, ECw (dS/m), used in this experiment. 

Soil 0 ECw Soil 9 ECw Soil 9 ECw 

"-8% 0.05-0.25 2.5-54.2 B-P.% 0.05-0.20 2.5-54.2 N-8% 0.05-0.30 2.5-54.2 

H-16% 0.05-0.25 2.5-54.2 B·-16% 0.10-0.25 2.5-54.2 N-16% 0.05-0.30 2.5-54.2 

"-30% 0.10-0.40 2.5-54.2 8-30% 0.15-0.30 2.5-54.2 N-30% 0.10-0.30 2.5-54.2 

As water evaporates from the cores, the salt concentration of the remaining soil 

water increases proportion ail y . Il has been found that because of this inverse proportion al 

• relationship between EC ... and 9, the product (EC ... a) will not change appreciably as 9 
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decreases (Halvorson and Rhoades, 1974 and; Rhoades et al., 1976). EC. is affected by 

changes in 9 due to the influence of 9 on [T]. As 9 decreases, the effect of [T] increases 

linearly (Rhoades and Halvorson, 1977). Therefore, as the initially wetted soit cores dry 

by evaporation, a linear decrease in EC. cao be expected . 
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CRAYrER IV 

4.0 RESUL TS AND DISCUSSION 

4.1 Soil salinity parameters 

Bulk soil electrical conductivity (EC.), described by Rhoades et al. (1976), is 

known to be influenced by a number of parameters such as surface conductance, ECs, and 

transmission coefficient, [T], which are dependent on soil texture and structure. The 

following equations show this functional relation: 

EC. = ECw e T + ECs (4.1) 

[T] = a + b 9 (4.2) 

The following de scribes how ECs and [T] were determined for different mixtures. 

Values of EC. (measured by 4-Probe method) 1 ECw for various combinations of 

water content and ECw are shown in Fig. 4.1 for the B-8% material (results for ail other 

materials are presented in Appendix C). Note that from equation (4.1) ECs (at any value 

of 9) will equal EC. if ECw equals zero. With this in mind, Fig. 4.2 was constructed 

from Fig. 4.1 by reading values of EC. and ECw for set values of a at the intersections 

of the vertical lines and curves in Fig. 4.1. The value of ECg was then obtained by 

extrapolating the curves in Fig. 4.2 to ECw = 0 and equals 0.165 dS/m for the B-8% 

material. Note that the value of ECs is essentially independent of the water content. This 

value of ECs was used ta replot the data points given in Fig. 4.1 in the forro of (EC. -

• ECs)/ECw versus 9, as shawn in Fig. 4.3. Fig. 4.3 iIIustrates that, after this correction for 
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surface conductance, the data points for all three values of ECw tend to fall on one curve 

(R-square = 0.91). According to Eq. 4.1, the ratio (EC. - ECs)/ECw is equal to a T. The 

vertical axis of Figure 4.4 is of (EC. - EC;)/ECw a = T = a + b a. Figure 4.4 shows R­

square equal to 0.99 when a = -0.065 and b = 1.59. This procedure for detennining ECs 

and a and b values was repeated for each of the soil materials used. The related graphs 

are presented in appendix C and the overall data is presented in Table 4.1. 

The surface conductivities found range from 0.035 dS/rn for the N-8% soit to 0.511 

dS/m for the B-30% material. ECs recorded in Table 4.1 and plotted in Figure 4.5 (for 

all the nine soil mixes) bec orne progressively larger as the fine fraction of the soil texture 

increases. This is as expected, because an increase in the clay fraction increases the 

electrically active portion of the soil rnatrix surface area (surface charge density). Figure 

4.5 shows quite clearly the gradual increase in ECs with increase in clay material content 

• for the Hydrite and natural clay soils. There is a rnuch greater increase in ECs for 

increasing amounts of Bentonite clay rnaterial. This figure also, iIIustrates the much larger 

ECs values for the Bentonite rnaterial compared to the Hydrite and natural materials. This 

is also expected, because the surface charge density, related to the cation exchange 

capacity (CEC), of the Bentonite clay rnaterial is larger than the Hydrite and natural clay 

materials. The ranges of CEC are 80-100 meq/lOOg for the Bentonite clay material, 3-15 

meq/lOOg for the Hydrite clay material and 5-20 rneq/lOOg of soil for the natural (Ste 

Rosalie )clay soil. 

• 

Transmission coefficient, [T], is a pore geornetry factor Iinearly dependent on 9 

with a and b being ernpirical pararneters appropriate for the particular soil. Table 4.1 

shows the values of a and b for aIl the soil materials used in this study. The b (si ope) 

values (illustrated in Figure 4.6) for the Bentonite material is larger compared to the other 

clay type materials. This can be attributed to the total pore space and size of these pores . 

Sandy soils show a range of from 35 to 50 percent pore space, whereas medium·· to fine-
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textured soils vary from 40 to 60 percent or even more in the case of marked granulation 

(Brady, 1974). In a sandy soit, in spite of the low total porosity, the movement of 

electrons (electrical current) in the liquid phase is surprisingly rapid because of the 

dominance of the macrospaces. Fine-textured soils allow relatively slow movement 

despite the unusualJy large amount of total pore space. 

ft has been found (Rhoades et al., 1976) that if 9 is smaller than a threshold water 

content, 9. defined as - a/b, the conductivity due to ECw will be zero. As shown in Table 

4.2, the threshold water content, 9., ranged from 0.012 for N-16% soil to 0.14 for B-30% 

soil. The dash mark (-) for 9. in Table 4.2 represent that sorne soils do not show any 

limitation to the moi sture content. Thus, the conductivity due to ECw can not be zero for 

them even with a very small moi sture content . 
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Table 4.1: Detennined surface conductivities, transmission coefficient parameters. and 

threshold water contents of soils. 

Soil ECs a+ b+ 

1 H-8% 0.080 0.219 0.53 

2 B-8% 0.165 -0.065 1.59 

3 N-8% 0.035 0.071 0.96 

4 H-16% 0.096 0.181 0.96 

5 B-16% 0.400 -0.021 1.34 

6 N-16% 0.050 -0.013 1.06 

7 H-30% 0.136 0.16 0.28 

8 B-30% 0.511 -0.39 2.76 

9 N-30% 0.075 -0.015 0.82 

+ Transmi~sion coefficient = la + bO]; a = intercept, b = slope . 

... 9t = threshold water content = - (a!b). 

6 * 1 

-
0.04 

-

-
0.020 

0.012 

-
0.140 

0.018 

". Linear correlation coefficient between The transmission coefficient and 9. 

1 8% Hydrite clay mate ri al mixed with 92% coarse sand. 

2 8% Bentonite clay material mixed with 92% coarse sand. 

3 8% natura! (Ste. Rosalie) clay soit mixed with 92% coarse sand. 

4 16% Hydrite clay material mixed with 84% coarse sand. 

5 16% Bentonite clay material mixed with 84% coarse sand. 

6 16% natura! (Ste. Rosalie) clay soH mixed with 84% ccarse sand. 

7 30% Hydrite clay material mixed with 70% coarse sand. 

8 30% Bentonite clay material mixed with 70% coarse sand. 

9 30% natura! (Ste. Rosalie) clay soH mixed with 70% coarse sand . 

R # 
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• Figure 4.5: Surface conductance of the various soil types. 
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Figure 4.6: Slope values (related to [Tl factor) of various soil 
types. 
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4.2 Statistical analysis performed 

The experimental data of EC. and e obtained using TOR, was analysed using II 

SAS (statistical analysis system) computer proBram. The experimentaJ design used was 

a completely randomized design with three sources of clay material (Hydrite. Bentonite 

and a Ste. Rosalie clay soil), each mixed at three levels (8%, 16% and 30% by weight) 

with sand. The observed variations in 8-TOR and EC.-TOR are partly attributable to 

variations in actual moisture content (moisture content obtained by weight). Thus anlllysis 

of covariance was carried out to remove the effect of the covariable (moisture content 

obtained by weight) and to adjust the trer'ttnent means. The three levels of clay content 

were analyzed within each group seperately. Because they were different for each group 

(see Table 3.2). The test of heterogeneity of slopes was performed to compare the 

regression relationships constructed for treatment groups (clay types) and to investigate 

• the effect of clay types on TOR readings. Regression relationships that differ among 

treatment groups actually reflect an interaction between the treatment groups and the 

independent variable(s) or covariates (Rudolf 1. Freund and Ramon C. Littel, 1981). In 

SAS this phenomenon is indeed specified and analyzed as an interaction and the Type 1 

sums of squares provide the most useful information. 

• 

The clay content and clay type were tested for their effects on e and EC. measured 

by TDR. Ail of the SAS output files are shown in Appendix D. 

4.3 Discussion of moisture content 

4.3.1 Results of statistical analysis for dilTerent clay content 

The results of analyses of covariance for different levels of material within each 

group are presented in Table 4.2. As can be seen from Table 4.2 (a, b, c), the effeet of 
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gravimetric moi sture content on 9-TOR, as the covariable, is significant at the 1 % level. 

There exist significant differences among the materials (8%, 16% and 30%) within each 

group at 1 % level. This rneans that clay content has sorne effeet on 9-TOR readings. The 

contrast tests presented in Table 4.2 (a, b, c) show that there exist significant differences 

between each pair of materials at the probability level of 1%. One exception is the 

contrast test hetween 8% and 16% materials within the Ste. Rosalie group which is not 

significant al the propability level of 5% or more. This anomaly can be attributed to the 

low level of clay particle size content (3.48% and 6.96%) corresponded to 8% and 16% 

Ste. Rosalie soils respectively. Il may he that there exists a threshold level of clay size 

content above which the amount of clay effects the 9-TOR. This threshold level is 

probably d;fferent for different clay types. 

The TOR and gravimetric moi sture content data, obtained at the same time, are 

• iIIustrated in Figures 4.7 to 4.9. The regression Hnes, fitted to these data, represent the 

calibration tines for different rnaterial within each group. The intercept, slope and R­

square values of ail regression Hnes are shown in Table 4.3. These calibration Hnes 

visually iIIustrate that there exists a difference in 9-TOR for different levels of clay 

mate rial. Further discussion on this point follows. 

