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ABSTRACT 

An automated method for the simultaneous measurement of water content, soil 

water pressure, and soil bulk electrical conductivity in soil columns was developed 

based on time domain reflectometry (TDR), three wire probes and pressure 

transducers. Soil electrical conductivity was calculated from the attenuated transmitted 

pulse, and soil moisture from the trace length and the dielectric constant. The above 

methodology was used for monitoring breakthrough curves at various depths in soil 

columns and for determining concentration and ionic composition effects on saturated 

hydraulic conductivity (HC). 

Concentration measurements at the inflow and outflow ends were made with 

mini flow-through cells with mini TDR probes. They were installed in horizontal 

orientation to intercept the solute fronts. Synthetic irrigation water was sequentially 

applied to study solute transport. Solute transport parameters were estimated by fitting 

data to a one dimensional convective dispersive equation, and comparing the results to 

the moment method of analysis. For moisture content and EC measurements, data 

acquisition at various depths was fully automated using a multiplexer and auto-relay 

switching system. Resulting retardation factors (R) and dispersion coefficients (D) 

were found close to each other for the various probes, and agreed with values 

obtained from the effluent concentration distributions. The constant flux method, used 

to determine effects of water quality on saturated hydraulic conductivity, resulted in 

stable values of saturated hydraulic conductivity. This method clearly showed that 



measurements of pressure be taken at shallow depths where changes in He are most 

pronounced, and occur fast after applying different quality water to the soil. 

16 
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INTRODUCTION 

Many problems of water quality and soil salinity are associated with irrigated 

agriculture. Many farmers over irrigate to compensate for either nonuniform water 

application, or nonuniform infiltration. This ,extra water may amount to 15 to 30 % or 

more above the actual requirement. Some of this water may become surface runoff 

containing dissolved chemicals and nutrients. Some of the water may percolate into 

the subsoil and cause a rise in the water table. This in tum may change normal soils 

to saline or sodic soils with resultant reductions in crop yields. Deep percolations may 

also be the major cause of degraded ground water quality. An extensive and expensive 

drainage network needs to be installed to reduce the ground water level and to dispose 

off the salts in ground water. 

To deal with these problems, researchers in many areas of agriculture, 

hydrology and civil engineering are emphasizing the need for rapid, reliable and 

routine techniques for monitoring water content and salinity. Monitoring soil salinity 

involves collecting large numbers of samples by soil coring or by using vacuum 

solution samplers. Soil coring is time consuming, expensive, and finally renders the 

site unsuitable for future experiments (Hansen and Harris, 1975; Grover and 

Lamborn, 1970; Adams, 1974). Furthermore, because of the extensive spatial 

variability of soil properties, a large number of samples are required to adequately 

characterize a site. For example, Webster and Oliver (1992) concluded that at least 

100 data are needed for approximating the confidence interval for the variogram of a 
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soil property. Sampling in such large numbers with available tools is impractical and 

expensive. 

The technique of time domain reflectometry (TOR) has been in practice for the 

last two to three decades in the cable testing industry. Its application for measuring 

volumetric water content was introduced by Topp et al., (1980), who formulated a 

universal dielectric constant-moisture content equation. Dalton et al. (1984) used TDR 

for measuring electrical conductivity. Most recently the TDR technique has been 

used for simultaneous measurement of both soil moisture and bulk electrical 

conductivity (EC) (Heimovaara 1993; Malicki et al., 1992; Dalton and Van 

Genuchten, 1986; Dasberg and Dalton, 1985; Topp and Davis, 1985). 

The TOR method makes its possible to easily control and automate the pulse 

recording via multiplexing, and registering the data through a computer. Fabrication 

of signal transmission lines does not involve many technical skills, and multiple lines 

can be attached to a single instrument (Baker and Allmaras, 1990). 

The main objective of this study was to develop automated methodology for 

the simultaneous measurement of water content and salinity in soil cores. A second 

objective was to use the methodology for determining transport parameters in soil 

columns. Another purpose of this study was also to develop an improved method for 

measuring hydraulic conductivity (HC) in laboratory columns. Essential characteristics 

of this later procedure are constant saturated conditions, easily managed constant flux, 

automatic data collection at reasonable time intervals, stable hydraulic conductivity 

values and repeatable measurements. Water is pumped into the column from the 



19 

bottom and at least one pore volume of each salinity or sodicity level is allowed to 

equilibrate with the soil. The pressure changes resulting from added water of variable 

salinity are used to compute He values. 
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CHAPTER 2 

LITERATURE REVIEW 

Soil Moisture Content and Time Domain Reflectometry 

Time Domain Reflectometry (TDR) has become an established and reliable 

means for determining volumetric water content. It exhibits a high level of accuracy 

and precision, excellent spatial and temporal resolution and is amenable to automation 

and multiplexing (Wraith et al., 1993). Basically TDR measures the propagation 

velocity of an electromagnetic signal along a transmission line embedded in soil or 

any other porous material. According to electromagnetic theory the velocity of 

propagation (v) is described by van Hippel, (1954) as following 

(1) 

(2) 

where tan 0 (shown in Figure 1) is the loss tangent, O'dc is the direct current 

conductivity, w is the angular velocity (2-d), f is angular frequency and c is the speed 

of light (3x108 m/s). In this equation d and e" are the real and imaginary parts of the 

dielectric constant. It is often assumed that tan 0 is < < 1.0 when TDR measure-

ments are done in soils or soil like materials (Topp et al., 1980). If it is further 

assumed that ell = 0; then Equation (1) reduces as shown in the following steps: 



Phase Shift 

......•. ,.. . ........ . 

.g + •••• \.f!p"' C,.e" I \.\ 

~ 0 ~~ ______ ~~ __ \~' ______ ~ __ +-______ ~~\ 
Q. I 

~ / 
Input Voltage V ,"" 

" ..-
', .. -' 

Time 

Figure lb. Relationship of 0 to capacitance and conductance of dielectric 
materials 

I Capacitive = I X sin 3 

I Conductance = I X cos3 

I Conductive 

Figure la, Voltage current response of dielectric materials. Phase shift during 
passage of voltage 
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( ~ r = (~) 2; for tan a «1 
(3) 

(4) 

(5) 

The velocity of propagation (v) can directly be obtained from TDR measurements. 

For the sake of convenience, and because the imaginary part of dielectric constant is 

zero, the real part of dielectric constant (e') will be called the total dielectric constant 

(e) in the remainder of the manuscript. 

If Lp is the length of transmission line, then the speed at which the pulse 

travels along the transmission line is: 

v = (27 ) (6) 

where t is the time in nano seconds (nS) for the signal to make one round trip (21,,) 

along the transmission line. Comparing Equations 5 and 6, and eliminating v, we 

obtain: 
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(e:') = (2~p ) (7) 

or 

e = (~)2 
2Lp 

(8) 

In modem commercial TDR instruments, the term (ct/2) of Equation (8) is 

internally calculated, and reduced to an apparent length 1.., which is displayed on the 

LCD screen. It is used in calculation of the dielectric constant as: 

(9) 

This form of Equation (8) is the most convenient to calculate the dielectric constant 

from TDR measurements. 

The first attempt to measure dielectric constant of soil and soil-like materials 

was made by Davis and Chudobiak (1975). Unfortunately, they were not able to 

develop relationships between dielectric constant and water content. 

Topp et al. (1980) developed an empirical relationship from a large number of 

measurements. They placed soil and soil-like materials around coaxial transmission 

lines, which were 33 cm and 100 cm long and were placed 5 cm apart. They found 

that volumetric water content was independent of soil type, density, temperature and 

soluble salts. The dielectric constant 'e' was the only parameter affected by water 

--------------- ----
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content. They introduced a third order polynomial relationship for calculating the 

volumetric water content (Ov) from the dielectric constant (e) in the following fashion: 

In their experimental work, Topp et al. (1980) used frequencies ranging from 

1 MHz and 1 GHz. More recent studies suggest that the dielectric constant of a moist 

soil is strongly dependent on soil type when applied frequencies are below 50 MHz 

(Roth et al., 1990). Since water has a very high static permittivity (approximately 9 

psec, where 1 psec = 10-12 sec. at 25° C), high frequencies are required (up to 10 

GHz) to measure e (Cole, 1977). Topp also considered temperature as the independent 

factor in measuring dielectric constant, however the mobility or orientation of water 

molecules in~reases with temperature which in tum decreases the dielectric constant. 

Three different type of models that describe the computation of water content 

from dielectric constant, are discussed in literature (Alsanabani, 1991). These are 

Topp's equation, a mixing model, and a simple model. Earlier we have already 

elaborated Topp's equation in detail. The other two equations are given in the 

following section. 

The mixing model originated from Birchak (1974), who presented the 

following relationships: 

(11) 

where Ol was explained as a shape factor, and subscripts 'w', 's' and 'a' refers to 
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fractional volumes, and fractional dielectric constant coefficients of water, soil and 

air, respectively. Since V w = ()y (volumetric water content) and e. = 1, this equation 

reduces to: 

Ea = e t=a + V Esa + V v-W s a 
(12) 

We also know that soil, air and water are related through porosity and density: 

v, = 1 - f = (::l (13) 

and 

v = f - e a v 
(14) 

where f if the soil porosity, and Pb and Pa are soil bulk and soil particle density, 

respectively. 

Substituting back into Equation (12) will result in the following expression for 

volumetric water content: 

(15) 

(16) 

e" = Bv <~-1)+( ::l <e: -1) + 1 (17) 



-0. <~-I) • -Ea. (::) <e:' -I)' 1 

Equation (18) can be reduced to an equation called mixing model: 

6

v 

= [(ell -1) - (e: -1) ~ 1 
(e:,-I) 
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(18) 

(19) 

Because the effects of bulk density, porosity, temperature and soil texture were found 

insignificant (Topp et al., 1980) this equation can be simplified in two steps as 

following: 

(20) 

(21) 

This later model is called simple model. 

According to Alsanabani (1991), the simple model results in a straight line, the 

mixing model produces a downward concave line, and Topp's model also produces a 

downward concave line up to 50 % water content. 
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Selection Criteria for Probe Type and Length 

In early applications of time domain reflectometry, coaxial transmission lines 

were used (Topp et al., 1980). Later work showed that parallel transmission lines 

(two-rod probes) with an impedance-matching pulse transformer (baluns) are more 

convenient for in-situ determinations (Topp et al., 1982). The baluns are used to 

convert an unbalanced electrical field to a balanced. If the balun is omitted, the 

electrical field will gradually change towards a balanced field but the omission leads 

to errors and is generally not recommended (patterson and Smith, 1985; Topp and 

Davis, 1985). Different materials used for fabrication of different types of baluns and 

their effect on signal properties have been reviewed by Egbert et al. (1993). 