• 

Physical and chemical properties of a material may he greatly influenced by the 

extent of its surface area. Soils differ markedly in surface area as a result of differences 

in types of clay minerais, texture, and amount of caly sire content. Such important 

properties as water retention and cation exchange capacity have been shown to he highly 

correlated with the surface area of soils. For example, there is an interaction hetween the 

water molecules and the clay surface. Sorne water molecules may he adsorbed on the clay 

surface through hydrogen bounding, and some may be adsorbed by the exchangeable ions 

becoming hydrated. The effect of the cation on the water molecules is greater the greater 

its charge and the srnaller its size, that is, the greater its surface charge density. 
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Table 4.2: Results of analyses of covariance for 8%, 16% and 30% materials within 
different groups. 

a- Hydrite group 

Source DF SS Mean Square F Value Pr > F 

Material 2 0.36240 0.018!'! 23.56 0.0001 ** 
Grvrnoist 1 0.48989 0.48989 636.97 0.0001 ** 
Contrast: 
H-16% vs H-30% 1 0.03606 0.03606 46.89 0.0001 ** 
H-16% vs H-8% 1 0.00608 0.00608 7.90 0.0060 ** 
H-8% vs H-30% 1 0.01227 0.01227 15.95 0.0001 ** 

b- Bentonite group 

Source DF SS Mean Square F Value Pr> F 

Material 2 0.11860 0.05930 77.35 0.0001 ** 
Grvrnoist 1 0.41422 0.41422 540.28 0.0001 ** 
Contrast: 
B-16% vs B-30% 1 0.08748 0.08748 114.11 0.0001 ** 
B-16% vs B-8% 1 0.00683 0.00683 8.91 0.0037 ** 
B-8% vs B-30% 1 0.10155 0.10155 132.45 0.0001 ** 

c- Ste. Rosalie (oatural) group 

Source DF SS Mean Square F Value Pr> F 

Materia! 2 0.04898 0.02450 14.29 0.0001 ** 
Grvrnoist 1 0.66517 0.66517 388.16 0.0001 ** 
Contrast: 
N-16% vs N-30% 1 0.03616 0.03616 21.10 0.0001 ** 
N-16% vs N-8% 1 0.00019 0.00019 0.11 0.7423 ns 
N-8% vs N-30% 1 0.04030 0.04030 23.52 0.0001 ** 

** The difference is statistieally sigoificant at probabiJity level of 0.01. 
ns The difference is not statistically significant at probability of 0.05 or more. 
DF Degrees of freedorn. SS Sum of squares. Pr Probability 
Grvmoist Gravimetrie moisture content 
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Figures 4.7-4.9 tend to show that, as the level of clay material (consequently the 

ch,y size content) increases, the TDR technique tends to increasingly underestimate the 

9 value. This effect can be attributed to the presence of progressively more bounded 

water as the clay content increases. Since the electrostatically bounded water has a lower 

dielectric constant (3-5) than does interstitial water (70-80). This phenomenon has been 

investigated by other researchers (Wang and Schmugge, 1978, 1980; Dobson et al., 1985). 

Ali the se studies showed that the dielectric constant decreased from coarse to fine textured 

soils. Thus, there seems to he a need to know the clay content of the soil and the specifie 

surface area of the clay component, and adjusting or calibrating the recorded TDR 

readings. 

• Table 4.3: Results of the structural analyses of the regression Hnes for 6-TOR versus 

gravimetric moisture content from Figures 4.7 to 4.9. 

Soil y -intercept Slope R-square 

H-8% 0.08 1.33 0.91 

H-16% 0.07 1.49 0.80 

H-30% 0.02 1.56 0.93 

8-8% 0.05 1.41 0.84 

8-16% 0.08 1.03 0.89 

B-30% 0.04 0.87 0.97 

N-8% 0.12 1.14 0.80 

N16% 0.05 1.55 0.87 

N-30% 0.12 0.89 0.88 

• 
------------------------------------------------ --- -
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Comparison of volumetrie moisture content 
TOR vs Gravlmetry 
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Fig 4.7: Comparison of a-TDR vs Gravimetrie moisture content for 
Hydrite materials. 
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Fig 4.8: Comparison of a-TDR vs Gravimetrie moisture content for 
Bentonite materials. 
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Comparison of volumetrie moisture content 
TOR vs Gravimetry 
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Fig". 9: Cornparison of 8-TDR vs Gravimetrie moisture content for 
Ste. Rosalie (Natural) materials. 

4.3.2 Results of statistical analysis for dift'erent clay types 

The test of heterogenity of slopes was canied out to compare the clay types 

together assuming the clay content and moi sture content as independent variables 

(covariates) and the clay type as classes. The results of tbis analysis are presented in 

Table 4.4. As can be seen from Table 4.4 the Type 1 sums of squares sbow tbat the clay 

content has an effect on 9-TOR, the clay type has an effeet on 9-IDR al any given clay 

content, and tbere is a significant difference in the 9-TDR / clay content relationship for 

different clay types at the probability of 1 % level. 

The estimated values in Table 4.5 are obtained with ESTIMATE statements using 

a SAS program that specify construction of the coefficients for different clay types. These 
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estimated coefficients illustrate the lower level of overall 9-TDR for the Bentonite clay 

type. 

Table 4.4: Results of test of heterogeneity of regression 9-TDR 1 clay content 

relationships for different groups (clay types). 

Source DF Type 1 SS Mean Square F Value Pr> F 

CT 2 0.16513 0.08256 67.16 0.0001 ** 

Moisture 1 l.41952 1.41952 1154.69 0.0001 ** 

CC 1 0.22729 0.22729 104.89 0.0001 ** 

CC*CT # 1 0.03321 0.03321 13.51 0.0001 ** 

Moisture*CC # 1 0.01288 0.01288 10.48 0.0014 ** 

** The difference is statistically significant at propability of 1 % . 

ns The difference is not statistically significant at probability of 0.05 or more. 

# Interaction between the treatment group and independent variable. 

CT Clay type CC Clay content 

Table 4.5: Estimate coefficients for different clay types. 

Parameter Estimate 

CC:CTH -0.002951 

CC:CTB -0.000878 

CC:CTN -0.004437 

CTH Hydrite clay type 

CTN Ste. Rosalie clay type 

T for Ho: PR>T 

Parameter = 0 

-2.77 0.0059 

-1.25 0.2115 

-4.05 0.(0)1 

CTB Bentonite clay type 

CC Clay content 

Std Error of 

Estimate 

0.00106443 

0.00070085 

0.00109543 
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The TDR and gravimetric moi sture content data are illustrated in Figures 4.10 to 

4.12. The regression lines, fitted to the se data, represent the calibration lines for different 

clay types. The intercept. slope and R-square values of ail regression Hnes are shown in 

Table 4.3. These calibration tioes visually illustrate that there exists a different.e in e 
TDR for different clay types. 

The data points, depicted in Figures 4.7-4.9, as weil as lower slope values (the one 

exception being B-8% soil) shown in Table 4.3 generally exhibit lower e values for the 

bentonite soils compared to the hydrite and natural clay sons. These effeets can be 

explained by the fact that the clay minerais differ a great deal in specific surface area. 

Nonswelling c1ays like Hydrite clay and Ste. Rosalie clay have only an external surface, 

but swelling clays like Bentonite clay have a great deal of internal as weil as external 

surface. The specifie surface area ranges from 5 to 20 m2/g for the Hydrite clay, however, 

• il ranges from 700 to 800 m2/g for the Bentonite clay. This large area of Bentonite clay 

holds more water in a bounded Slale which has the lower dielectric constant (3-5) than 

does interstitial water (70-80). Consequently the type of clay minerai present in soil is 

of major importance in detennining the effect of clayon 9-TDR readings. 

• 

Sorne of the variability observed in the data (see R-squares in Table 4.3) is 

probably attributable to the small sample volumes and to the physical changes in these 

samples caused by contact with the probe itself. Thus, more water may be redistributed 

within the soil rnatrix al each saturated period due to the physical contact of the probe 

itself. which could le ad to artificially higher dielectric constant measurements. Gap space 

between the soil and probes may also he a factor; especially for the Bentonite and Hydrite 

soils with high levels of clay content. As the soils dried, sorne cracks developed in the 

soil. Other cracks developed when inserting the probes into the soil. Swelling can be 

anolher factor mostly for Bentonite, as the water added into the soil, the volume of the 

soil changed during the recording period. Also, the length of probe cao be other factor, 
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as inserted into the soil, it is difficult to accurately determine probe length in the soil. Ali 

of the above factors may have contributed to sorne of the variability in the results. 

0.50 

0.45 

0.40 

0.35 
..-.. 
~ 0.30 

~ ~0.25 
a: 00.20 
t-

0.15 

0.05 

Comparison of volumetric moisture content 
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Fig 4.10: Comparison of a-TDR vs Gravimetrie moisture content 
for Hydrite, Bentonite and Ste. Rosalie (Natural) materials with 
8% level . 
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Comparison of volumetric moisture content 
TOR vs Gravlmetry 
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Fig. 4.11: Comparison of 8-TDR vs Gravimetrie moisture content 
for Hydrite, Bentonite and Ste. Rosalie (Natural) materials with 
115% level. 
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Fig 4.12: Comparison of 6-TDR vs Gravimetrie moisture content 
for Hydrite, Bentonite and Ste. Rosalie (Natural) materials with 
30% level. 
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4.4 Discussion of bulk electrical conductivity 

The dependence of EC. on the electrical conductivity of the soil water (ECw), on 

volumetric water content (9), on transmissivity (T) and on surface conductance (EC.) h&lS 

been presented by Rhoades et al., 1976 (eq 4.1 and 4.2). He found that the contribution 

of exchangeable cations (surface conductance, EC.) compared to EC. is relatively small 

and constant in saline soUs. The ECw is increased proportionately as 8 is reduced by 

evapotranspiration. Because of this inversely proportional relationship between EC" and 

e, the product (EC".9) is almost constant (Roades et al., 1976). Consequently, the EC. for 

different soils will he a function of the [T] factor which is directly related to 8. 

Therefore, to find the effects of different clay types and clay contents on ECa - TOR, an 

analysis of covariance was carried out to remove the moisture content effeet and to adjust 

the treatment means . 

4.4.1 Results of statistical analysis for ditTerent clay contents 

The resuIts of covariance analyses, run for each group, are presented in Table 4.6 

(a, b, c). As can he seen from Table 4.6 (a, b, c), the moisture content has an effect on 

Ee. -TDR which is significant at the 1 % level. The material also has an effeet on EC.­

TDR which is significant at the 1 % level within the Hydrite and Bentonite groups. But 

the effect of material on EC.-TDR within the Ste. Rosalie group is not significant. A 

reason can be attributed to the low level of clay content (3.48%, 6.96%. and Il %) and to 

the small range of clay content variation within the Ste. Rosalie materials. 

The contrast tests in Table 4.6 (a, b) show significant differences between 30% and 

16% or 30% and 8% materials at the 0.01 probabmty level, but there is no significant 

differences between 8% and 16% materials. These results tend to show that the low level 

of clay content have Httle effeet on EC. readings. The fact that the 30% material readings 
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are significantly different from 8% and 16% materials suggests that at sorne point (critical 

clay content) enough clay is present to interact with Ee. readings. More research is 

required to define the level of critical clay content. Note that this crltical clay content 

may he different for different clay types. 

Plots of EC.-TDR versus Gravimetrie moi sture content for the different materils are 

presented in Figures 4.13-4.15. The intercept, slope and R-square values for these graphs 

are shown in Table 4.7. Figures 4.13-4.15 visually show differences in the data points 

depicted for the diffcrent materials. These figures tend to demonstrate that the EC. of the 

soils at a fixed moisture content decreases, as the clay content increases (one exception 

being for hydrite material, Fig. 4.13). This effeet can he explained by the fact that the 

transmission factor, [T], is changed for soils with different clay contents. The [T] factor 

can be affected. especially in structured field soils, by the number, size, and continuity of 

• the soil pores. Considerable differences in the total pore space of various soils occor, 

depending upon field and management conditions. Sandy soils generally show a range 

'lf pore space from 35 to 50%, whereas medium- to fine-textured soils vary from 40-60% 

or even more for marked granulation clays. Although the total porosity in a sandy soil 

is low, the movernent of air and water is surprisingly rapid because of the dominance of 

macropores. Fine-textured soils allow relatively slow gas and water movement des pite the 

larger amount of total pore space. 

• 

In order to verify this, Figures 4.16-4.18 were plotted to show the [T] values in 

relation to e. The [T] values for different soils. used in this experiment, were obtained 

using the Rhoades' procedure and are presented in Table 4.1. Figures 4.16-4.18 also 

exhibited lower [T] values for the soils with higher level of clay material (one exception 

being the 16% hydrite material) . 
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Table 4.6: Results of covariance analyses for 8%,16% and 30% rnaterials within different 
groups. 

a- Hydrite group 

Source OF Type III SS Mean Square F Value Pr> F 

Malerial 2 0.29306 0.14653 6.77 0.0018 ** 
Grvrnoist 1 4.10434 4.10434 189.51 0.0001 ** 
Contrast: 
H-16% vs H-30% 1 0.20240 0.20240 9.35 0.0029 ** 
H-16% vs H-8% 1 0.00494 0.00494 0.23 0.6342 ns 

H-8% vs H-30% 1 0.24063 0.24063 11.11 0.0012 ** 

b- Bentonite group 

Source DF Type III SS Mean Square F Value Pr> F 

Material 2 0.51373 0.25687 12.74 0.0001 ** 
Grvrnoist 1 7.32819 7.32819 363.44 0.0001 ** 
Contrast: 
B-16% vs B-30% 1 0.49893 0.49893 24.74 0.0001 ** 
B-16% vs B-8% 1 0.01504 0.01504 0.75 0.3900 ns 

B-8% vs 8-30% 1 0.24086 0.24086 Il.95 0.0008 ** 

c· Ste. Rosalie (natural) group 

Source DF Type III SS Mean Square F Value Pr> F 

Material 2 0.04076 0.02038 0.85 0.4310 ns 
Grvrnoist 1 9.79625 9.79625 408.17 0.0001 ** 
Contrast: 
N-16% vs N-30% 1 0.01956 0.01956 0.81 0.3690 ns 

N·16% vs N-8% 1 0.00404 0.00404 0.17 0.6823 ns 
N-8% vs N-30% 1 0.03941 0.03941 1.64 0.2032 ns 

** The differenee is statistically signifieant al probability level of 0.01. 
ns The differenee is not statistically significant at probability of 0.05 or more. 
DF Degrees of freedorn. SS Sum of squares. Pr Probability 
Grvrnoist Gravimetrie moisture content 
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Table 4.7: Results of the structural analysis of the regression Unes for EC.~TDR and 

gravimetric moi sture content relationship. 

Soil 

H-8% 

B~8% 

N-8% 

H-16% 

B-16% 

N-16% 

H-30% 

B-30% 

N-30% 

y ~intercept Mope R-square 

0.20 2.81 

-0.22 4.85 

-0.05 4.66 

~0.1O 4.07 

-0.11 4.17 

-0.14 4.74 

-0.20 5.87 

-0.23 3.88 

-0.13 4.20 
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Figure 4.13: ECII-TDR versus gravirnetric rnoisture content for 8%, 
16%, and 30% Hydrite materials used in this experirnent. 
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ECa-TDR VS Gravimetrie moisture content 
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Figure 4.14: ECa-TOR versus gravimetric moisture content for 8%, 
16%, and 30% Bentonite materials used in this experiment. 
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Figure 4 .1S: ECa -TOR versus gravimetric rnoisture content for 8%, 
16%, and 30% Ste. R.osalie (Natural) rnaterials used in this 
experiment. 
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Figure 4.16: [Tl values versus moisture content for the 8%, 16%, 
and 30% Hydrite materials. 
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Figure 4.17: [T) values versus moisture content for the 8%, 16%, 
and 30% Bentonite materials. 
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Figure 4.18: [Tl values versus moisture content for t.he 8%, 16%, 
and 30% Ste. Rosalie (Natural) rnaterials. 

4.4.2 Results of statistical analysis for ditTerent clay types 

The test of heterogeneity of si opes was carried out to look at whether or not the 

regression coefficients of EC. 1 clay content relationship are constant over groups 

(different clay types). The results of this analysis are given in Table 4.8. The Type 1 

sums of squares show that the clay type is significant al the probability level of 0.01. 

Thus the clay type bas an effeet on EC.-TOR at any given clay content. Note that the 

clay content percentages are different for ail materials (see Table 3.2). The Type 1 su ms 

of squares also show that the clay content has an effeet on EC.-TDR, and there is a 

significant differences in the EC. -TDR 1 clay content relationshi p for di Herent clay types. 

This means that when working with different materials a calibration curve with regard to 

clay type and clay content is required for EC.-TDR determinations. Without calibration 
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only relative values of EC. can he obtained. This in itself is often sufficient when 

monitoring changes in soil profile EC. over lime, but if absolute values of EC. are 

required, calibration for these factors must he perfonned. 

The estimate coefficients of EC.-TDR / clay content relationships for different clay 

types obtained using the SAS program are presented in Table 4.9. These estimate 

coefficients are used to investigate the effeet of each treatment (clay type) on EC.-TDR 

readings. As given in Table 4.9 the absolute value of estimated coefficients show the 

lower level of ove rail EC.-TDR for the Bentonite clay. Bentonite clay is the one which 

has the larger surface area and exhibits the largest degree of swelling and the largest CEC 

values (see Table 3.1). Therefore, it is this clay type which can be expected to he the 

most interactive with respect to electromag,:etic propagation. 

• Table 4.8: Results of test of heterogeneity of regression EC.-TDR / clay content 

relationships for different groups (clay types). 

• 

Source DF Type 1 SS Mean Square F Value Pr> F 

CT 2 2.56663 1.28331 53.45 0.0001 ** 

Moi sture 1 24.79295 24.79295 1032.61 0.0001 ** 

CC 1 0.22719 0.22719 9.46 0.0023 ** 

CC*CT # 1 0.34537 0.17269 7.19 0.0009 ** 

Moisture*CC # 1 0.00809 0.00809 0.34 0.5619 ns 

** The difference is statistically significant at propability of 1 %. 

ns The difference is not statistically significant at probability of 0.05 or more. 

# Interaction between the treatment group and independent variable. 

CT Clay type CC Clay content 



• 

• 

• 

50 

Table 4.9: Estimated coefficients for different clay types. 

Parame ter Estimate 

CC:CTH -0.007471 

CC:CTB 0.002937 

CC:CTN -0.004474 

CTH Hydrite clay type 

CTN Ste. Rosalie clay type 

T for Ho: PR>T 

Parameter = 0 

-1.69 0.0913 

0.95 0.3451 

-0.95 0.3442 

CTB Bentonite clay type 

CC Clay content 

Std Error of 

Estimate 

0.00441 

0.00311 

0.00472 

The EC.-TDR and Gravimetrie moi sture content data, obtained at the same time, 

are illustrated in Figures 4.19-4.21. The data points in these Figures tend to show the 

lower level of overall EC.-TDR for the bentonite material compared to the hydrite and 

Ste. Rosalie materials. This difference is visually most evident for the 30% bentonite 

mate rial shown in Fig. 4.21. Since low clay contents have a small effect on the ECa 

readings, this difference is less evident within the 8 and 16% mixtures. The slope value 

for the 30% Bent()nite material is 3.88, as compared to 5.87 and 4.20 for the 30% Hydrite 

and Ste. Rosalie materials respectively. This effeet might be attributed to bound water 

which has a lower dielectric constant (~= 3-5) and to the surface charge of clay minerais 

(surface charge density) which is related to the cation exchange capacity (CEC) of the 

material. Because of the abundance of negative eleetrical charges at their surfaces, the 

Bentonite material ad sorbs more positively charged ions (cations) than does the Hydrite 

and Ste. Rosalie materials. The Bentonite clay typically has a cation exchange capacity 

of 80-100 meq/lOOg of soil, the Hydrite clay, iil the range of 3-15 meq/lOOg and the 

natural clay (Ste. Rosalie) 5-20 meq/lOOg of soil. 
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Figure 4.19: ECa-TDR versus gravirnetric rnoisture content for 
different clay types at 8% level. 
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Figure 4.20: ECa-TDR versus gravimetric moisture content for 
different clay types at 16% level. 
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ECa-TOR vs Gravimetrie moisture content 
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Figure ".21: Eea-TDR versus gravirnetric rnoisture content for 
different clay types at 30% level. 

4.5 Calibration curves for EC.-TDR 

As discussed above, clay type and clay content effect EC. as measured by TDR. 

Thus, a calibration curve is necessary to compensate for different clay types and different 

clay contents. In this experiment the EC.-IDR and EC.-4p were recorded at the same 

time for calibration purposes. Figures 4.22-4.27 illustrate the calibration curves for the 

soils used. As can be seen, the curves are very close together and the data points in each 

Figure generally tend to fall on one curve (R-squares range from 85 to 90 for the different 

clay types and from 83 to 87 for the different levels of clay material). This similarity can 

be explained by the fact that the different clay types and clay contents also effect the EC. 

measured by the 4-Probe technique. Therefore, it is necessary to determine the actual 

effects of clay type and clay content on the 4-Probe technique as weil. If it is effected, 
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a calibration curve for the EC.-4P technique also seems to he required. Then other 

methods have to he used to calibrate the Ee.-TOR. In practice, EC.-4P determinations 

are often calibrated for different soils by comparison with saturated paste extract EC 

determinations. It is suggested that for accurate data requirements, EC.-TOR 

determinations will need to he calibrated for any one field site by the same extract 

method. For reconnaissance work or for monitoring relative changes in soil salinity, less 

rigorous calibration is required . 

Bulk Electrical Conductivity 
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3.50~-------------------. 
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a: 
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o 
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.. ' .. ' 

.. ' .,' .,' .,' .. ... -- ... 

0.00 t..a:::!:..-_______________ ----l 

0.00 0.50 1.00 1.50 2.00 2.50 3.00 3 50 

EC-4P dslm 

Figure 4.22: Calibration curves for the different clay types at 
8% level. 
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Bulk Electrical Conductivity 
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Figure 4.23: Calibration curves for the different clay types at 
16% level. 
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Bulk Electrical Conductivity 
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Figure 4.24: Calibration curves for the different clay types at 
30% level. 
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Bulk Electrical Conductivity 
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Figure 4.25: Calibration curves for the three level of Hydrite 
materials. 
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Figure 4.26: Calibration curves for the three level of Bentonite 
materials. 
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Figure 4.27: Calibration curves for the three level of Ste. 
Rosalie (Natural) materials . 
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CRAPrER V 

5.1 SUMMARY AND CONCLUSION 

This study was carried out in an attempt to quantify the effects of clay content and 

clay type in a soil matrix on the results obtained when measuring 0 and EC. using the 

TDR technique. To achieve this, 27 cylinders (150 mm diameter and 200 mm in length) 

were packed with various soil mixtures. These soil mixtures consisted of three replicates 

of three clay materials (Hydrite, Bentonite and Ste. Rosalie clay source) and three levels 

of materials (8, 16 and 30% by weight). 

A salt solution of 10 dS/m was added to the cylinders and the moisture content and 

bulk soil electrical conductivity were recorded as the cylinders of soil were allowed to air 

dry. For e recording two independent methods, gravimetric and TOR, were used and for 

ECa recurding two independent methods, 4-Probe and TOR, were used. 