Zegelin et al. (1989) proposed the use of simulated coaxial transmission lines, 

Le. three- or four-rod probes. These probes have the advantage of not needing a 

balun. Masking of the attenuated signal by the mismatched impedance, and by the 

pulse transformer, is to a large extent, also eliminated with three wire probe. 

When the TDR is used for measuring water content or salinity, correct probe 

lengths should be used. During water content measurements with a TDR, one should 

be able to identify the points of incidence and reflection (as shown in Figure 2. points 

A and B) of the trace on the LCD screen of the instrument. Visibility of these points 

relies on the probe length and bulk Ee of the medium. The dependence of path 

length and attenuation of the wave can be described by an exponential decay function, 

as follows: 
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(22) 

where V R is reflected voltage, V T is transmitted voltage, Lp is path length or probe 

length and ex is the attenuation coefficient. A first approximation to ex is (Dalton et 

al.,1984): 

607to 
ex =--

{E 

where (J is the bulk soil EC and € is the dielectric constant. Combining the above 

equations one gets the length of probe as: 

L = (In(VrfYR){i) 
P 1207t 0 

(23) 

(24) 

Dalton et al. (1990) arbitrarily selected 10% voltage reflection (VR = 0.1 VT) as point 

of reflection for probe selection. The evaluation was done for rod lengths ranging 

from 10 to 120 cm. Their results favor shorter probe lengths where readings were 

stable and better reproduced. 

Attenuation Factor and Soil Salinity 

The basic relationship between reflection, attenuation and the input voltage of 

an electromagnetic wave has been explained in introductory electromagnetic books. 

According to Clayton et al. (1987), a single wave (VI)' sent from a generating source, 

towards the end of a line of length L can be described in terms of voltage at that 

length (VJ by: 
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(25) 

The reflected voltage (V 2) travelling towards generator is: 

(26) 

The reflection coefficient is the ratio of the two, and is: 

(27) 

This can also be expressed as 

(28) 

where O!a is the attenuation constant, Po is reflection coefficient at the start of TL and 

PL is reflection coefficient at the end TL and L is its length. 

Many examples of TDR trace analyses have been performed in the literature. 

These show that four significant voltage values, which appear on the screen, are 

routinely measured (Figure 3). They are named as Vo, VI , V2, and Vr • They are 

amplitude of the TDR pulse, signal after partial reflection from the start of the probe, 

signal after reflection from the end of probe, and reflected signal after a very long 

time (t > > teo = lOt), respectively. The question or argument that is still unclear is 

which point should be used for salinity calculations. Some or all of the reflection 

voltage points have been used to calculate soil salinity as shown in the following 

paragraphs. 
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Dalton et al. (1984) proposed the first approximation for the calculation of 

conductivity (0-). This calculation is based on the voltage amplitude and attenuation: 

(29) 

Here VI and V2 are the magnitude of voltage pulse at the entrance ( 2 wire probe) and 

at the end of the transmission line; and Lp is the sample length or probe. Equations 

(25) and (29) look similar, but in actuality they are not. Equation (25) accounts for 

the travelling distance (L) in one direction and Equation (29) accounts for this in two 

directions (both incidence and reflection). Note that L is the same as Lp for case of 

probe. The relationship of conductivity (0-) and voltage amplitude is (Dalton et al., 

1984): 

- ( Ve In(Vl]] a - 1201tL
p 

V 2 
(30) 

Equation (29) can be written in terms of reflected voltage as: 

- ( Ve In( Po]] a - 1201tL
p 

Px (31) 

These authors used this later expression for the reflected pulse. 
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Direct consideration of the reflected pulse after one round trip was suggested 

by Topp et al. (1988). Later work has also shown that, especially with a medium of 

low conductance, multiple reflections occur which should also be accounted for. Topp 

et al. (1988) obtained an approximation for u by using the expression: 

(32) 

A more detailed and rigorous analysis with more theoretical background was 

performed by Yanuka et al. (1988). They introduced a correction component for 

multiple reflections. They expanded the formulation given in Equation (30) as: 

(33) 

Upon the suggestion of Topp, Zegelin et al. (1989) made use of the method of thin 

sample analysis that was originally proposed by Giese and Tiemann (1975). The 

formulation given by Zegelin is: 

(34) 

Note that equations 30 through 34 all require knowledge of the dielectric constant 'e', 
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or water content before salinity can be calculated. This is how one can obtain 

simultaneously water content and salinity from TDR traces. 

Topp et al. (1988) proposed a second type of approach utilizing thin sample 

technique as of the form: 

a = (35) 

The advantage of Equation (35) over the previous equations is that e does need not to 

be known. 

The addition of voltage parameters in Equations (30 - 34) to account for 

multiple reflection can continue for ever. Most recently, Nadler et al. (1991) 

suggested a simple method to overcome these problem as well as interferences caused 

by impedance discontinuities. They were able to reduce the number of parameters 

needed for salinity calculations. Their procedure is based on the fact that all 

reflections are suppressed at very long distances along the trace. At long distances, 

the signal approaches a constant value of (Vr) (Figure 3), which represents the 

impedance of the direct-current component only. The Vr, which is actually a reflection 

coefficient, is independent of the transmission line configuration, transfer efficiency of 

pulse energy, or multiple reflections. 

The voltage reflection coefficient (P) appears as vertical deflection which is the 

ratio between reflected amplitude and incident signal amplitude in modern cable 
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testers (Tektronix, Beaverton, OR). According to Nadler et al. (1991), the voltage 

reflection coefficient can be used to determine the impedance of the transmission line 

as: 

(36) 

where Zo is the characteristic impedance of the cable and RL is the load of 

transmission line embedded in the medium under investigation (soil). The p values are 

directly read from the instrument. If p values are known, then RL can be found by 

rearranging Equation (36) 

R = Z l+p 
L 0 I-p 

(37) 

The p values are measured for the signal at t = 00 from which the load of the 

transmission line can be calculated. This value can be converted to (] by using the 

probe's geometric constant (K) or the flow cell constant in our case. Nadler et al. 

(1991) used an equation identical to Rhoades and van Schilfgaarde (1976) for 

calculation of cell constant as shown below: 

RL 
K = oref (25°)_ 

f t 

where ft is temperature-correction coefficient. They tested many soil solutions of 

(38) 

concentrations ranging from 1.0 to 4.0 dS/m, and probe lengths of 0.1 - 0.4 m, and 

found that the geometric coefficient 'K' was constant, and independent of 

experimental conditions. 



In conclusion one may use the reflection of incidence wave and attenuation 

coefficient at multiple reflections for accurate approximation of the wave but the 

number of parameters will keep on adding. The proposed method of Nadler et al. 

(1991) by choosing a point much farther on the trace is the simplest and does not 

involve many parameters. These can also be read directly by selecting resistance 

mode on the modern 1502B and 1502C series of TDR instruments (e.g. "Tektronix" 

1502B and 1502C series). 

TDR Automation for Data Collection and Analysis 

36 

Hydrologists and soil scientists have traditionally been engaged in measuring 

volumetric soil water content by either gravimetric sampling or the neutron probe in 

the field, while gamma ray attenuation was used in the laboratory situations. Except 

for gamma ray attenuation, these techniques generally lack the concept of automation 

which has impeded research progress on spatial and temporal dynamics of soil water. 

The only method that has been available and that can be fully automated is a system 

for measuring soil water pressure heads. Until the TDR method became available 

there was no good method for measuring water content that was suitable for 

automation. However, recent applications of time domain reflectometry made it 

possible to obtain accurate, non-destructive, continuous, real-time, in-situ readings 

and at multiple depths of soil moisture (Topp et al., (1982 a,b); Topp and Davis 

(1985), Dalton and van Genuchten (1986), Yanuka et al., (1988) and Malicki and 

Skierucha (1989». 
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In the past, TDR applications have been limited to moving the TDR unit from 

place to place and attaching electrode pairs one at a time. Topp and Davis (1985b) 

described a scenario for an automatic irrigation system, controlled by soil-based TDR 

measurements of water content in the root zone. They also proposed that an automatic 

TDR scanner for multi-probes could be built to continuously monitor water content at 

many locations in the field. 

Malicki and Skierucha (1987) developed a TDR system based on a needle

pulse wave form that was used to simultaneously monitor several electrode pairs 

without a multiplexer. They connected multiple electrode pairs in parallel and used 

different cable lengths. The signals from each electrode pair arrived at the receiver at 

different times in the TDR cycle, thereby allowing discrimination between electrode 

pairs. However, it is likely that a large network of probes would create confusing 

multiple reflections that would be difficult to decipher. Moreover, this technique also 

has a limitation on the number of electrode pairs that can be connected in parallel, 

because each time the signal is split between two channels, its amplitude is reduced 

by half. 

Herkelrath et al. (1991) made use of a multiplexer to connect several probes to 

one TDR unit. They obtained commercially available but modified radio-frequency 

(RF) switching circuits, to multiplex two rod probes. A remote-controlled, 185 0, 

balanced-line, multi-position RF switching circuit was placed on the balanced line side 

of the balun. Later, they used a motor-driven mUlti-position wafer switch which had 

little effect on the TDR wave form, and was very cost effective. In short their 
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automatic system consisted of a Tektronix 1502 TOR cable tester, a Campbell 

Scientific 21X data logger, a twelve-position TOR multiplexer, a tape recorder and 

batteries. The data logger was used to run the cable tester, and for transforming the 

TOR trace to analog voltage, digitizing the wave form, storing results in data logger 

memory, advancing the multiplexer, turning off the TOR during reading intervals, 

and storing the digital data on tape. With their setup, it took about six minutes to scan 

12 electrode pairs. From their results they concluded that cable lengths greater than 

27 meters tend to smooth, spread and attenuate the wave form, thus making 

measurements impractical. However, use of a long cable was in one way helpful, 

i.e., in removing unwanted noise, such as multiple reflections caused by circuit 

elements. Although Herkelrath et al.,(1991) used only twelve TOR probes, they 

suggested that such a system could be expanded to 144 electrode pairs by linking 12 

twelve position multiplexers in series. 

Baker and Allmaras (1990) also developed their own system for automation of 

the TOR. They applied a relatively new idea of multiple position recording, dual 

pole, rotary switch which was developed and presented by Herkelrath and Hamburg 

(1986) in an oral presentation. The waveforms from these switches were essentially 

indistinguishable from those of continuous lines. One pole was connected to the TOR 

instrument, and the remaining eleven to wave guides or probes. Baker and Allmaras 

(1990) suggested that if more than 11 measurements are desired, the switches can be 

piggybacked i.e. one of the pairs of output pole can be connected to the input poles of 

another switch. The switch was coupled to a stepping solenoid powered with 50-V 
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DC current and activated through a relay using 5-V control signal from a computer or 

datalogger. 