The results obtained in this study are presented in this thesis. The conclusions are 

as follows: 

1. Although application of time domain reflectometry (TOR) has become an 

acceptable method for nondestructive estimation of soil water content (0) 

and appears to be essentially independent of soil type, it has been found 

that the different clay types have sorne effects on 0-TOR. The TOR 

technique tended to show the lower level of overall 8-TOR for the Bentonite 

materials compared to the Hydrite and Ste. Rosalie (Natural) materials. 

2: Low fractions of clay (in this case less than 13.05%, 12.8%, and 14.4% for 

the Ste. Rosalie, Hydrite, and Bentonite materials respectively) do not effect 
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EC.-TOR. Once a calibration curve is performed, it can be used for ,ùl the 

mineral soils with clay fractions less than their threshold lev el of clay 

content. 

3. Clay types and clay contents were found to have sorne effects on estimation 

of EC. using TDR and 4-Probe techniques. Bentonite material, which 

exhibits the largest particle surface areas and the large st CEe values 

compared to Hydrite and Ste. Rosalie (natural) material, tcndcd to show 

lower values for ECa estimated by the two methods. 

4. It was found that the bulk electrical conductivity of the soils at a fixed 

moisture content tends to decrease as the clay content increases (one 

exception being for hydrite soil). 

5. To estimate 8- and ECa-TDR, a calibration curve is necessary to compensatc 

for different clay types and clay contents. Without a calibration only 

relative values of 8 and EC. can be obtained. Relative values are useful for 

monitoring changes in soil profile e and ECa over time. 
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CHAPTER VI 

6.1 RECOMMENDATIONS FOR FUTURE RESEARCH 

With regard to the results of this study, the following items are recommended for 

further rcsearch: 

1. As discussed in section 4.3.1, low clay contents do not effect a-TDR. But further 

research is required to find the threshold level of clay content above which the 

amount of clay effects the 8-TDR. This threshold level is probably different for 

different clay types. 

2. 

3. 

As discussed in section 4.4.1, small changes of clay content do not effect the Ee.­
TOR. Thus, further research is necessary to define the point (critical clay content) 

in which enough clay is present to interact with Eea readings. 

For accurate data requirements, Eea-TDR detenninations will need to be calibra~p.d 

against standard methods known to be little effected by soil clay type or content 

percent (such as the saturated paste extract method) . 



• 

• 

• 

60 

CHAPTER VII 

REFERENCES 

Baker, J.M. and R.R. Allmaras. 1990. A system for automating and multipîexing soil 

moi sture measurements by TDR. Sail Sei. Soc. Amer. J. 54: 1-6. 

BonneIl, R.B., R.S. Broughton, and P. Enright. 1991. The mem;urement of soil moisture 

and bulk soil salinity using time domain refleetometry. Canadian Agricultural 

Engineering. 33(2): 225-230. 

Bonnell, R.B. 1993. "Subsurfaee Irrigation with Saline Water". Ph.D. Thesis. Department 

of Agricultural Engineering. Macdonald Campus, McGill University. Montreal, 

Quebee. 

Brady, N.C. 1974. "The Nature and Properties of Soils ". 8th Edition, Macmillan Publ. 

Ine., N.Y. 

Brisco, B. and T.J. Pultz. 1992. Sail moisture measurement using portable diclcctric 

probes and time domain reflectometry. Water Res. Res., 28(5): 1339-1346. 

Bucci, a.M., G. Cortucci, G. Franceschetti, C. Savarese and R. Tiberie. 1972. Time 

domain techniques for measuring the conduetivity and pennittivity spectrum of 

materials. IEEE Trans. on Instrum. and Meas. IM-2I: 237-243. 

Campbell, J.E. 1990. Dielectric properties and influence of conductivity in soils at one to 

fifty megahertz. Soil Sci. Soc. Amer. J. 54: 332-341. 

Clarkson, T.S., L. Glasser, R.W. Tuxworth and G. Wilhams. 1977. An appreciation of 

experimental factors in time_domain spectroscopy. Adv. in Molecular Relaxation 

and Interaction Processes. 10: 173-202. 



61 

• Dalton, F. N. 1987. Measurement of soil water content and electrical conductivity using 

• 

• 

time domain reflectometry. Int. Conf. on Measurement of Soil and Plant Water 
Status. Utah State University, Logan, Utah. 

Dalton, F.N. and M.Th. Van Genuchten. 1986. The time domain reflectometry for 

measuring soil water content and salinity. Geoderma 38: 237-250. 

Dalton, F.N., W.N. Herkelrath, D.S. Rawlins, and J.D. Rhoades. 1984. Time-domain 

reflcctomctry: simultaneous measurement of soil water content and electrical 
conductivity with a single probe. Science 224: 988-990. 

Dasberg, S. and F.N. Dalton. 1985. rime-domain reflectometry field measurements of soil 
water content and electrical conductivity. Soil Sci. Soc. Anler. J. 49: 293-297. 

Dasberg, S. and J.W. Hopmans. 1992. Time domain reflectometry calibration for 

uniformly and nonuniformly wetted sandy and c1ayey loam soils. Soil Sci. Soc. 
Amer. 1. 56: 1341-1345. 

Davis, J.L. and W.J. C~ludobiak. 1975. In-situ me ter for measuring relative permittivity 

of soUs, Geoi. SUry. Can., Ottawa, Paper 75-IA: 75-79. 

Davis, J.L. and A.P. Annan. 1977. Electromagnetic detection of soil moisture: Progress 
report 1. Cano J. Remote Sensing, 1: 7-86. 

Davis, J.L. 1980. Electrical property measurements of sea ice in situ using a wide-band 

borehole radar and a time-domain reflectometer. Proc. Int. workshop Remote 
Estimation Sea Ice Thickness, St. John's, Newfoundland 80(5): 155-187. 

Dob8on, M. C., F. T. Ulaby, M. T. Hallikainen, and M. A. El-Rayes. 1985. Microwave 

dielcctric behaviour of wet soil, II, Dielectrio mixing models, IEEE Trans. Geosci. 

Remote Sens., 23: 35-46. 

Fellner-Feldegg, H. 1969. The measurement of dielectrics in time domain reflectometry. 

J. Phys.Chem., 73: 616-623. 



62 

• Giese, K. and R. Tiemann. 1975. Determination of the complex permittivity from thin-

• 

• 

sample time domain reflectometry: Improved analysis of the stcp rcsponse 

wavefonn. Adv. Mol. Relaxation Processes, 7: 45-49. 

Gupta, s.e. and R.J. Hanks. 1971. Influence of water content on eleetrical conductivity 

of the soil. Soil Sei. Soc. Amer. Proc. 36: 855-857. 

Halvorson, A.D. and J.O. Rhoades. 1974. Assessing soil salinity and identifying potential 

saline seep areas with field soil resistance measurement. Soi! Sei. Soc. Amer. J. 

Proe. 38: 576-581. 

Hayhoe, H. N. and W. G. Bailey. 1985. Monitoring changes in total and unfrolcn watcr 

content in seasonnnally frozen soil using time domain rcflectomctry amI neutron 

moderation technique. Water Resour. Res. 8: 1077-1083. 

Hayhoe, H.N., G.C. and W.G. Bailey. 1983. Measurement of soil water contents and 

frozen soil depth during a thaw using time do main rcflectometry. Atoms. Ocean 21: 

299-311. 

Heimovaara, T., F.N. Dalton and J.A. Poss. 1988. Time domain reflcctomctry, a mcthod 

for measuring volumetrie water content and bulk elcctrical conductivity of soils. 

USA Salinity Research Report 88, Riverside, ealif. 

HerkeIrath, W.N., S.P. Hamburg, and F. Murphy. 1991. Automatic, real-time monitoring 

of soil moisture in a remote field area with time domain reflet;tornetry, Water 

Resour. Res., 27(5): 857-864. 

Hook, W.R., NJ. Livingston, Z.J. Sun, and P.B. Hook. 1992. Remote diode shorting 

improves measurement of sail water by time domain reflectomctry. Soil Sei. Soc. 

Amer. J. 56: 1384-1391. 

Kachanoski, R. G., E. Pringle and A.Ward. 1992. Field measurement of solute travcl time 

using time domain reflectometry. Sail ScLSoc. Amer. 1., 56: 47-52. 



63 

• Kcng, I.C.W. and O.C. Topp. 1983. Measuring water content of soil colurons in the 

• 

• 

laboratory: A comparison of gumma ray attenuation and TDR techniques. Cano J. 
Soil Sei. 63: 37-43. 

Knight, J.H. 1992. Sensitivity of time domain reflectometry measurements to lateraI 
variations in soil water content. Water Resour. Res., 28(9): 2345-2352. 

Lajoic, P.O. 1960. Sail Survey of Argenteuil, Two Mountains and Terrebonne Counties, 
Qucbec. Rcscarch Branch, Canada Department of Agriculture in Co-operation with 

Qucbec Department of Agriculture and Macdonald College, McGill University. 

Malicki, M. A. and J. Skierucha. 1989. A manuaIly controlled TDR soil moisture meter 

opcrating with 300ps rise-time needle pulse. Irri. Sei. 10: 153-163. 

Malicki, M.A. 1990. A reflectometric (TDR) meter of moisture content in soils and other 

capillary-porous materials. Zeszyty Problemowe Postepow Nauk Rolniczych 

388: 107. 

Nadlcr, A., S. Dasberg and 1. Lapid. 1991. Time domain reflectometry measurements of 

water content and clectrical conductivity of layered sail columns. Soil Sei. Soc. 

Amer. J. 55: 938-943. 

Nadlcr, A. and H. Frenkel. 1980. Determination of soil solution electrical conductivity 
l'rom bulk soil electrical conductivhy measurements by the four-electrode method. 

Sail Sei. Soc. Amer. J. 44: 1216-1221. 

NaJlcr, A. and H. Frenkel. 1981. Field application of the Fore-Electrode Technique for 

Dctermining Sail Solution Conductivity. Sail Sci. Soc. Amer. J. 45: 30-34. 

NaJler, A. 1991. Effect of soil structure on bulk ... i; elel'.rical conductivity (ECa) using 

the TDR and 4P techniques. Soil Sci. J . l ' :';3): 1')9-203. 

Newton. R.W. 1977. Microwave remote sensing and its application to soil moisture 

dctection. Texas A&M University Tech. Rep. RSC-81, College Station. 



64 

• Patterson, D.E. and M.W. Smith. 1981. The measurement of unfrozen \Valer content by 

• 

• 

time do main reflectometry: Results from laboratory tests. Can.Geotech.J. 18: 131-
144. 

Pepin, S., A.P. Plamondon, and J. Stein. 1992. Peat water content mcasurement USillg time 

do main reflectometry. Cano J. For. Res. 22: 534-540. 

Quirk, J.P. 1968. Partic1e interaction and soil swelling. Israel Jour. Chernistry, 6: 213-

234. 

Rhoades, J.O. and J. van Schilfgaarde. 1976. An electrical canductivity probe for 

determining soil salinity. Sail Sci. Soc. Amr. 1. 40: 647-651. 

Rhoades, J.D.,P.A.C. Raats and R.J. Prather. 1976. Effeets of liquid phase clcctricai 

conductivity, wat~r content and surface conductance on bulk soil clectrical 

conductivity. Soil Sei. Soc. Amer. J. 40: 651-655. 

Rhoades, J.O., M.T. Kaddah, A.D. Halvorson and R.J. Prather 1977. ESlablishing soil 

electrical conductivity - salinity calibration using faur-electrode cclls containing 

undisturbed sail cores. Sail Sei. 123: 137-141. 

Rhoades, J.D. and A.D. Halvorson. 1977. Electrical conductivity methods for detecting 

and delineating saline seeps and measuring ~alinity in northern grcat plains soils. 

ARS-W-42, USDA, Washington, D.C. publ. #60. 

Rhoades, J.O., N.A. Mongeghi, P.J. Shouse, and W.J. Alves. 1989. Soil electrical 

conductivity and soil salinity: New formulations and calibrations. Soil Sei. Soc. 

Amr. J. 53: 433-439. 

Russell, E.W., 1973. "Soil Conditions and Plant Growth ". lOth Edition, Longman Pub. 

Ine., N.Y. 

Selig, E:T. and S. Mansukhani. 1975. Relationship of sail moisture ta the diclcctric 

property. J. Geotech. Eng. Div., Amer. Soc. Civil Eng., 101: 755-769. 

------------ ---



65 

• Simpson, J.R. and J.J. Meyer. 1987. Water content measurements comparing a TDR array 

• 

• 

to neutron scattering. Proc. of Int. Conf. on measurement of Soil and Plant Water 

Status. Utah State U., Logan, Utah. 

Steel, G. D. and J.H. Torrie. 1980. "Principles and Procedures of Statistics ". McGraw-Hill 

Book Co. Ine., Toronto, Canada. 

Stein, J. and D.L. Kane. 1983. Monitoring unfrozen water content of soil and snow using 

time domain reflectometry. Water Resources. Res., 19: 1573-1584. 

Toikka, M.V. and M. Hallikainen. 1989. A practical electric instrument for in situ 

measurement of peat properties. In Land and water use. Agricultural Engineering: 
Proceedings of the Il th International Congress on Agricultural Engineering, 4-8 
Sept. 1989, Dublin. Edi. V.A. Dodd and P.M. Grace. Balkema, Rotterdam, 

Netherlands. pp.: 101-105. 

Topp, G.c. J.L. Davis and A.P. Annan. 1980. Electromagnetic determination of soil water 

content: Measurements in coaxial transmission !ines. Water Resources Res. 16: 

574-582. 

Topp. G.e. and l.L. Davis 1982. Measurement of soil water content using time domain 

rcflcctometry. Nael. Res. Coudl of Can., Cano Hydrol. Symp., Ottawa pp. 269-

2H7. 

Topp, G.c. and J.L. Davis 1985. Time domain reflectometry (TDR) and its application 

to irrigation. In "Advanees in Irrigation" (D. Hillel, ed.). Academie Press, New 

York,pp. 107-127. 

Topp, G .e., M. Yanuka, W.D. Zebchuk and S. Zegelin 1988. Determination of electrical 

conductivtty using time domain reflectometry: Soil and water experiments in 

coaxial lilles. Water Resources. Res. 24: 945-952. 

U.S. Salinity Laboratory Staff. 1954. In L. A. Richards (ed.) Diagnosis and improvement 

of saline and alkali soils. VSDA Handbook 60, V.S. Government Printing Office, 



• 

• 

• 

66 

Washington, D.C. 

Van Gemert, M.J.C. 1971. Dielectric measurements with time domain refleetomctry whcn 

large conductivities are involved. l Phys. Chem. 75: 1323-1324. 

Van Loon, W.K.P., E. Perfeet, P.H. Groenevelt, and B.D. Kay. 1990. A new nlethod to 

measure bulk electrieal conductivity in soils with time domain retlcctometry. Cano 

J. Soil Sei. 70: 403-410. 

Wang, J.R. and T.J. Schmugge. 1980. An empirical model for the complcx pcrmittivity 

of soil as a function of water content, IEEE Trans. Geosci. Electron., 18: 288-295. 

Wraith, lM. and J .M. Baker. 1991. High resolution measurement of root water uptake 

using automated time domain reflectometry. Sail Sci. Soc. Amer. J., 55: 92X-932. 

Yanuka, M., G.C. Topp, S. Zeglin and W.D. Zebchuk 1988. Multiple Icfkctiull and 

attenuation of TDR pulses: Theoretical considerations for applications to soil and 

water. Water Resources. Res. 24: 939-944. 

Zeglin, S. 1988. The determination of electrical conductivity using TOR: Soil and Waler 

experiment in Coaxial Hnes. Water Resources. Res. 24: 945-952. 

Zegelin, S.1., 1. White and D.R. Jenkins. 1989. Improved field probes for soil waler 

content and electrical conductivity measurements using time domain rcflcctomctry. 

Water Resources. Res. 25: 2367-2376. 



• 

• 

• 

67 

APPENDIX A 

SOIL PROPERTIES 

Source of pages 63-64: Dry Branch Kaolin Company, R.R.l, P.O. Box 468-D, Dry 

Branch, Georgia 31020-9798 

Tel: 912 743-7474 Fax: 912746-0217 

Source of pages 66-67: Kaopolite, Ine. 2444 Morris Avenue 

Union, New Jersey 07083 

Tel: 908 789-0609 Fax:908 851-2974 
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HYDROUS 
KAOLIN 
CLAYS 

HYDRITE~ 
Dry 8ranch Kaolin IS one of the larges! 
producerr f fine clays wlth a solld 
reputation for quahty and serVice, That 
tradition continues wlth HYDRITE 
kaolin ctays - the largest selection of 
filler and extender pigments for the 
paint, adhesive, rnk, plashc and rubber 
industnes 

HYDRITE kaolin clays are careflllly 
processed to mee! ngld spüC'lflC'a!lons 
Sy usmg centnfugal fractlonatloll tech­
niques, Dry Branch Kaolin affers d 

wlde range of products wlth pr f'Cl0l'ly 
controlled partlcte SIZ(' dlslr Il)ut1011S 
The chart below desclIlws tilt' 
HYDRITE grade br'st SUlll'd tll 
Indlvldllal appllcalrons DI y ~lr clr1Ch 
Kaolin techilicai sales r eprl'Sf'ntil!lVt ,~, 
or dlstnbutors will bc plf'llSed to plO­
vide addltloll,ll mforrncltroll llll ~,p(,l'IIH' 
applications 

Typical Uses of HYDRITE Kaolin Clays 
: . Applications Grad~ Propertle. Advantagea:' ;~( 

Paints - gloss and 
semi-gloss emulslons, 

HYDRITE UF 

prrmer systems 
Adhesives - Ihlxolroplc 
ald 
Caulks - Ihlxotroplc ald 
Inks - lellerpress 
Englneermg plastics 

----- ------ -
Paints - Intenor HYDRITE PX 
emulsrons, pnmer 
syslems, emulslon floor 
painls 
Plastics - bulk moldmg 
compounds, gel coats 
Inks - letterpress 

Rubber - mechanrcal HYDRITE PXS 
goods 

Palnts - Inlenor HYDRITE R 
emulslons, prrmer 
systems, umversal tmts 
Plastics - bulk moldlng 
compounds 
Adhesives - waler base 
Inks - lellerpress 

Rubber - mechanlcal HYDRITE RS 
and eleclrrcal goods 
Plastics - bulk moldmg 
compounds, 
thermoplastlc calendered 
goods 

Palnts - Intenor HYDRITE 121-S 
emulsrons, prrmer 
systems 
Plastics - polyester 
premlx 

Paints - intenor HYDRITE FLAT D 
emulsrons, prrm&r 
systems, exterror 
emulslons, exterror 
oleoreslnous 
Plastics - bulk motdrng 
compounds and preform 
epoxy moldlng, phenolJc 
moldlng 
Rubber - mechanrcal 
goods 
Adhesives - epoxy type, 
water type 

Fines! 
pallicie ~I 
kaolin 
cornrncrCI, Illy 
avallable, 
hlqhesl W ùll'r 
and 011 
dernand 

---- .- -
Good 
b[Jghlne~, 
Ilne pmllcl 

5, 
C 

slze. hlgh 
waler and 
demand 

--_._-- -
Predlsper Sûd 
IOfln 01 
Hydntc P x 

- ------
Good 
bnghlnes s, 
Iree of co arsr] 
parllcles, 
medlurn a 
dernand 

----- -
Predlspor 
lorrn of 
Hydrrte n 

1----- ---
Interrnedl ale 

la, 
alf) 

partlcle 51 
Inlermedl 
waler and 011 
dernand 
Predlsper seo 

HIC)host glass 
characlom,llc'" be~,t 
suspension 111C)h l'51 
ttll'<olroplc ch,tr,\{ tf)lI~hc!. 
Lensl <lb! <1',lon 

Excollf'nl <]10';'" color 
slnlll relllovdl, hllJllll) 
powor and ~,U',pl'Il~,;{)11 
Excpllont rheolr'(J1( al 
proportlüS 
Excûllant lIow conlrol 

, 
I-hgh moduilis 
chùmçtow,trc.s 

- j 
1 , 

--------- -- --- ----J 
Excellont <.olui. "Ialll 
rornoval, hldlnq pOWOl 

and 5uspOnSIOil 
Aheoloqlcal coniuli 
Sirrko-Ill conlrol 
Roducos cosl wlth fjood 
finish 

Good physlwl, elüc.1l1tal 
and flow charactonstlC!l 

-------, 
Good stam romuvill, 1 
hldll1g powor and 
suspension Flow crmlrol 1 

1 

Large par Ilclo Good enamol hold-oul, 
slze,lowe r suspen&lon and hlrJlrlg 
waler an d 011 power , , 
demand Low chalklng roto 

Improvos phy&lcrJI 
propertles, non-roac.1Ivo, 
pormlts hlQh ,Ioadlflg~ ._ 
Reduces shnnkago " 
Very low modulu'i .: " 
charactmlstlcs ' 
Non-reactlvo, thlxOlroplc 
Conlrols ponetratlon 



Typical Chemical 
Properties 

•

Iumlnum OXlde 1 AI,O,) 
omblnod) . 