The rotary switch in their system of multiplexing required a higher voltage and 

more current than a computer or datalogger could supply directly. They designed two 

kinds of systems for data collection: analog and digital. In the analog system, reed 

relays were used which were activated by 5-V excitation pulses of 400 ms duration 

from the datalogger. In the digital system, they used solid-state relays, which were 

driven by 5-V signals from the parallel I/O card in a microcomputer. The software 

for communication between the PC and the TDR was a computer algorithm modified 

from the Tektronix manual. Using such a system, Wraith and Baker (1991) made 

measurements of root water uptake. These authors used 0.32 cm O.D. by 30 cm long 

(5 cm apart) waveguides placed in the center of a compartment made up of No. 10 

mesh stainless wire cloth measuring 5 by 7 by 30.5 cm. They were able to monitor 

the root water uptake of sorghum plants at 15 minutes intervals. They compared this 

information with water lost measured using a precision electronic balance. 

Another attempt at automation was made by Heimovaara and Bouten (1991), 

who were able to develop a computer-controlled system using a cable tester, one 

control and a data storage unit. They chose a newer digital version of the TDR cable 

tester (Tektronix 1502C) in combination with a SP232 option port module. They 

connected the cable tester to TDR transmission lines through a 36 channel relay. They 

adapted a set of rotating switches with a wide frequency range (23 GHz), and joined 

them in a tree type structure that could create 5 new transmission lines per switch. An 



interface was used to activate the switches through a computer port (LPT1). By 

sending a 6 bit signal to the LPT1, these authors were able to select and control any 

of their 36 probes. 
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The control and operation of the setup was possible through a computer 

program (PASCAL) that used the system clock for measurement time. In a 

measurement cycle, the computer first selected a channel and then retrieved the 

waveform along with the standard cable tester settings. Data were collected for each 

of the 251 points of the trace. The authors concluded that automatic data collection 

for multiple sites and mUltiple depths in the field was possible via computer. They 

observed errors in soil moisture because of frequent, small rainfall events, which 

caused some environmental fluctuations around the cable. Their measurement interval 

was greater than the rainfall interval, causing irregularities in water contents. Larger 

errors were recorded in shorter probes and in this case the TDR resolution was 

considered even more important. Similarly, the reproducibility of results was not 

consistent when measurements were repeated in clayey and sandy soil. The authors 

suggested that increasing measurement frequency would possibly filter out the noise 

and improve the precision of the method. 

Very recently Wraith et al. (1993) used a single TDR probe inserted in a 27.5 

cm long intact soil column. The data collection was automated for this single probe 

using the program and approach of Baker and Allmara (1990) for water content and 

salinity. 
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Evidences indicates that TDR automation is still in the stage of infancy, and 

not much progress have been made yet to automate data reterival and analysis. 

Moreover, major attention has been devoted to water content determinations. On the 

other hand, information on soil salinity involves large number of soil samples 

collection, extraction and analysis which is laborous and time-consuming. If any 

progress is made for automatic monitoring of the solute front and its status at and 

after the irrigation application, this will be a major breakthrough. 

TDR Applications to Model Solute Transport 

As discussed in the previous section that many researchers (Topp et al., 1988; 

Zegelin et al., 1989; Dalton et al., 1990; van Loon et al., 1990; Nadler et al., 1991) 

have developed theoretical basis and methodologies for simultaneous measurement of 

water content and salinity (Equations 30 - 35) using the same TDR instrument and 

probes. Since the soil bulk EC is changed by the application of irrigation water 

(Rhoades et al., 1989) and other chemicals, TDR has a potential to monitor the 

movement of water and chemicals in the soil. This basic principle was applied by 

Kachanoski et al. (1992) by vertically inserting two rod probes in to the repacked soil 

columns and field plots. They monitored the CI- concentration with in the sphere of 

influence of the probe under steady flow conditions. They compared the results with 

the mass of CI- collected at the base of column as well as measured in effluent for 

field experiment. They concluded from this study that TDR can be used as a reliable 

means for determining breakthrough curves. 
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Very recently Wraith et al. (1993) have shown from their experimental results 

that TDR can also be used to monitor solute transport under unsaturated steady flow 

conditions. They compared the BTCs determined by TDR with those of the effluent 

concentrations (Br-) collected at the column outlet. They employed a simplified 

method called "ratiometric height comparison" for TDR waveform analysis. These 

analyses are based on terminal resistive load concept. Their observed BTCs from 

TDR measurements and effluent analysis were similar and estimated transport 

parameters (D, R) were not significantly different. According to these authors, TDR 

wave guides (probes) can be considered as a loaded transmission lines and for salinity 

measurements,it is assumed to comprise of a simple load impedance. 

Another development in this respect has been reported in a recent study 

conducted by Vanclooster et al. (1993) who evaluated the TDR technique as a method 

for quick and accurate characterization of the solute transport parameters in laboratory 

conditions. In their study, one two rod stainless steel probe was inserted in horizontal 

orientation in the middle of a 20 cm long column filled with sandy soil. They were 

able to measure steady-state solute BTCs of inert solutes in columns. From these 

curves they computed local scale solute transport parameters using the classical two

parameter convection dispersion equation (CDE). They also fitted four-parameter two

region model to the BTCs data. They concluded that it is a quick methodology which 

offers perspectives of solute transport modelling. 

Generally, it is a common practice to monitor BTCs at the column outlet or in 

the field at a given depth, to describe the transport properties of soil or any other 

------
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porous media. In such situations, no information is available regarding what is 

happening inside the column. The purpose of this study is to monitor the BTCs at 

different points along a long as well as short columns under saturated, steady state 

flow conditions. This will be achieved by installing multiple probes along the column 

length in horizontal orientation and simultaneously recording in situ salinity 

concentrations for all the probes using automatic data recording and reterival setup via 

computer. The advancement of applied solute in the column can then be monitored. 

As the solute front moves ahead subsequent changes in equilibrium (between soil clay 

and water) occur. This change is reflected by changes in pressure heads, which can 

also be monitored through tensiometers and pressure transducers and form these 

hydraulic conductivity can be computed. In this way we will be able to monitor and 

measure both solute flow and hydraulic conductivity, simultaneously, during leaching 

of column with different salinity waters. 

Irrigation Water Quality and Soil Hydraulic Conductivity 

Irrigation water applied to soil may contain as high as 3,000 mg/1 of dissolved 

salts. This brings in large amounts of salts to irrigated soils. For example, application 

of 100 mm of irrigation water containing only 1,000 mg/l dissolved salts adds up to 

one ton of salts to a hectare. These salts may accumulate in the root zone as a result 

of evapotranspiration or be leached to the subsoil and ground water. 

Saline soils and irrigation water contain mixtures of Na and Ca ions which are 

both beneficial and harmful depending on their ratio. Higher sodium is potentially 
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hazardous to soils and crops for two reasons, toxicity and destruction of soil structure. 

The most deleterious effect of the presence of the sodium ion is seen as its effects on 

soil hydraulic conductivity, HC (Frenkel and Meiri 1985). Two main mechanisms, 

which are interrelated to each other, are considered responsible for changes in HC 

which are: clay swelling and soil particle dispersion. Various studies have shown that 

HC changes in accordance with Na/Ca ratios (Quirk and Schofield, 1955; McNeal 

and Coleman, 1966; Felhendler et al., 1974; Shainberg et al., 1981). It is interesting 

to note here that literature shows soils with similar texture and CEC (cation exchange 

capacity) vary considerably in susceptibility to the deleterious effects of salinity and 

sodicity (Rhoades and Ingvalson, 1969; Varon and Shainberg, 1973; Felhendler et al., 

1974 and Shainberg et al., 1981). There are strong differences in opinion among 

researchers regarding the cause and extent of reduced HC by clay swelling and 

dispersion. McNeal (1968), and Russo and Bresler, (1977) attributed reduced HC to 

swelling, while others (Rhoades and Ingvalson, 1969; Felhender et al., 1974; Frenkel 

et al., 1978 and Shainberg et aI., 1981) demonstrated that clay dispersion and 

consequent pore blockage were the main causes of reduction in hydraulic conductivity 

of several soils when irrigated with low salinity or distilled water. 

Early soil-sodic water investigations were done by Fireman and Bodman 

(1939) and Bodman and Fireman (1950), who showed that soil permeability depends 

more on total salt concentration in the irrigation water than on the exchangeable 

cations on the soil. It was shown that a satisfactory permeability could be maintained 

in a soil 30% saturated with sodium by using a high concentration of electrolytes. A 
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more comprehensive study of the effect of electrolyte concentration on soil 

permeability was reported by Quirk and Schofield (1955). Gardner et al. (1959) 

showed that when the exchangeable sodium percentage is above 25 %, the diffusivity 

of water is reduced as much as one-thousand fold if the electrolyte concentration is 

decreased from 300 to 3 meq/l. On the other hand, a general increase in electrolyte 

concentration in irrigation water enhances the permeability of sodic soils. McNeal and 

Coleman (1966) provided detailed information on the effects of a wide range of salt 

solutions on the hydraulic conductivity of several well characterized soils from 

California. These soils demonstrated a pronounced decrease in hydraulic conductivity 

in the exchangeable sodium percentage (ESP) range of 25 to 35, and a salt 

concentration of 3 to 50 meq/l. 

It is generally recognized that the concentration of sodium in irrigation water 

can affect the permeability of soil to a great extent. Yaron and Thomas (1968) 

determined the hydraulic conductivity in soil columns to find out progressive 

decreases in HC as ESP and exchangeable Ca and Mg are replaced by Na in the 

percolating solution. They observed a curvilinear decrease in HC as the ESP 

approached equilibrium. They concluded that the shape of the curve relating HC to 

ESP depends on the nature of the soil, and the cationic composition and total salt 

content of the soil solution. A semiemperical method of predicting HC was 

developed. 

Frenkel et al. (1978) conducted laboratory studies on three types of soils, 

containing different types of clay i.e. kaolonite, vermiculite and montmorillonite. 
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They added sufficient quartz to reduce clay percentages to 10.4 and 6.5. They packed 

these soils into 5 cm diam. by 30 cm long plastic columns. The hydraulic conductivity 

was measured by leaching the columns at constant head, and measuring the drainage 

rate. The effluent was collected in a fraction collector and analyzed for suspended 

clay, pH and electrical conductivity. The columns were adjusted to desired ESP level 

by leaching with IN CaCI2-NaCI solution. Later these columns were sequentially 

leached with water of different EC, and SAR values of 10, 20, or 30. The new 

solution was not added until new steady state HC and effluent composition were 

achieved. 