SII,f;on Dloxldc ISla.) 
lcornblnorJ) 
Iror] O)(lcJC (Fe al) 
Tltilrllurn Dloxlde (TIO.) 
Cdl( Hlm OmJo (CéJO) 
M, l' If l(l~,IUf1l 0)(1<18 (MgO) 
~Jf)1 hum OXlde (Na,O) 
F'litd';<,HHn OXlde (K .. O) 
l (J~,', Or] Iqnltlon éJI 950"C 

38.8 

. 452 
03 

,,14 
005 
03 
03 
005 

,136 

Chemical Reactivity 
HYDRITE kaolin clays are chemlcally 
inert and react wlth aClds and bases 
only under extreme conditions. These 
clays are water processed to reduce 
soluble salt contents to extremely 
low levels 

Physical Constants 
Refraetlve Index', . . 1 56 
Denslty Ibs.lsolld gallon . .. 21.66 
Bulklng Value gallonllb '" .. 0.046 
Hardness Index (Mohs' Scale) . 2 0 
Speclflc Gravit y . . . .. . .... 2.58 

Typical Particle Size Distribution 
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Physical Properties 
ln their natural state, kaolin parti­
cles exist as a mixture of plates and 
stacks. Those flner than 2 microns 
are thln, fiat, hexagonal plates The 
greater than 2 micron particles occur 
as stacks of those plates and are 
bound together as a single partlcle. 
Optlcal and physlcal charactenstlcs 
of HYDRITE kaolin clays are greatly 
affected by changes ln parti cie size 
and shape 
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Typical Physical Test Results 

Grado 

Median 
Partlele Size 

HYDRITE UF " ':'1,. • 020 " "" ':~ 82 0 - 85 0 
HYDRITE PX i:' ~..' . '0.68 " \ , '\' 87.0 - 90.0 
HYDRITE PXS··· '. 0,68 -, ~'.' ' .~ : 87 0 - 90.0 
HYDRITE R \ 0.77 f ,85.0: 86.5 
HYDRITE RS··· ' " O. 77 ~ 85.0 - 86.5 
HYDRITE 121-S··· 1.5 83.0 - 845 
HYDRITE Flat 0 5.0.',' 802 - 83.0 

------,~--------~--
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Figure Al: Particle Si ze Analyses of the three levels of Hydr i te 
materials. 
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KORTIllXW H 

BENTONITE 

KORTHIxm H Thickening Agent is a modified, refind, white bentonite that generates 

outstanding rheologieal charaeteristies in water based systems. KORTIDxm' H bentonite 

aehieves one the highesl viseosilies of any minerai thiekener. Il also exibits a good, clean, 

white eolor and ease of dispersion. 

TYPICAL PHYSICAL PROPERTIES 

Color 

Form 

Moislure (% Max.) 

pH (2% solids in distilled water) 

Wet Sereen Residue 

(% retained on 325 Mesh) 

White 

Fine powder 

10 

9.0-10.0 

0.0 

TYPICAL CHEMICAL ANALYSIS 

SI02 67.20 

~03 15.20 

MgO 3.20 
CaO 1.92 
Fe20 3 1.87 
Ti02 0.16 
Na20 2.58 
K20 0.96 
Loss on Ignition (1 0500C) 5.70 
Cation Exchange Capaeity 80 

(Meq/lOO g.) 
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AOUEOUS PROPERTIES 

Dispersion: KORTlDxm' H Thickening Agent disperses easily in water to foml a 

smooth, colloidal suspension. For best results, and slowly to water, with 

good agitation. 

PARTICLE SIZE ANAL YSIS 

Due to the chemical (CEe) and swelling properties of this malerial, the standard 

methods used by soiI scientists for detennining particle distribution will no produce 

meaningfulresults. The Korthixlm H Bentonite used in this thesis contain al a minimum 

• of 90% clay size particles (less than 2 micron) (verbal communication with George 

Larson of Kaopolite Ine.) . 

• 



• • 
Soil type Ste. Rosalie clay; Ste. Rosalie clay: 

and 3/4 nule south of 2.5 miles nonhwest of 
location Browns Gore St. Placide 

Horizon A. G C A. 

r.epth in inches ............................................................ 0-6 8-16 16-22 0-6 

pH ................................................................................ 5.2 6.5 7.8 5.7 

Physical Analysis 
Gravel percentage of total saiL .............................. 0 0 0 0 

Sieve fracuons 
Coarse sand ............................................•........ (%) 
Medium sand .................................................. (%) 
Fine sand ........................................................ (%) 

Vely rme sand ................................................ (%) 

Bouyoucos 
Sand (total) ..................................................... (%) 27 12 9 26 
SIIt. ................................................................. (%) 37 29 31 30 
Clay ................................................................ (%) 36 59 60 44 

OtemicaI Analyses 
Calculated on oven-dried soUs-

Total C ....................................................... (%) 2.41 0.44 0.09 2.39 
Total N ....................................................... (%) .15 .04 .04 .17 
Total K2O ................................................... (%) 2.41 2.83 2.64 2.66 
Total P20 5 .................................................. (%) .14 .10 .12 .17 

Calculated on air-doed soils-
Avallable P20 5 (p.p.m.) ................................... 51 445 630 92 
Exchangeable K (m.eJl00 gms) ..................... .93 .29 
Exchangeable Ca (m.e./lOO gms) .................... 4.32 7.88 
Exchangeable Mg (m.eJl00 gms) ................... 2.13 4.12 

Table Al: Physicall Chemical Analyses of Natural clay (Ste. Rosalie clay). 
Source: Lajoie, P.G. 1960. 

G 

6-24 

6.6 

0 

12 
36 
62 

0.63 
.05 

2.92 
.15 

515 

C 

24-30 

7.3 

0 

10 
27 
63 

0.16 
.03 

3.11 
.17 

750 

• 
Ste. Rosalie clay; 

SL Hennas 
Station 

A. G C 

0-8 8-15 15-24 

6.0 6.2 7.1 

0 0 0 

-

20 15 13 
32 35 22 
48 50 65 

4.85 1.04 0.24 
.27 .06 .03 
2.45 2.44 2.77 
.26 .13 .13 

220 760 760 
.82 

11.54 
6.\6 
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Ste. Rosalie Clay 
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• Figure A2: Particle Size Analysis of Ste. Rosalie clay. 
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Figure A3: particle Size Analyses of the three levels of Ste . 
Rosalie (natural) materials. 



• 76 

1 CLAY 1 

100 

SILT 
1 Sand 1 

Il 
V 

V 

Il 
80 

L.. 60 a> 
c: 

iL. 

• +-' 
c: 
a> 
0 
t-
a> 

40 a. +_1 

20 i-

o 
1 10 100 1,000 

Diameter (microns) 

• Figure A4: Particle size analysis of the Ste. Sophie sand ,mil. 
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APPENDIX B 

• Temperature factors 

• 
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.. Table BI: Temperature factors (ft) for correcting resistance and conductivity data on sail extracts to the 
standard tempe rature of 25° C. 

oc. l 

° F. ft oC. oF. fI oC. oF. f, 

3.0 37.4 1.709 22.0 71.6 1.064 29.0 84.2 .925 
4.0 39.2 1.660 22.2 72.0 1.060 29.2 84.6 .921 
5.0 41.0 1.613 22.4 72.3 l.fJ5~ 29.4 84.9 .918 
6.0 42.8 1.569 22.6 72.7 1.051 29.6 85.3 .914 
7.0 44.6 1.528 22.8 73.0 1.047 29.8 85.6 .911 

8.0 46.4 1.488 23.0 73.4 1.043 30.0 86.0 .907 
9.0 48.2 1.448 23.2 73.8 1.038 30.2 86.4 .904 
10.0 50.0 1.411 23.4 74.1 1.034 30.4 86.7 .901 
11.0 51.8 1.375 23.6 74.5 1.029 30.6 87.1 .897 
12.0 53.6 1.341 23.8 74.8 1.025 30.8 87.4 .894 

13.0 55.4 1.309 24.0 75.2 1.020 31.0 878 .890 
14.0 57.2 1.277 24.2 75.6 1.016 31.2 88.2 .887 
15.0 59.0 1.247 24.4 75.9 1.012 31.4 88.5 .884 
16.0 60.8 1.218 24.6 76.3 1.008 31.6 88.9 .880 
17.0 62.6 1.189 24.8 76.6 1.004 31.8 89.2 .877 

• 18.0 64.4 1.163 25.0 77.0 1.000 32.0 89.6 .873 
18.2 64.8 1.157 25.2 77.4 .996 32.2 90.0 .870 
184 65.1 1.152 25.4 77.7 .992 32.4 90.3 .867 
18.6 65.5 1.147 25.6 78.1 .988 32.6 90.7 .864 
18.8 65.8 1.142 25.8 78.5 .983 32.8 91.0 .861 

19.0 66.2 1.136 26.0 78.8 .979 33.0 91.4 .858 
19.2 66.6 1.131 26.2 79.2 .975 34.0 93.2 .843 
19.4 66.9 1.127 26.4 79.5 .971 35.0 95.0 .829 
19.6 67.3 1.122 26.6 79.9 .967 36.0 96.8 .815 
19.8 67.6 1.117 26.8 80.2 .964 37.0 98.6 .801 

20.0 68.0 1.112 27.0 80.6 .960 38.0 100.2 .788 
20.2 68.4 1.107 27.2 81.0 .956 39.0 102.2 .775 
20.4 68.7 1.102 27.4 81.3 .953 40.0 104.0 .763 
20.6 69.1 1.097 27.6 81.7 .950 41.0 105.8 .750 
20.8 69.4 1.092 27.8 82.0 .947 42.0 107.6 ,739 

21.0 69.8 1.087 28.0 82.4 .943 43.0 109.4 .727 
21.2 70.2 1.082 28.2 82.8 .940 44.0 111.2 .716 
21.4 70.5 1.078 28.4 83.1 .936 45.0 113.0 .705 
21.6 70.9 1.073 28.6 83.5 .932 46.0 114.8 .694 
21.8 71.2 1.068 28.8 83.8 .929 47.0 116.6 .683 

•• Source: USDA H:t.~dbook No. 60. 
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APPENDIX C 

Surface Conductance and Transmission Factor 
of varions soils 
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Surface Conductivity, ECs' and Transmission Coefficient, T, for H-8% Soil 

H-8% soil 
0.14-.---------·----------, 

Code EC. 
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Fig. Cl: Plot of ECa/EC~~ vs. volumetrie water content, e, for H-
8% soil. 
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Fig. C2: Plot of ECa vs. ECw for various f ixed volumetrie water 
contents as interpolated from Fig. Cl for H-8% soil showing the 
extrapolated vaIlle of ECs ' 
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H-S% 
0.14,....----------------------, 
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-Fig. C3: Plot of (ECa - ECs)/ECw vs. volumetrie water content, 
e, for data of fig. Cl and C2. 
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Fig. C4: Relation of the transmission coefficient 1 T, and 
volurrletric water content for H-8% soil. 
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Surface Conductivity, ECs, and Transmission Coefficient, T, for N-8% Soil 