The results of these experiments showed that HC of kaolinitic soils reduced 

drastically when leached with concentrations less than O.OIN, and especially with 

distilled water when applied later. The effect was even more drastic for kaolinitic 

soils with higher clay content. The reduction in HC started immediately after distilled 

water was applied. HC decreased to 60% before I pore volume passed through the 

column. A strong reduction in the EC of the leachate, and an increase in the pH was 

also observed. Suspended clay started appearing in the effluent with application of 

distilled water. Frenkel et al.(1978), monitored pressure head changes with 

piezometers installed along the entire length of column at 3cm intervals. Positive ~H 

values were indicators of increases in the hydraulic gradient and decreases in hydrau

lic conductivity. Similarly, -~H showed the opposite situation i.e. increases in 

hydraulic conductivity. 
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While repeating the same treatments on vermiculite soil, appreciable reductions 

in He were observed over the ESP range of 20 - 30, and a concentration of 10 meq/l. 

There was a drastic decrease in He when leaching started with distilled water, 

reaching nearly zero. In this experiment, the blockage by clay was so extensive that 

only a tiny amount of clay appeared in the leachate after passing more than 3 pore 

volumes of distilled water through the column with montmorillonitic clay. The 

decrease in He was magnified with increasing ESP levels at a given concentration. 

As expected in the effluent, the decrease in He with distilled water was accompanied 

with the appearance of clay. The amount of clay first increased, and then decreased as 

clay dispersion and settling occurred. In this case, the HC did not increase upon 

leaching with high concentration solution. According to the authors, this was due to 

clay swelling and shrinkage of pores, making the resultant decrease in He 

irriversible. 

The two processes which result in decreasing hydraulic conductivity are 

distinguishable. Swelling is essentially a reversible process. Reduction in HC may be 

reversed by adding electrolyte to the system. However, dispersion and soil particle 

displacement are irreversible (Frenkel et al., 1978). Therefore, with the second 

mechanism, the reduction in He may be permanent. Both soil swelling and dispersion 

are related, and either of these can reduce He under favorable circumstances. For 

example, swelling does usually not occur unless the ESP exceeds 20 (McNeal et al., 

1966 and Shainberg et al., 1971). Dispersion on the other hand may occur at very 

low exchangeable sodium levels. The question which needs to be answered is that 



how soils with the same mineralogy and texture respond differently to sodic 

conditions. Shainberg et al. (1981 a and b) hypothesized that a major factor causing 

differences among soilsin their response to sodicity, is mineral dissolution. 
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Felhendler et al. (1974) measured the HC of two montmorillonite soils (a sandy loam 

and a silt loam) as a function of SAR and salt concentration of the percolating water, 

and found that both soils were only slightly affected up to a SAR of 20, as long as the 

concentration of the percolating solution exceeded 10 meq/l. However, the response 

observed by displacement with distilled water was entirely different for both soils. 

The HC of the silty soil dropped to 42 and 18 percent of its initial value for soils 

having ESP values of 10 and 20, respectively. On the other hand, the HC of sandy 

soil dropped to 5 and 0 percent for the same condition. They also noted that clay in 

sandy soil was mobile and appeared in the leachate, whereas no clay dispersion took 

place in the silty loam soil. They postulated that the HC response was associated with 

the potential for clay to disperse. In sandy soil, clay was strongly dispersed when the 

soil was leached with distilled water, but in silty soil this did not happen. 

The adverse effect of low salts and high sodium waters on soil permeability 

has long been recognized (Quirk and Schofield 1955; McNeal and Coleman 1966). 

Several workers (Frenkle et al., 1978; Oster and Scroer 1979; Shainberg et al., 1981) 

have reported that during an irrigation season, application of high concentration 

irrigation water will prevent deterioration of soil physical properties. On the other 

hand, when high salinity water is replaced by rain, distilled or low salinity water (EC 

S 3 melI), the susceptibility of clay to disperse, and the resultant decrease in 
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hydraulic conductivity, can be high. This is especially true during the monsoon season 

when rain water has little or no free salts. 

In a laboratory study, Minhas and Sharma (1986), packed soil into 7 cm ID. 

cores and measured HC by leaching with different conductivity waters. Clay 

dispersion was measured by collecting the effluent. Sequential application of saline 

and rain water caused major changes in saturated hydraulic conductivity as a result of 

clay movement and dispersion. Soils containing loam and clay also had reductions in 

HC, but this was mainly caused by surface sealing. These authors suggested 

improvements be made in existing water quality criteria because existing criteria 

under-estimate the real soil permeability hazards from saline-sodic waters. 

The hydraulic conductivity of saturated soil can vary continuously with time as 

measurements are taken in the laboratory ( Bodman 1937; Fireman and Bodman 1944, 

Allison 1947; Quirk and Schofield 1955 and Poulovassils 1972). The factors 

responsible for the decrease in HC often mentioned are the progressive deterioration 

of soil aggregation, the effect of soil microorganisms, and changes in the volume of 

entrapped air in saturated columns. In an attempt to distinguish between the 

contribution of various factors causing variation in the He, Poulovassilis (1972) 

carried out experiments in soil columns using an oscillating head permeameter and 

applied distilled water as well as solutions with different levels of Ca++, Na+ and K+. 

He concluded that the presence of microorganisms and entrapped air drastically 

reduced the initial Ksat as time passed. Addition of Na+ and K+ ions did not affect the 



conductivity. However, Na + saturated soils did show two to three-fold decreases in 

He. 
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In most of the studies discussed in this review, measurements of He have been 

conducted in the laboratory under controlled conditions. Such experiments can be 

useful for predicting what is happening in the field. Reeve and Tamaddoni (1965) 

were the first who compared both field and laboratory experiments and concluded that 

laboratory experiments are necessary before doing field experiments. 

As shown above, soil hydraulic properties change upon the application of 

either saline and lor sodic water. As a matter of fact, some of these properties change 

reversibly, while properties change irreversibly in some other conditions. Once the 

soil clay is detached and blocked into the pores, efforts to bring back the soil 

hydraulic conductivity almost seem to be in vain. Unfortunately, in many of the 

laboratory studies performed in the past, constant head or falling head methods were 

used for measuring He. These methods have a disadvantage in that He is measured 

across the full column lengths, while changes in He may only take place near the 

inlet. 

The present study is aimed at monitoring the He changes in soil columns, 

leached with water of varying salinity and sodicity levels. Leaching water will be 

applied at a constant flux, and changes in He calculated from the pressure head 

changes. Pressures are monitored with tensiometers and transducers while soil salinity 

levels are monitored in situ by TDR probes. The purpose is to get a better understan

ding of where and when changes in hydraulic conductivity occur during leaching. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS 

This chapter describes the instruments, their components and design of 

different experimental materials used in this study. It includes physico-chemical 

properties of two soils, soil cores, flow cells, mini flow-through cells, TDR, TDR 

mini-probes, and leaching water. This chapter also covers the description of step wise 

construction of mini-tensiometers, mini flow-through cells and mini probes. 

Soil 

Two types of soil were used in this study. The first one is classified as Berino 

fine sand (fine-loamy, mixed, thermic, Typic Haplargid). This soil type is typical for 

the arid southwestern United States and, in particular, for southern New Mexico. 

According to Wierenga et al. (1989), deep soil profiles from the same area have 

several buried soils with each having horizons of calcium carbonate accumulation. 

The main sources of calcium carbonate in this area are atmospheric dust and 

precipitation (Gile and Grossman, (1979». This soil was formed from alluvium 

derived monzonite, rhyolite, and calcareous sedimentary rocks. The clay mineralogy 

of these soils is dominated by quartz, kaolinite, illite, and authigenic calcite with 

minor amounts of feldspars, chlorite, and smectites (Monger et al., 1987). 

The Berino fine sand for these experiments was collected on June 25, 1991, 

from the upper 45 cm, of an alluvial fan in the Jornada del Muerto Basin nearly 40 



Ian northeast of Las Cruces, New Mexico. This site roughly corresponds to the 

location of a typical pedon given in the soil survey of Dona Ana County, New 

Mexico (Hudson 1992). The soil is deep, well drained and has an argillic horizon 

over a calcic horizon. The top 5 cm of this soil is a very loose wind worked, fine 

sand. This top layer was removed before taking any samples. 
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On bringing the soil to the laboratory, it was air-dried and sieved through a 2 

mm mesh screen (ASTM specification 11, #10 sieve). The soil peds were broken by 

hand and with a mortar and pestle. Remains in the sieve consisted of fine roots, 

sticks, pebbles and calcium carbonate particles which weighed less than 0.15 % of the 

soil. The sieved soil was stored in plastic buckets in the laboratory for future 

experiments. Representive samples from sieved soil were analyzed in the Soil, Water, 

and Plant Analysis Laboratory, Department of Soil and Water Sciences, University 

of Arizona, Tucson, Arizona for texture, CaC03 and carbon contents. Soil texture 

was determined by dispersing samples with (NaP~)6 and then using a sedimentation 

technique with hydrometer for partitioning sand, silt and clay fractions (Gee and 

Bauder, 1986). Sand was further separated into coarse, medium, fine and very fine by 

sieving. Total carbon content was determined by high temperature combustion. 

Inorganic carbon content by high temperature combustion after treatment with H3P04 , 

while organic carbon was calculated by difference. The results of these analysis are 

given in Table 1. 

The second soil which is classified as Gila Sandy Loam was collected from the 

University of Arizona Campus Agricultural Center (CAC) in Tucson, Arizona. 
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Table 1 Soil physical properties of four samples of Berino fine sand 

Soil Sample 1 Sample 2 . Sample 3 Sample 4 Average 

Property 

Sand (%) 90.43 90.87 90.43 90.87 90.65 

Silt (%) 2.07 1.63 2.07 1.63 1.85 

Clay (%) 7.50 7.50 7.50 7.50 7.5 

Total 0.307 0.252 0.255 0.255 0.267 

Carbon 

(%) 

Organic 0.141 0.145 0.122 0.123 0.133 

Carbon 

(%) 

Inorganic 0.166 0.107 0.133 0.129 0.134 

Carbon 

(%) 

CaC03 1.38 0.89 1.11 1.08 1.12 

Equivalent 

(%) 
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The site is located on the west side of Campbell road one block away from the south 

side entrance. The soil was collected with an auger from ten different locations from 

a plot (8 X 10 m) at three depths, at 30 cm vertical intervals. Each soil sample was 

air dried, ground and passed through a 2 mm sieve. After sieving the samples from 

the various depths were mixed, and a composite sample was analyzed for textural 

classification (Table 2) in the same manner and by the same laboratory as for the 

previous soil. The sieved soil was stored in a soil container for future experiments. 

Soil Cores 

Three different length columns were designed and fabricated for running both 

saturated and unsaturated experiments (7.6 cm, 15 cm and 30.5 cm). All columns 

were made from 7.6 cm ID by 7.84 cm OD cast acrylic tubing with 0.65 cm wall 

thickness. 

Three 1.0 cm diameter access holes were drilled at 1.8, 3.8 and 4.8 cm from 

the top of each 7.6 cm long tube. They were spaced 1200 around the cylinder. 

Directly opposite the middle hole, three parallel holes were drilled in horizontal 

direction to insert 0.33 cm dia stainless steel TDR probes. The individual probes were 

2 cm apart. The holes were drilled with a #29 drill. TDR probes were also installed 

into the 15 and 30.5 cm long columns, but the vertical position of the holes was 

different. For the 30.5 cm columns, access holes were drilled 5 cm from both ends,as 

well as in the center of column. The 15 cm column had only two probes, at 3.0 cm 

from the ends. The design of one of these the columns is shown in Figure 4. 
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Table 2 Physical properties of the loam soil used in experiments 

Soil Sample 1 Sample 2 Sample 3 Sample 4 Average 

Property 

Sand (%) 45.61 51.36 50.09 50.79 49.46 

Silt (%) 42.23 36.79 36.63 37.38 38.25 

Clay (%) 10.65 10.70 11.83 10.41 10.89 

Porosity 0.45 0.44 0.43 0.44 0.44 

HC(cm/d) 40.08 61.92 41.76 46.32 47.52 

* HC = Hydraulic conductivity measured by falling head method 

. --_.. . ... _ .... __ ._-
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conductivity experiments. 

56 



57 

Flow Cells 

The flow cells were designed to a) hold soil cores in order to apply treatments 

as needed, b) provide good hydraulic contact between soil in the core and its 

boundary, and c) to define and maintain the soil boundary conditions. The basic idea 

of flow cells was adapted from the Tempe pressure cells described by Reginato and 

van Bavel (1962). The original Tempe cell permits flow of water, and maintains 

pressure boundary conditions through porous ceramic plates at the ends. A 

disadvantage of the Tempe cell is that it takes a relatively long time to achieve 

equilibrium conditions. This becomes even more of a problem for transient 

experiments, as the porous plates restrict flow, and measurements may be dominated 

by the plate impedance. Furthermore, Tempe cells do not allow testing of the 

properties of ceramic plates without soil. de Salva (1990) solved this problem by 

splitting the lower portion of the Tempe cell into two halves and holding a porous 

plate against an O-ring in the top half. Another O-ring seals both pieces tightly. This 

design allows for testing porous plates without soil, and makes it possible to use 

plates made of different materials and variable thicknesses. 

Based on this idea, 14.6 cm OD diameter flow cells were designed to hold soil 

cores of any length, and with plates of any porous material. The top and bottom 

pieces were made from 1.27 cm thick polycarbonate sheets. Polycarbonate sheets are 

much stronger than acrylic and are easy to machine. The outer plate of the cell has 

two concentric grooves, one at 1.65 cm, and the other at 2.25 cm from the outer 

edges. For the cores, cast acrylic tubing was used instead of extruded acrylic tubing 
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because it has less variation in the outside diameter. Even with cast tubing, the 

diameter varies between each batch and supplier. A complete flow cell as used in our 

experiments consists of three pieces. These are the top and bottom pieces and the 

column. The top and bottom pieces each consist of two halves held together on both 

ends (top and bottom) with the help of three 112 cm diameter threaded stainless steel 

rods and wing nuts. Six holes were drilled equally spaced in the circumference 60' 

apart. In three of these holes, rods were passed through. Three small bolts were 

tightened with wing nuts to hold the two pieces, the a-rings and the porous material 

tightly together. Tightening of the wing nuts on the ends of the rod holds both flow 

cells and soil core in between, and makes a soil column. One of the flow cells used 

for different set of experiments is shown in Figure 5. Various components of the 

donuts designed and fabricated for holding a soil core are shown in Figure 6. In the 

ends of each flow cell 0.88 cm dia. threaded holes were drilled to accommodate 

barbed brass or plastic tube fittings. These fittings serve as ports to apply water or 

solution at one end, and allow for outflow at the other end. 

For saturated experiments, the top and bottom of the cores were equipped with 

100 I'm, 0.3 cm thick stainless steel screens. These screens have low bubbling 

pressure and pose little impedance to flow. Later, these plates were replaced by 

Nylon fabric (Soil Measurement Systems, Tucson, AZ). This fabric has a low 

bubbling pressure of 32 cm, is very thin (0.1 mm) and offers no resistance to water 

flow. In order to support the fabric a 8.9 cm dia., 0.33 cm thick perforated aluminum 
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disc was placed below the fabric. The holes in the aluminum disc were drilled in 

concentric circles over the surface area, except for the 0.65 cm from the outer edges. 

Mini Flow-Through Cells 

The purpose of the mini flow-through cell is to monitor the total concentration 

of the incoming and outgoing solutes. The concentrations of the solutes at the inflow 

and outflow ends of soil columns were measured continuously with a TDR via flow

through cells. Conductivity cells that could be recorded on a data logger or computer 

were not available. 

Design and Construction 

Initially, a pair of flow-through cells measuring 4 cm long by 3 cm ID were 

fabricated of plastic tubing by drilling three 0.15 cm dia. holes into it. Three stainless 

steel rods (0.15 cm dia., 4 cm long) were pushed into these holes and fixed with 

epoxy. The ends were then connected to coaxial cable via electrical connectors. Both 

ends of the flow-through cell had a rubber stopper fitted with bended "L" shaped 

glass tubing, as shown in Figure 7. With these cells, outflow concentration could be 

measured nicely, but too much mixing occurred at the inlet end due to the large 

volume of the cells. Later, this design was modified using rectangular glass tubing 

(Wale Apparatus Co., Philadelphia, PA.). The dimensions for this glass tubing were 

(3.3 X 3.5 X 1.5 cm) with a wall thickness of 0.2 cm. Fabrication of these glass 

flow-through cells was done in the glass shop of the Chemistry Department, 

University of Arizona, Tucson. The open edges of the glass tubing were closed. 

- ---------- ---- - - -----------
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Figure 7. Initial design of a mini-flowthrough cell made of 3 cm diameter 
polycarbonate tubing. The cell can hold 15 ml of water during transport 
of solutes and causes larger mixing. 



Using a very small hand drill, three 0.15 mm dia. holes were drilled,. and then 

parallel stainless steel rods were placed into the holes and fixed in place using steel 

epoxy. Two 3 cm long glass connector tubes (0.3 cm ID) were attached to two 

opposite ends of each rectangular glass cells, to allow easy connection of the flow

through cells to the soil columns. One of the flow cells is shown in Figure 8. 

Construction of Mini-Tensiometer 
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Mini-tensiometers were constructed for measuring tensions in the soil columns. 

One such tensiometer is shown in Figure 9. Small high flow porous ceramic cups 

made for tensions up to 1 bar (Soil Moisture Equipment Corp., Santa Barbara, CA; 

#652X03-B1M3) were glued into a 5 cm long, rigid polycarbonate tubing. The 

internal diameter of the tubing was 0.647 cm, and outer diameter 0.97 cm. The 

ceramic cups were initially wrapped with teflon tape to avoid clogging of pores 

during handling, and sanded down at the open end to make them fit into the rigid 

tubing. The open ends of the cups were pushed into the tubing, leaving 1.5 cm of 

porous cup. Before placing the cups in the tubing, two thin coatings of epoxy (Soil 

Moisture Equipment, Santa Barbara, CA) were applied on the sanded portion of the 

cup. The first coating was to achieve a smooth, air-tight surface bonding with the 

polycarbonate tubing and to surface seal the pores of the tensiometer. The second 

coating was to glue the cups to the tubing. The tensiometers were allowed to dry 

overnight, and then tested for leaks by applying 50 kPa air pressure onto the saturated 

cups. 
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To the open end of the polycarbonate tubing, a small piece (1 cm long) 3/16" 10 X 

114" 0.0. flexible tygon tubing was mounted to fit a 15 PSI gage, temperature 

compensated, piezoresistive, electronic pressure transducer (Microswitch, Richardson, 

TX; #136PCI5Gl). Before placing the tensiometers into the soil, they were slowly 

filled with water, making sure to avoid air entrapment. The input end of pressure 

transducer was also filled with water using a fine needle syringe. Air bubbles need to 

be avoided because they slow the response of the tensiometer. After filling with 

water, the pressure transducers were placed onto the water filled cups. 

Pressure transducers work like wire strain gages and are piezoresistive. The 

piezoresistance is a change in the resistance of a semiconductor caused by any outside 

applied stress. These transducers response linearly to the pressure changes. The 

circuit and components of a pressure transducers are shown in Figure 10. In this case 

four piezoresistors are buried in the surface of a silicon diaphragm (Microswitch, 

1991). They are named R, Rt, R+AR, R-AR, respectively. The resistance Rt 

provides temperature compensation for the output. The R+AR and R-AR represent 

the actual resistor values at applied pressure, and R is the resistor value for the 

undeflected diaphragm. 

The output from the pressure transducers (mV V-I) was measured and recorded 

on a Campbell 21X datalogger (Campbell Scientific Inc., Logan, UT). To attach the 

transducers to the data logger, a 4 position, 0.259 cm center, polarizing connector 

(GC Electronics, Rockford, IL), and 4 conductor shielded wire were used. 

Programming instructions for supplying excitation voltage (5V) from the datalogger 
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Figure 10. Electronic pressure transducer and its internal circuit diagram. 
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are given on Instruction Sheet 6 of Campbell. Pin 1 of the pressure transducer makes 

a full bridge for excitation; the differential voltage measurements of bridge output 

come from Pin 2 - Pin 3, and a reference is used at Pin 4. The ratio metric output of 

this excitation is measured (mV V-I). A Campbell 21X program for measuring and 

storing transducer output is given in the appendix A. The smallest available 

measurement scale to measure output voltage was achieved. The data was stored on a 

SP232 storage module attached to a data logger via 9 port connector and cable. A 

calibration curve (presented in the next section) was determined in order to convert 

output (mV V-I) to water pressure (cm). 

Construction of TDR Mini Probes 

In this study three types of 3 rod TDR probes were used. The advantages of 

three rods over two rods is given in detail under TDR probe design and geometry (see 

review of literature). The probes are shown in Figure (11 and 12) The probes were 

connected to a multiplexer box with 1.6-1.75 meter long 50 n RG58A/U polyethylene 

coaxial cables, using a male BNC connector (Radio Shack Corp.). Two different 

diameter rods were used to construct the probes. For the soil columns 4 or 6 cm long, 

rods were cut from bare stainless steel welding rod (alloy 316) having 3.0 mm O.D. 