N-8% Soil 
0.14.,....---------------------, 
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Fig. CS: Plot of ECa/ECw vs. volumetrie water content 1 e, fOl: N-
8% sail. 
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Fig. C6: Plot of ECa vs. ECw for various fixed volumetrie water 
contents as interpolated from Fig. CS for N-8% sail showing the 
extrapolated value of ECs ' 
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~'-----------'--' '_.-----~--------------.~----------------------------~ 
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Fig. C7: Plot of (ECa - ECs ) /ECw vs. volumetrie water content, 
e, for data of fig. C5 and Cf. 
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Fig. ca: Relation of the transm~ssion coefficient, T, and 
volumetrie water content for N-8% soil. 
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Surface Conductivity, ECs' and Transmission Coefficient, T, for H-16% Soil 
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Fig. C9: Plot of ECa/ECw vs. volumetrie water content 1 e, for H-
16% soil. 
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Fig. C10: Plot of ECa vs. ECw for various fixed volumetrie water 
contents as interpolated from Fig. C9 for H-16% soil showing the 
extrapolated value of ECs ' 
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H-16% Soil 
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Fig. Cll: Plot of (ECa - ECs)/ECw vs. volumetrie water sontent, 
6, for data of fig. C9 and C10. 
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Fig. C12: Relation of the transmission coefficient, T, and 
volumetrie water content for H-16% soil. 
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Surface Conductivity, ECs, and Transmission Coefficient, T, for 8-16% Soil 
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Fig. C13: Plot of ECJECw vs. volumetrie water content, e, for 
8-16% soil. 
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Fig. C14: Plot of ECa vs. ECw for various fixed volumetrie water 
contents as interpolated from Fig. C13 for B-16% soil showing 
the extrapolated value of ECs ' 
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8-16% Soil 
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Fig. C15: Plot of (ECa - ECs ) /ECw vs. volumetrlc water content, 
e, for data of fig. C13 and C14. 
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Fig. C16: Relation of the transmission coefficient, T, and 
volumetrie water content for B-16% sail. 
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Surface Conductivity, ECs' and Transmission Coefficient, T, for N-16% Soil 
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Fig. C17: Plot of ECa/ECw vs. volumetrie water content, e, for 
N-16% soil. 
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Fig. C18: Plot of ECa vs. ECw for various fixed vol umetric water 
contents 'iS interpolated from Fig. C17 for N-16% soil showing 
the extrapolated value of ECs ' 
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e, for data of fig. C17 and Cl8. 
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Surface Conductivity, ECs, and Transmission Coefficient, T, for 8-30% Soil 
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Fig. C21: Plot of ECa/ECw vs. volumetrie water content, 9, for 
H-30% sail. 
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Fig. C22: Plot of ECa vs. ECw for various fixed volumetrie water 
contents as interpolated from Fig. C21 for H-30% soil showing 
the extrapolated value of ECs . 
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Fig. C23: Plot of (ECa - ECs)/ECw vs. volumetric water content, 
e, for data of fig. C21 and C22. 
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Fig. C24: Relation of the transmission coefficlent, T, and 
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Surface Conductivity, ECs' and Transmission Coefficient, T, for 8-30% Soil 

8-30% Soil 
0.80 

Code EC. 
0.70 ... 25 

+ 
0.60 .-
0.50 • 0 

~0.40 
0 w 

0.30 

0.20 

0.10 

0.00 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 

Volumetric Water Content, 9 (cm'/cm') 

Fig. C2S: Plot of ECa/ECw vs. volumetrie water content, 9, for 
B-30% soil. 
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Fig. C26: Plot of ECa vs. ECw for various fixed volumetrie water 
contents as interpolated from Fig. C25 for B-30% soil showing 
the extrapolated value of ECs • 
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8-30% Soil 

0.28 EC. = ECw81aB +bJ+EC s R .. 0.51 

Code EC .. ----0.24 25 

.... + 26 

CZ) 0.20 lIE 54;! 
Il • 0 

!:!:! 0.16 

~ 
w 
• 0.12 

0-
!!!. 

0.08 

0.04 

0.00 
0.00 0.05 0.10 0.15 0.20 0.25 0.30 

Volumetrte Water Content. 9 (em'/em') 

Fig. C27: Plot of (ECa - ECs ) /ECw vs. volumetrie water content, 
e, for data of fig. C25 and C26. 
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Fig. C28: Relation of the transmission eoeff icient, 'r, and 
volumetrie water content for B-30% soil. 
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Surface Conductivity, ECs, and Transmission Coefficient, T, for N·30% Soil 
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Fig. C29: Plot of ECa/ECw vs. volumetrie tflater content, e, for 
N-30% soil. 
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Fig. C30: Plot of ECa vs. ECw for various fixed volumetrie water 
contents as interpolated from Fig. C29 for N-30% soil showing 
the extrapolated value of ECs • 
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SAS PROCRAH AND OUTPUT PILBS 
for moisture content 

A- HYDRI'l'E GROUP 

Data moisture content ; 
infile 'a:\moist\hyd.prn'; 
input material $ Grvmoist thetai 
title 'variance analysis for Hydrite materials'; 
proc glm; 
classes material; 
model theta=rnaterial Grvrnoist ; 
contrast' H-16% vs H-30%'rnater1al 1 -1 Di 
contrast' H-16% vs H-8% 'material l 0 -1; 
contrast' H-30% vs H-8% 'rnaterial 0 1 -1; 
runi 

variance analysis for Hydrite rnaterials 

General Linear Models Procedure 
Class Level Inforrnatic'n 

Class Leveis Values 

MATERIAL 3 16% 30% 8% 

Nurnber of observations in data set = 96 

variance analysis for Hydrite materials 

General Linear Modeis Procedure 

Dependent Variable: THETA 

Source 

Mode 1 

Error 

Corrected Total 

Surn of 
OF Squares 

3 0.60489198 

92 0.07075676 

95 0.67564874 

R-Square c.V. 

0.895276 11.46220 

Mean 
Square 

0.20163066 

0.00076910 

Root MSE 

0.027733 

variance analysis for Hydrite materials 

General L1nea." Models Procedure 

Dependent Variable: THETA 

Source 

MATERIAL 
GRVMOIST 

OF 

2 
1 

Type l SS 

0.11500166 
0.48989032 

Mean Square 

0.05750083 
0.48989032 

F Value 

262.17 

F Value 

74.76 
636.97 

Pr > F 

0.0001 

THETA Mean 

0.24194792 

Pr > F 

0.0001 
0.0001 
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Source 

MATERIAL 
GRVMOIST 

Contrast 

H-16% vs H-30% 
H-16% vs H-8% 
H-30% vs H-8% 

B- BBNTONITB GROUP 

DF 

2 
1 

DF 

1 
1 
1 

98 

Type III SS 

0.03624189 
0.48989032 

Contrast SS 

0.03606418 
0.00607600 
0.01226789 

Data moisture content obtained by TOR; 
infile 'a:\moist\ben.prn'; 
input material $ Grvrnoist theta; 

Mean Square 

0.01812094 
0.48989032 

Mean Square 

0.03606418 
o .00607600 
0.01226789 

t~tle 'var1ance analysi3 for Bentonite materials'; 
pree glm; 
classes materiali 
model theta=material Grvrnoisti 
contrast' B-16% vs B-30%'material 1 -1 0; 
contrast' B-16% vs B-8% 'material 1 0 -li 
contrast' B-30% vs B-8% 'material 0 1 -1; 
run; 

variance analysis for Bentonite materia1s 

General Linear Models Procedure 

Class Level Informaticn 

Class Levels Values 

MATERIAL 3 16% 30% 8% 

Number of observations in data set = 93 

variance analysis for Benton~te materials 

General Linear Models Procedure 

Dependent Variable: THETA 

Source 

Model 

Error 

Corrected Total 

DF 

3 

89 

92 

R-Square 

0.868522 

Swn of 
Squares 

0.45074076 

0.06823375 

0.S1897~52 

C.V. 

9.966951 

Mean 
Square 

0.15024692 

0.00076667 

Root MSE 

0.027689 

variance analysis for Bentonite materia1s 

F Value 

23.56 
636.97 

F Value 

46.89 
7.90 

15.95 

F Value 

195.97 

Pr > F 

0.0001 
0.0001 

Pr > F 

0.0001 
0.0060 
o .C,U':'''; 

Pr > F 

0.0001 

THETJ\ Mean 

0.27780645 
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General Linear Models Procedure 

Dependent Variable: THETA 

source DF Type l SS 

MATER l AL 2 0.03652132 
GRVMOIST 1 0.41421944 

Source DF Type III S5 

MATERIAL 2 0.11860307 
GRVMOIST 1 0.41421944 

Contrast DF Contrast SS 

B-16% vs B-30% 1 0.08748358 
B-16% vs B-8% 1 0.00683104 
B-30% vs B-8% 1 0.10154546 

c- STE. ROSALIE (HATURAL) GROUP 

Data moisture content obtained by TDR; 
infile 'a:\moist\nat.prn'; 
input materia1 $ Grvmoist theta; 

Mean Square 

0.01826066 
0.41421944 

Mean Square 

0.05930154 
0.41411944 

Mean Square 

0.08748358 
0.00683104 
0.10154546 

title 'variance ana1ysis for Ste. Rosalie materials'i 
proc glm; 
classes mater~ali 
model theta=material Grvmo~st ; 
contrast' N-16% vs N-30%'materlal 1 -1 0; 
contrast' N-16% vs N-8% 'material 1 0 -1; 
contrast' N-30% vs N-8% 'mater~al 0 1 -1; 
runi 

F Value 

23.82 
540.28 

F Value 

77 .35 
540.28 

F Value 

114.11 
S3.91 

132.45 

variance analysls for Ste. Rosalie materials 

General Linear Mode1s Procedure 

Class Level Information 

Class Levels Values 

MATERIAL 3 16% 30% 8% 

Number of observations in data set = 99 

variance analysis for Ste. Rosalle materlals 

General Linear Models Procedure 

Dependent Variable: THETA 

Pr > F 

0.0001 
0.0001 

Pr > F 

0.0001 
0.0001 

Pr > F 

0.0001 
0.0037 
0.0001 
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Sum of MI:an 
Source DF Squares Square F Value 

Model 3 0.67969287 0.22656429 132.21 

Error 95 0.16279879 0.00171367 

Corrected Total 98 0.84249166 

R-5quare c.V. Root MSE 

0.806765 13.81372 0.041397 

variance analysis for Ste. Rosalie materials 

General Linear Models Procedure 

Dependent Variable: THETA 

Source DF Type 1 S5 

MATERIAL 2 0.01451954 
GRVMOIST 1 0.66517333 

Source DF Type III SS 

MATERIAL 2 0.04898294 
GRVMOIST 1 0.66517333 

Contrast DF Contrast SS 

N-16% vs N-30% 1 0.0361614::; 
N-16% vs N-8% 1 0.00018641 
N-30% vs N-8% 1 0.04029767 

D- TEST OP HETEROGENEITY OP SLOPES 

DATA MOISTURE CONTENT; 
INFILE 'A:\HBNANA.PRN'; 
INPUT CT $ CC MOISTJRE THETA: 
PROC GLM; 
CLASSES CT: 
MODEL THETA=CT MOISTURE CC CT*CC CC*MOISTURE 
ESTIMATE 'CC:CTH' CC 1 CC*CT 1 0 0; 
ESTIMATE 'CC:CTB' CC 1 CC*CT 0 1 0; 
ESTlMATE 'CC:CTN' CC 1 CC*CT 0 0 1; 
RUN; 
QUIT; 

Mean Square 

0.00725977 
0.66517333 

Mean Square 

0.02449147 
0.66517333 

Mean Square 

0.03616149 
0.00018641 
0.04029767 

General Linear Models Procedure 
Class Level Information 

Class Levels Values 

CT 3 B H N 

F Value 

4.24 
388.16 

F Value 

14.29 
388.16 

F Value 

21.10 
0.11 

23.52 

Pr > F 

O.ûûûl 

THETA Mean 

0.29967677 

Pr > F 

0.0173 
0.0001 

Pr > F 

0.0001 
0.0001 

Pr > F 

0.0001 
0.7423 
0.0001 
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Nurnber of observat1ons in data set = 288 

General Linear Models Procedure 

Dependent Variable: THETA 

Source 

Model 

Error 

Corrected Tr:-tal 

DF 

7 

280 

287 

R-Square 

0.843697 

Sum of 
Squares 

1.85802548 

0.34421776 

2.20224325 

C.V. 

12.82580 

Mean 
Square 

0.26543221 

0.00122935 

Root MSE 

0.035062 

General Linear Models Procedure 

F Value Pr " F 

215.91 0.0001 

THETA Mean 

0.2713715:1 

Dependent Variable: THETA 

Source 

CT 
MOISTURE 
CC 
CC*CT 
MOISTURE*CC 

Source 

CT 
MOISTURE 
CC 
CC*CT 

DF 

2 
1 
1 
2 
1 

DF 

2 
1 
1 
2 

Type l SS 

0.16512833 
1.41952233 
0.22728886 
0.03320816 
0.01287780 

Type III SS 

0.00623902 
0.52953246 
0.01538526 
0.01536878 

Mean Square 

0.08256417 
1.41952233 
0.22728886 
0.01660408 
0.01287780 

Mean Square 

0.00311951 
0.52953246 
0.01538526 
0.00768439 

General Linear Models Procedure 

F Value 

67.16 
1154.69 

184.89 
13 .51 
10.48 

F Value 

2.54 
430.74 
12.51 
6.25 

Pr > F 

0.0001 
0.0001 
0.0001 
0.0001 
0.0014 

Pr > F 

0.0809 
0.0001 
0.0005 
0.0022 

Dependent Variable: THETA 

Source 

MOISTURE*CC 

Parameter 

CC:CTH 
CC:CTB 
CC:CTN 

DF 

1 

Type III 55 

0.01287780 

Mean Square F Value Pr > F 

Estimate 

-0.00295150 
-0.00087775 
- 0 • 0 0 4 4 3 '/11 

0.01287780 

T for HO: 
Parameter=O 

-2.77 
-1.25 
-4.05 

Pr > ITI 

0.0059 
0.2115 
0.0001 

10.48 0.0014 

Std Error of 
Estimate 

0.00106443 
0.00070085 
0.00109543 



• 

• 

• 

102 

SAS PROGRAK AND OUTPUT FILES 
for ECa-TDR 

A- HYDRITE GROUP 

Data ECô obtalned by TDR; 
infile 'a:\ee\hyd.prn'i 
lnp11t material $ Grvmoist ECa; 
title 'varlanee analysis for Hydrite 
proe glm; 

materials' ; 

classes materlàl; 
model ECa=material 
contrast' H-16% vs 
contrast' H-16% vs 
contrast' H-30% vs 
run; 

Dependent Variable: 

Source 

Madel 

Error 

Corrected Total 

Grvrnol.st; 
H-30%'material 
H-8% 'material 
H-8% 'material 

1 -1 0; 
1 0 -1; 
o 1 -1; 

General Linear Models Procedure 
Class Level Information 

Class Levels Values 

MATERIAL 3 16% 30% 8% 

Number of observations in data set = 96 

General Linear Models Procedure 

ECA 
Sum of Mean 

DF Squares Square 

3 5.70516323 1. 90172108 

92 1. 99251860 0.02165781 

95 7.69768183 

R-Square c.V. Root MSE 

0.741153 29.80827 0.147166 

General Linear Models Procedure 

Dependent Variable: ECA 

Source DF Type l SS Mean Square 

MATERIAL 2 1.60082724 0.80041362 
MO ISTURE 1 4.10433600 4.10433600 

Source DF Type III SS Mean Sqllare 

MATERIAL 2 0.29305741 0.14652870 
MOISTURE 1 4.10433600 4.10433600 

F Value Pr > F 

87.81 0.0001 

ECA Mean 

0.49370833 

F Value Pr > F 

36.96 0.0001 
189.51 0.0001 

F Value Pr > F 

6.77 0.0018 
189.51 0.0001 
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General Linear Models Procedure 

Dependent Variable: ECA 

Contrast 

H-16% vs H-30% 
H-16% vs H-8% 
H-30% vs H-8% 

B- BENTONITE GROUP 

DF 

1 
1 
1 

Centrast SS 

0.20239989 
0.00493718 
0.24063280 

Mean Square 

0.20239989 
0.00493718 
0.24063280 

Data ECa obta~ned by TDR: 
infi1e 'a:\ee\ben.prn'; 
input mater1al $ Grvrnoist ECa: 
title 'variance analysis for Bentonite materials' : 
pree g1m: 
classes material: 
model ECa=materia1 
contrast' B-16% vs 
contrast' 8-16% vs 
contrast' B-30% vs 
run: 

GrVTlloist i 
8-30% 'materia1 
8-8% 'material 
'9-8% 'material 

1 -1 0: 
1 0 -1: 
o 1 -1: 

variance analysis for Bentonite mater1als 

Dependent 

Source 

Model 

Errer 

Corrected 

General Linear Models Procedure 
Class Level Informat1en 

C1ass Levels Values 

MATERIAL 3 16% 30% 8% 

Number of observatio~s in data set ~ 99 

variance ana1ysis for Bentonite materials 

General Linear Models Procedure 

Variable: ECA 

DF 

3 

95 

Total 98 

R-Square 

0.833262 

Sum of 
Squares 

9.57268502 

1.91551748 

11.48820251 

C.V. 

20.08655 

Mean 
Square 

3.19089501 

0.02016334 

Root MSE 

0.141998 

F Value 

9.3S 
0.23 

11.11 

F Value 

158.25 

Pr > F 

0.0029 
0.6342 
0.0012 

Pr :;. F 

0.0001 

ECA Mean 

0.70692929 
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var lance analysis for Bentonite materials 

General Llnear Models Procedure 

uependent Variable: ECA 

Source DF Type l SS Mean Square 

MATERIAL 2 2.24449123 1.12224562 
GRVMOIST 1 7.32819379 7.32819379 

Source DF Type III SS Mean Square 

MATERIAL 2 0.51373180 0.25686590 
GRVMOIST 1 7.32819379 7.32819379 

Contrast DF Contrast SS Mean Square 

8-16% vs 8-30% 1 0.49892827 0.49892827 
8-16% vs 8-8% 1 0.01503876 0.01503876 
8-30% vs B-8% 1 0.24086310 0.24086310 

c- STE. ROSALIE (IIATtrRAL) GlROUP 

Data ECa obtained by TOR; 
lnflle 'a:\ec\nat.prn'; 
input material $ Grvmoist ECa; 

F Value 

55.66 
363.44 

F Value 

12.74 
363.44 

F Value 

24.74 
0.75 

11. 95 

tltle 'varlance analysis for Natural 
proe glm; 

(Ste. Rosalie) materials'; 

classes materlal; 
model ECa=roaterial 
contrast' N-16% vs 
contrast' N-16% vs 
contrast' N-30% vs 
run; 

Grvrnoist ; 
N-30% 'materlal 
N-8\ 'material 
N-8\ 'materlal 

1 -1 0; 
1 0 -1; 
o 1 -1; 

variance analysis for Natural (Ste. Rosalie) materials 

General Linear Models Procedure 
Class Level Information 

Class Levels Values 

MATERIAL 3 16% 30% 8\ 

Number of observations in data set = 99 

variance analysis for Natural (Ste. Rosalie) materials 

General Linear Models Procedure 

Dependent Variable: ECA 
Sum of Mean 

Source OF Squares Square F Value 

Model 3 10.79800316 3.59933439 149.97 

Error 95 2.28003813 0.02400040 

Pr > F 

0.0001 
0.0001 

Pr > F 

0.0001 
0.0001 

Pr > F 

0.0001 
0.3900 
0.0008 

Pr > F 

0.0001 
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Corrected Total 98 13.07804129 

R-Square c.v. Root MSE 

0.825659 23.39084 0.154921 

variance ana1ysis for Natura1 (Ste. Rosalie) materia1s 

General Linear Models Procedure 

Dependent Variable: ECA 

Source DF Type l SS 

MATERIAL 2 1.00175699 
GRVMOIST 1 9.79624617 

Source DF Type III SS 

MATERIAL 2 0.04075991 
GRVMOIST 1 9.79624617 

Contrast DF Contrast SR 

N-16% vs N-30% 1 0.01955804 
N-16% vs N-8% 1 0.00404500 
N-30% vs N-8% 1 0.03940775 

D- TEST or IIBTIROGENBITY or SLOPES 

DATA ECa; 
INFILE 'A:\EC\HBN.PRN'; 
INPUT CT $ CC MOISTURE ECaj 
TITLE'TEST OF HETEROGENEITY'; 
PROC GLM; 
CLASSES CT; 
MODEL ECa=CT MOISTURE CC CT*CC CC*MOISTURE 
ESTIMATE 'CC:CTH' CC 1 CC·CT 1 0 0; 
ESTIMATE 'CC:CTB' CC 1 CC*CT 0 1 0; 
ESTIMATE 'CC:CTN' CC 1 CC·CT 0 0 1; 
RUN; 
QUIT; 

Mean Square 

0.50087849 
9.79624617 

Mean Square 

0.02037996 
9.79624617 

Mean Square 

0.01955804 
0.00404500 
0.03940775 

TEST OF HETEROGENEITY 

General Linear Models Procedure 
C1ass Level Information 

Class Levels Values 

CT 3 B H N 

Nurnber of observat1ons in data set = 297 

F Value 

20.87 
408.17 

F Value 

0.85 
408.17 

F Value 

0.81 
0.17 
1.64 

ECA Mean 

0.66231313 

Pr > F 

0.0001 
0.0001 

Pr > F 

0.4310 
0.0001 

Pr > F 

0.3690 
0.6823 
0.2032 
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TEST OF HETEROGENEITY 

General Linear Models Procedure 

Dependent Variable: ECA 
SUIn of Mean 

Source OF Squares Square F Value Pr > F 

Model 7 27.94023183 3.99146169 166.24 0.0001 

Error 289 6.93887041 0.02400993 

Corrected Total 296 34.87910224 

R-Square C.V. Root MSE ECA Mean 

0.801059 24.98565 0.154951 0.62016162 

TEST OF HETEROGENEITY 

General Linea.r Model., Prc·cedure 

Dependent Variable: ECA 

Source OF Type 1 SS Mean Square F Value Pr > F 

CT 2 2.56662826 1.28331413 53.45 0.0001 

• MOISTURE 1 24.79294888 24.79294888 1032.61 0.0001 
CC 1 0.22718713 0.22718713 9.46 0.0023 
CC*CT 2 0.34537319 0.17268660 7.19 0.0009 
MOISTURE*CC 1 0.00809436 0.00809436 0.34 0.5619 

Source OF Type III SS Mean Square ~. Value Pr > F 

CT 2 0.01397576 0.00698788 0.29 0.7477 
MOISTURE 1 6.12072612 6.12072612 254.92 0.0001 
CC 1 0.01951632 0.01951632 0.&1 0.3680 
CC*CT 2 0.22851551 0.11425776 4.76 0.0093 
MOISTURE*CC 1 0.00809436 0.00809436 0.34 0.5619 

T for HO: Pr > ITI Std Error of 
Parameter Estimate Parameter=O Estimate 

CC:CTH -0.00747071 -1.69 0.0913 o • 00440913 
CC:CTB 0.01'293676 0.95 0.3451 0.00310556 
CC:CTN -0.00447393 -0.95 0.3442 0.00472201 

• 