Coaxial cable was peeled and skin was removed. The shield/wire gauze was unwoven 

and divided into two halves. Soldering material was melted, and poured onto both 

portions of the shield. The inner conductor was also peeled and soldered to the inner 

connector. Then the shield was soldered to the two peripheral rods. During soldering 
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Figure 11. New design of a quick-fit three rod TDR mini-probe with connectors. 
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Figure 12. Diagram of a compact three rod TDR mini-probe. 
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acid flux was applied for better connections. The ends of the rods were then enclosed 

in an acrylic casing to preserve rod spacing, to protect the joints, and for rigidity of 

the probe during insertion into the soil core. These probes were also called compact 

probes. The casing was made from 0.5 cm thick acrylic plate, attached to a 1.3 cm 

top piece of acrylic plate. The rods were fit into the 0.5 cm thick plate by drilling 

press fit holes into this plate. Methylene chloride was injected into these holes in 

order to weld the rods to the acrylic. The different parts of the probe are labeled in 

Figure 11. The top plate had a 0.635 cm dia. hole at the position of the central rod 

and a grove at the bottom to accommodate connections. The two plates would fit flush 

with rod connection spacing in between them. Small amount of silicon rubber sealant 

(Dow Corning Corp., Midland, MI) was placed in the space between the two rods 

and the grove in the plate in order to protect any short circuiting or water seeping into 

the joints. Both of the plates were finally sealed together with Methylene Chloride. 

The second type of probes consisted of 3 cm long rods, fitted into mini flow

through cells (FTC). The design was similar to that described above, except rods 

were fixed inside the cell (see Figures 7 and 8). The third and simplest type of probe 

was designed for the long column (30.5) cm. The probes were cut from 0.33 cm dia. 

stainless steel welding rods in 8 cm long pieces. In this case, no soldering or plastic 

casings were used. The steel rods were inserted into press fit drilled holes in the soil 

cores. The wall of the soil core provided support and rigidity for the probes. One 

such probe is shown in Figure 12. All three rods were pushed to 7 cm from the outer 

wall of the column. During installation, vacuum grease and lor sanitary sealant was 
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applied to the probe ends to prevent water from leaking through the holes in which 

the probes were placed. The coaxial cable was connected to the rods with bi-polar 

electrical connectors (Radio Shack Corp. USA.). The sheath wires were covered with 

nylon casings and tightened to one pole of the connector with the help of screws. The 

other end of the connector was attached to the rod. The rods were placed 2.0 cm 

apart in the columns. 

Time Domain Reflectometry (TDR) 

The term time domain refers to methods of performing measurements and 

solutions while dealing with physical quantities in their time-dependent form (Raid, 

1986). A time domain instrument (shown in Figure 13) performs its function by 

measuring time. Thus, the TDR is an instrument which measures reflected voltage 

over time. Its sensitivity is measured by the pulse rise time, the length of time for a 

pulse signal to go from 10 to 90% of the change in voltage (Tektronix, 1989). 

Voltage steps are sent through coaxial cable. If the cable is suspended and terminated 

in air and before that its impedance is changed, the voltage will be reflected back 

towards the cable input and detected by the sampler. The reflected voltage is super 

imposed on the advancing initial step, and will appear as a step-up transition on the 

LCD. The reflected voltage will be in phase with respect to the initial step, because 

the air has higher resistance than the cable impedance. The value of the reflection 

coefficient in this case would be greater than O. If the cable is not terminated but 

rather it has a fault, for example placed in water, the reflected voltage will appear as 

-----,----------------- ------
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a step down transition on LCD and will be out of phase. This will happen because the 

capacitive faults have resistance less than the cable and thus the value of the 

reflection coefficient p falls between zero and negative one. In addition, when water 

is added to a highly saline soil, it will cause a short circuit and p will be equal to -1, 

because no energy is reflected. 

Time domain refletometry (TDR) is being used to determine the dielectric 

constant as well as attenuation in soil, and from this the volumetric soil water content, 

and/or soil salinity. Because of the importance of dielectric properties of soil 

measured over a wide range of frequencies (DC to microwave region), a large body 

of literature is available on this topic, some of which is presented in the review. 

Methods of measuring these properties are discussed in the next section. 

Synthetic Irrigation Water 

The irrigation water concentration and the sodium adsorption ratio (SAR) can 

affect the hydraulic properties of soil by causing swelling and dispersion of clay 

(Dane and Klute, 1977; Russo and Bresler, 1977; Lima et al., 1990; Malik et al., 

1992). Generally, decreasing the electrolyte concentration (EC) or increasing SAR 

tends to decrease the hydraulic conductivity in both saturated and unsaturated 

conditions. While decreases in soil water diffusivity, soil water capacity, and increase 

soil water content have been observed in unsaturated conditions. 

Electrolyte solutions for these experiments were prepared from the 

combination of chloride salts of sodium, calcium and magnesium. The salts were 
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selected from Fisher Scientific analytical grade chemicals. The amount needed to 

make solution of 1.0, 2.0, 3.0, 5.0, 10.0, 15.0, and 20.0 dS/m concentration was 

calculated weighed and dissolved in water. Total salinity of the prepared solution was 

based on the total milli-equivalents of salts in the given amount of solution. The 

sodicity level of solution was calculated from the formulation given in USDA 

Handbook 60 (1954). The sodium adsorption ratio (SAR) of electrolyte was calculated 

and expressed as: 

Na+ 
SAR = -;======= 

Ca++ +Mg++ (39) 

2 

Initially three solutions with different SAR values were prepared representing sodicity 

levels above and below the critical limits for irrigation waters, as described in the 

literature (USDA Handbook 60 (1954) and FAO (1985», which were 7.5, 15 and 

22.5. Stock solutions were prepared for each SAR which were diluted to the desired 

salinity levels. Calculated salinity was then compared to the actual EC measured by 

conductivity meter (Digital Conductivity Meter VWR Scientific, San Francisco, CA). 

The amount of salts needed to make the desired EC and SAR solution is shown in 

Table 3. 



Table 3. 

EC 
(dS/m) 

1.0 

1.0 

1.0 

2.0 

2.0 

2.0 

3.0 

3.0 

3.0 

Amount of different salts added to a liter of water for preparing 
desired EC and SAR leaching solutions 

SAR NaCI CaCI2.2H2O MgCI2.6H2O 
(--) (mg) (mg) (mg) 

7.5 457.36 91.89 92.01 

15.0 558.99 22.05 50.19 

22.5 576.78 11.03 25.09 

7.5 790.21 363.87 158.93 

15.0 1016.35 152.16 58.55 

22.5 1087.49 36.75 92.01 

7.5 1067.16 294.04 794.63 

15.0 1448.30 316.09 100.37 

22.5 1580.42 102.91 158.92 
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CHAPTER 4 

EXPERIMENTAL METHODS 

This chapter briefly describes some of the techniques and methods applied to 

previous studies conducted in the fields of soil physics, chemistry and hydrology. 

Some details regarding their applications to the present study have been given. The 

experimental methods include packing of soil cores, automatic TDR setup, soil 

moisture and salinity measurements with TDR, pressure transducer calibration and 

pressure head and hydraulic conductivity measurement from pressure transducers. 

Small Cores Packing 
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Previously air-dried soil was filled into a small plastic container before it was 

packed into cores. A small subsample was oven-dried at 105°C in order to determine 

air-dry moisture content. Its value was ::::::: 1.5 % by weight for all stored soil. To the 

air-dry soil in the container, a sufficient amount of water (of different salinity) was 

added with a spray nozzle to raise the water content above 2 % by weight. After 

thorough mixing, the container was sealed and kept for several days for moisture 

redistribution. This wetting was done to facilitate packing of the soil tightly in the 

core (the very dry soil would have remained loose, and not packed evenly). 

Before pouring soil into the core, TDR and tensiometer holes were plugged 

with paper tape and stoppers respectively.To fill a soil core uniformly, the core was 

extended at its upper end with 8.9 cm high pipe of similar LD. and D.D. by cutting 



into two equal halves vertically. Both of these halves were joined together through 

nuts and bolts (Figure 14). The lower end of the core was closed with an aluminum 

disc attached to the core with a rubber band. The amount of soil required to fill the 

core and its 2 cm extension to give a bulk density was calculated from: 
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(40) 

where Ms is the mass of soil required to fill the core (kg), Vc is the core volume (m3
), 

Vr is the volume of the 2 cm high extension on top of the core (or), Pb is the packed 

column density (kg m-3), and 8m is the soil water content (kg kg-I). The correct 

amount of soil was weighted and carefully placed in the extended core. It was brought 

to a density of :::::: 1.7 g/cm3 by inserting a steel packing piston into the top of the 

core assembly, and then compressing the soil to 1800 PSI (12.5 MPa) in an hydraulic 

press. 

After compressing, the packing assembly was loosened, the steel piston 

removed and the assembly opened on one side. Using a steel disk of core diameter, 

the top soil was removed and sealed in a container for oven drying. The water content 

of the excess soil was determined by weighing before and after placing a sample in an 

oven at 105°C for 24 hours. Moisture content and bulk density were calculated from: 

(41) 

Where Ps is the packed column soil bulk density (kg m-3), Ms soil mass in the core 

(kg), 8m is the measured mass water content of the soil in the core (kg kg-I), and Vc is 



79 

, , , , 12.5 MPa 

Packing Piston 

Packing Assembly 

Soli Core 

..... M._" ____ ~. __ MM_ 

...... '~'-. 

Aluminum Plate 

[ 
111111111 J Rubber Band 

Figure 14. Parts of a soil core packing assembly. 
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the volume of core (m3
). The water content of the soil was considered the initial 

water content of the core. 

Long Soil Cores Packing . 
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Packing of long cores was different than of the small cores, because 

compressing caused two problems: a) the desired bulk density could not be achieved 

as the top layer tended to be denser than the bottom layer and b) applying more 

pressure to achieve uniform density throughout the column, caused the core to break 

or crack. To avoid these problems, soil was packed by adding a small amount of soil 

at a time, and compressing the soil using a wooden plunger and rubber hammer. This 

was done until a precalculated mass of soil was packed into the core. The bottom end 

of each core was sealed with an aluminum disk and rubber band. The packing 

assembly (8.9 cm high) was placed on the top end. After loosening the packing 

assembly, the soil above the core was removed and oven dried for water content as 

well as bulk density determination, as for the short cores. 

Soil Moisture Measurement Using TDR 

Dielectric Constant 

Throughout this study, a Tektronix cable tester model 1502C was used 

(Tektronix, Inc., Beaverton, OR). This instrument is called Time Domain 

Refiectometer, because it is basically designed to detect defaults in transmission lines 

and internally converts travel time on the trace (ns) to distance on the cable (m) using 
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known adjusted pulse velocity. The instrument displays a trace on LCD from the sent 

electrical pulse and resulting reflections caused by impedance in cable. The TDR 

pulse has a nominal amplitude of 300 mV into a 50 {} load, a nominal width of 25 p.s, 

and nominal repetition time of 200 p.s (Tektronix Inc., 1989). As the instrument is 

turned on, there is a cursor along the 'Y axis' which is displayed on the screen to 

display the distance from the start of the trace. The starting point can be readjusted as 

desired by pressing a knob to start at zero point. The velocity of propagation (Vp) 

depends on the dielectric constant of the material in which the probe is inserted. The 

relationship between velocity of propagation and dielectric constant (e) is given as 

(42) 

where c is the velocity of light in a vacuum (3 x 1()"8 ms·I). Any changes in 

impedance do appear on the LCD screen as jumps in the reflected wave, and when 

the cursor is positioned at that point, it will display the distance where impedance 

changed. 

To convert measured travel time to distance, the following equation was used: 

(43) 

where X is the cable position corresponding to the position of the cursor on the TDR 



trace (m), Vp is the wave propagation velocity (m ns·1), set before starting data 

collection, and t corresponds to the travel time for a round trip (ns) of the pulse. 
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The 1502C metallic cable tester comes with an extended serial module SP232 

(see Figure 13). This can be attached to a personal computer via a serial 

communication port. A computer program was written in BASIC in order to record 

the data from the TOR on the computer (Appendix B). The program was adopted and 

modified from the BASIC program given in the TOR manual (Tektronix Inc. (1989). 

It produces a file of all TOR settings on the panel before it starts reading the first 

trace after communication continues. The program writes down TOR panel settings in 

the following sequence: the cursor position (m), the node number of the cursor, the 

velocity of propagation (Vp) expressed as a fraction of c (speed of light), the 

horizontal scale (m per division), the vertical scale (mp per division), the vertical 

position of the trace and the number of traces averaged for each output trace. The 

output of settings received by the computer is given in Appendix C. This is followed 

by an output file which contains numerical representation of the TOR trace shown on 

the LCO. 

Horizontally, the screen is divided into 250 grid nodes, while the Y values 

range from 0 to 8191. Thus each output file contains a Y value for 251 X nodes 

starting from 0 and ending at node 251. The X location for each point on the trace 

can be calculated from the cursor position and the horizontal scale as recorded from 

panel scale settings. The calculation is done as follows (Hudson, 1992): 

- - ------.---- --- _. ---- _._-------
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x = X +(N - N )*1 c x c n (44) 

where X is the node location on the trace (m), Xc is the cursor location (m), Nx is the 

node number of X, Nc is the node number of the cursor, and lu is the node spacing (m 

node-I). Note in this figure Xr is the point where trace is reflected. The location of 

points on the trace are shown in Figure 15. The node spacing is calculated by 

dividing the horizontal scale (m division-I) by the nodes per division. 

In our case, 3 to 5 TDR probes were installed per column and data was 

collected for both moisture content and salinity. The program that collects the X and 

Y coordinates of the trace also calculate the dielectric constant from the distance '~' 

(distance between maximum and minimum points on trace) using Equations 9 and 10 

respectively. The reflection point is noted at the cursor position for bulk Ee 

measurements. 

BuU{ Electrical Conductivity 

For measuring the bulk electrical conductivity «(J. ) at the time when the trace 

length is recorded, the TDR needs to be switched to the resistance mode. This is 

achieved by pressing the menu button at the upper left corner of the TDR cable tester. 

After this, one needs to scroll down with the (t) position knob ( see Figure 13) to set 

up the menu. Again press the menu button, and choose option "ohm at cursor" which 

is normally 'off and turn it to 'on' by pressing the menu. With the resistance 

measuring mode on the reading is displayed in the upper right hand corner of the 
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Figure 15. TDR trace for calculation of water content 
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LCD screen. Note that the resistance ( 0) will be diplayed only for that point where 

the cursor is positioned. Pressing the menu button repeatedly will return the 

instrument back to the normal operation mode. The ohm scale can be set between 1 -

1000 ohms. The ohm values were converted to salinity values using the geometric 

constant of the probe. The geometric constant was obtained by immersing the probe 

in solutions of known CT, and measuring the resistive impedance Zr. across the probe. 

The geometric constant (cell constant) was then determined as 

(45) 

where CTref is the electrical conductivity of the reference solution, and ft is a 

temperature correction coefficient (Rhoades and van Schilfgaarde, 1976). Repeating 

the calibration for several concentration solutions resulted in a calibration curve. 

Automation of TDR for Probes Switching and Data Recording 

The automated system in the present study was developed using an eight-in-

one coaxial switch (JFW Model 50S-608, JFW industries Inc., Indianapolis, IN) with 

female BNC connectors. This switch needs 12 V DC at 50 0 nominal impedance for 

operation. One output terminal was connected to a TOR 1502C, and the other 8 

terminals to stainless steel probes via coaxial cable. The control of these switches was 

directed through a personal computer. To achieve automation, a 24 bit parallel digital 

I/O board PIO 12 (Omega Engineering Stamford, CT) was installed in a slot in a 

Compaq Deskpro 386S computer. This I/O board was attached to a relay switch (24 
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channel DPDT Relay Output Accessory Board ERB-24, Omega Engineering 

Stamford CT.) for automatically opening and closing the coaxial switches. The 

software for communication between the PC and TDR was developed from the 

algorithms provided by Tektronix in the TDR manual. BASIC programs were written 

for (i) operation of relay board, (ii) receiving TDR trace data points, (iii) calculation 

of the water content and (iv) the impedance load (0). The schematic and different 

components of an automated system described above are shown in Figure 16. Detailed 

description of each component used in this setup are given in Appendix D. 

Solute Front Monitoring 

As described in the previous section, soil bulk EC can be measured at the 

same time as when water content is computed from the TDR trace. The time of 

arrival of the solute front at a particular depth where probes are inserted can be 

calculated by observing changes in the resistance. Higher resistance values will appear 

on the LCD of the TDR unit, in very dry soil. This is the resultant impedance from 

dry soil and air present in the core. Addition of water will act as a conductive 

medium, and the presence of electrolytes in solution phase will further drop the 

resistance depending on salinity. From the change in resistance, arrival time of solute 

front was monitored during saturation of a column as well as during leaching 

experiments. 
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Breakthrough Curves 

Changes in the resistance ( (1 ) measured with the TDR were used for 

calculating breakthrough curves (BTCs) during solute transport experiments. Water of 

different salinity level was used with various SAR (sodium adsorption ratio). Mini

flowthrough cells (FTC) were used for recording the concentration of incoming and 

outgoing solutions. 

Pressure Transducer Calibration 

Before using the pressure transducers, calibration curves need to be determined 

to convert voltage measurements to pressures (cm of water). This was achieved by 

connecting six pressure transducers to a pressure/vacuum source with tygon tubing 

and connectors. The source was controlled with a sub-atmospheric regulator (Moore 

Products Co., Spring House, PA; Model #44-20). This regulator uses the null balance 

principle to balance the input vacuum and pressure to give constant (sensitivity ±0.03 

em water) output pressure regardless of the fluctuations in the supply. The applied 

vacuum was measured with a water manometer for the low pressure range (0.0 to 

-100.0 cm), and with a mercury manometer for the high pressures range (-100.0 to 

-600.0). The measurement resolution of the water and mercury manometers was := 1 

mm. 

The transducers were calibrated in a batch of 6. The applied pressure was 

approximately 0.0, -5.0, -10.0, -25.0, -75.0, -100.0, -200.0, -300.0, -400.0, -500.0 

and -600.0 cm of water. The readings were taken at 5 sec. interval during calibration. 
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Typical calibration curves and equations using slope and intercept are shown in Figure 

17 and Table 4. Hudson (1992) also showed by an analysis of variance (ANOVA) that 

the transducer output and measured pressure were very stable at each applied 

pressure step. He used three different statistical models to develop relationships 

between measured pressure and transducer output. The purpose was to investigate any 

further separation of slope and intercept in the calibration lines calculated at different 

days. The models included using separate slope and intercept for each calibration 

date, single slope and separate intercepts and single slope with single intercept for all 

calibration dates. He applied F tests for comparison of MSE's for each model. This 

analysis suggested that every time a transducer is used, a separate intercept must be 

estimated. 

Saturated Hydraulic Conductivity 

The saturated hydraulic conductivities (HC) of the packed cores were 

measured by two methods. The first method was the constant head technique (Elrick 

et al., 1981). The other method used tensiometers while leaching the columns with 

different salinity water using constant flux. 

Constant head method 

The technique is well suited for measuring the high saturated HC of sandy 

soils. Soil cores in an enclosure are held under water in a constant level reservoir. A 

constant head difference is maintained across the soil core (Figure 18). Water is 

pumped into the reservoir, enters into column from the bottom of the core and leaves 
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Table 4 Pressure transducer calibration equations in pressure (cm) terms 

Transducer # Slope Intercept R2 
(em V/mV) (cm) 

T5 105.39 1.77 0.9999 

T8 105.29 0.47 0.9999 

TIO 105.63 0.35 .0.9999 

T16 105.39 1.92 0.9999 

T17 105.47 0.37 0.9999 

T19 107.58 3.59 0.9998 

T20 105.40 1.96 0.9999 
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from the top through a tygon tubing. Constant head difference (shown as .t.H ) is 

maintained by using a syphon tube and draining extra water out of the reservoir. This 

head difference can be measured accurately and is changeable by shifting the position 

of syphon tube. This arrangement keep head differences very constant, and prevents 

air from entering soil columns during the experiment. 

For measurement of the saturated HC, small cores (7.6 cm long X 7.6 cm 

dia.) were packed with Berino fine sand. A 100 ILm porous stainless steel plate was 

used at both ends to allow the free movement of water and keep the soil packed in the 

flow cell. The flow cell with initially dry soil was placed in a 4 liter glass or plastic 

beaker. The column was placed upright and saturated from below using a pump until 

the water level reached a few centimeters above the column. This took about 20 

hours. After maintaining a constant level desired during the experiment, a glass 

syphon tube was placed at 8.0 cm below the water level and the other end in to 

circulating reservoir. The outflow was collected in a flask placed on an electronic 

balance to record outflow weight via computer or Campbell 2lX datalogger. The 

constant head and outflow data were used to calculate saturated HC of the core using 

following relationship 

~I Ksat = IAt ah 
(46) 

where Kaat is the calculated value of saturated HC (m dol), Q is the measured outflow 

from the core (m3
), L is the length of core (d), and Ah is the head difference (m). 

The experiment was continued for 48 to 72 hours. The soil core was then removed 
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from the flow cell and oven dried at 105°C for determining saturated water content 

and bulk density. The soil saturated Bv was calculated as: 

(47) 

Constant Flux Method 

The soil columns were equipped with TDR probes and pressure transducers. 

Two additional pressure transducers and mini-flowthrough cell were attached at the 

inlet and outlet ends of the core assembly. Application of water at different salinity 

and sodic levels and at constant flux was achieved by using a peristaltic pump and/or 

a syringe pump. Changes in the hydraulic conductivity of the soil were recorded as 

pressure changes in the transducers. HC was calculated from the flux and the gradient 

in hydraulic head following Equation 46. An example calculation is given in Figure 

19. 



t out/et 

screen 

Tensiometer 

soil column 

Tensiometer 

screen _____ _ 

t inlel 

head calculation 
Point Pressure Gravity Total 

1 51.8 -12.0 39.8 
2 29.1 7.5 36.6 
3 9.8 23.0 32.9 
4 -10.3 30.5 20.2 

-0.10563 voHs 

10.5 em 

7.5 em 

pressure point 

-10.34 em (4) 

0.06288 volts 9.87 em (3) 

15.5 cm 

0.26569 volts 29.15 em (2) 

7.5 em 

reference z = 0 

12em 

0.46329 volts 51.82 em (1) 

Flow = 2.86 mll5 min 
Area = 45.38 em"2 
Length = 30.5 em 
K (column) = (Q*L}/[t*A*(H1-H4)J 
K (middle) = (Q*L}/[t*A*(H2-H3)] 

K(co/umn)= (2.86*30.5)/[5*45.38*(39.8-20.2)] 

0.0196 em/min = 28.2 em/day 

K(midd/e)= (2.86*15.5)/[5*45.38*(36.6-32.9)] 

0.0528 em/min = 76 em/day 

K(bottom}= 2.86*7.5}/[(5*45.38(39.8-36.6)] 

0.03 em/min = 42.9 em/day 

Figure 19. Schematic for calculation of saturated hydraulic conductivity by 
constant flux method. 
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CHAPTER 5 

RESULTS AND DISCUSSION 

This chapter consists of the results of the experimental work done during the 

course of this study. Results are divided into two parts corresponding to the 

objectives of the study. These are: 

A) Monitoring solute concentration and transport during leaching of the 

columns. 

B) Monitoring hydraulic conductivity changes affected by water of different 

salinityand sodicity. 

A- Solute Concentration and Transport 

This section presents the transport of salts through soil columns as monitored 

by an automated computer controlled TDR setup. Results are divided into four 

subsections. 

a. Water content 

b. Bulk electrical conductivity and total salinity 

c. Breakthrough experiments 

d. Transport parameter estimation 

Water Content 
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Recorded TDR traces can be used to measure moisture condition during an 

experiment. As discussed previously, moisture content is calculated from the apparent 

length (L.), which is related to the dielectric constant (Equation 9). The experiments 
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of this study were performed with saturated soil. In order to check on the degree of 

saturation during these experiments, occasionally the full TDR trace was saved and 

the degree of saturation determined. In Figure 20, TDR traces recorded at six 

different intervals are shown during one of the leaching experiments. This figure 

clearly indicates that although the salinity is changing, ~ as shown by distance 

between the two pointed arrows, remains the same. If the moisture level had changed, 

the distance Lt would be affected accordingly. Salinity changes are evident from the 

amplitude of the traces (right arm or tail end of the traces). 

For some experiments, the degree of saturation was checked by looking at the 

trace appearing on the LCD screen. This may be done on the Tektronix TDR as 

follows: 

a- Depress the knob indicating "View Input". This action will display the current 

trace on the screen. 

b- Press the button "Store" twice. Once the wave is stored it can be used for 

comparison with more recent incoming or generated traces. 

A change in moisture content or salinity will result in a new trace of different length. 

By visually comparing the newer trace with the stored trace, one can evaluate any 

changes in percent saturation. 

The degree of saturation can also be checked from the tensiometer and 

pressure transducers readings. For a given flow rate and water quality, the pressure 

transducer should theoretically give constant pressure or tension readings. Pressure 



3500~----------------------------------------~ 

3000~------·-----·-----------·--·--·-j~~···--·-----------------.----.-.----.-.. -------.-.-......... - ... ---, -o 
~2500~--------.---.------.----.--.. -j .. +~~.-----------.. ---.. ---.-.--.-----... --.. ---.. -----, 
E -
§ 2000 
:::; 
(,) 
C1) 

~1500~---------------------+----~i----------·-·--·---- .. ---~~~ ... 
C1) 
C'l 
~1000~-----------------.---+-------~~---_l--.-.--.~ 
"0 
> 

500~-------------------~-----------,~ 

Lt ......... - -_ ....... . 

00.00 0.10 0.21 0.31 0.42 0.52 0.62 0.73 0.83 0.94 
distance (m) 
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data recorded for the above experiment are in Figure 21. It is clear that the pressure 

head remains constant during the experiment, which means no changes in water 

content. 

Bulk Soil Electrical Conductivity 

Figure 22 show TOR traces obtained for a 15 cm long soil core being 

saturated from the bottom while collecting trace and resistance data at different 

moisture contents. The EC of the water added to the column was 1.0 dS/m, and SAR 

was 7.5. The TOR probes were placed at 5 and 10 cm from the lower end of the 

column. In this figure, TOR traces for the soil initially at air dry moisture content 

(less than 3 % by volume), and finally at saturation (33.2 %) are shown. This figure 

demonstrates that the TOR traces are very different, and depend on moisture content 

and salinity. Water content is measured from the dielectric constant which is related 

to the horizontal distance ~. 

In Figure 22 horizontal axes are shown in units of distance and vertical axes as 

millirho (mp).The p is the reflection of a cable or power delivery system. It is the 

ratio of voltage reflected back from the probes due to impedance mismatch, divided 

by the voltage applied to the cable. The scale for p measurements is determined by the 

height of the incident pulse. The vertical scale on the screen of a TOR 1502C ranges 

from 0.5 mplOiv. to 500 mplDiv. The horizontal distance between the entry of a 

wave into the soil and the reflection back (points VI and V2 shown in Figure 3) is 

measured as apparent length (W. Using Equation (9), this distance is used to 

compute the dielectric constant (e) and the volumetric water content (Equation 10). 
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As the water content of the column increases, the total amount of salt added to the 

column changes (increasing in this case, but depends largely upon the initial salinity 

of the soil and of the added water). The increase in soil salinity causes a drop in the 

resistance, with lowest resistance observed at saturation. These data indicate that 

monitoring transport of salt through soil using TDR and short 5 cm probes is 

possible. 

The resistance or impedance a circuit offers to the flow of alternating current 

at a given frequency is measured with a TOR unit from the vertical position of the 

trace. An arrow is shown on the right hand side of the trace (Figure 22) where the 

instrument cursor is set during measurements. At this point, V r (see methods and 

materials), reflections are minimal. By placing the cursor on the display at Vr, the 

resistance values at this point can be read directly on the instrument. 

The changes in impedance measured at 5 and 10 cm from the inlet of the 15 

cm column (Figure 22) during addition of the saline water are presented in Figure 23. 

This figure clearly shows when the solute front hits the probes during saturation. 

Before coming in contact with the probe, high impedance values (> 1000 (} ) were 

recorded, beyond the range of the cable tester. It may be noted here that values> 

1000 ohms do not appear on the screen during measurements, but can only be 

recorded digitally via computer. Higher (} values are the result of resistance due to 

the presence of solids and air, and lack of water. Once the solute front moves within 

radius of influence of the probe, the impedance values change drastically as shown by 

the sudden decline in resistance (Figure 23). With the arrival of water, salts start 
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Figure 23. Measured resistance during saturation of a 15 cm column with water of 
Ee 1.0 and SAR 7.5. Time recorded since water arrived at the lower 
TDR probe. 
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accumulating in and around the probe and the bulk EC of the soil is raised. This 

rise is expected since more volume of water is added, and total salinity in the column 

is increasing. Bulk salinity steadily increases as the water level rises around the 

probe. It attains a constant level when the soil around the probe is saturated. 

The decrease in impedance with time during saturation is shown for both 

probes in Figure 24. Note that the axes for the bottom and top probes were moved 

horizontally. This was done to show that both probes respond similarly during passage 

of the salt front by the probe. 

Figure 23 show resistance values versus time. To obtain electrical conductivity 

(EC) versus time curves, one needs to calibrate the TDR probes used to make 

measurements. This can be done by submerging the probes in salts solutions of known 

EC according to Equation (45). 

Figure 25 compares the electrical conductivity of various salt solutions 

measured with a 6.5 cm long TDR probe (same as used for the data in Figure 22 and 

23), with measurements of salinity, EC, made with a conductivity bridge. A linear 

relationship is obtained. The slope of this line is the cell constant for the TDR probe 

(Nadler et al. 1991). For the short 6.5 cm length probes used in this study an average 

cell constant of 101 m- l (mean of the three probes, n = 15) was obtained. Resulting 

bulk EC value converted from the measured resistance (data of Figure 23) are 

presented in Figure 26. 

In most studies on soil salinity, the salinity of the saturation extract (ECc ) is 

reported. ECc can be obtained from the bulk soil electrical conductivity, EC. (as 
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Figure 24. Measured resistance during saturation of the column of Fig. 4. Axes of 
the bottom and top probes were moved horizontally to solute front 
arrival. 



106 

3.5r-----------------------------------------~~ 

3 

-E 2.5 -en 
"C -
C,.) 
w 2 

a: 
0 
J- 1.5 

1 r-----------~----------------------------~ 

0.5r----;~------------------------------------~ 

O~----~----~-----L-----L----~----~--~~ 

o 0.5 1 1.5 2 2.5 3 3.5 

Conductivity Bridge EC (dS/m) 

Figure 25. Salinity measured with TDR and conductivity bridge. Solid line is best 
fitted. 



0.35 r-----------------------, 

0.3 .... 

~ 
0.25 -

00 
"C ....., .Q.2 
~a 

== 0.15 A = = A 

~
".' ... 

" ' , . 

+ 

0.1 A : 
....... ,It I ,II, •• 10' .... '.,." ., I '" ,11110 uJ.. 

••• .. 11· "1 .... "., •• """"""'" 

'" " ," 
A 

A lower probe 

+ top probe 

0.05 l--_---L. __ ---L.. __ .....L.... __ ..L..-__ .!..-_---L. __ --.J 

o 2.5 5 7.5 10 12.5 15 17.5 

Time (hours) 

107 

Figure 26. Computed bulk EC. values measured during saturation of column with 
EC 1.0 and SAR 7.5 water (data from Fig. 4). 
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measured in soil using a four electrode probe, electromagnetic induction or TOR) 

using a relationship developed by Rhoades et ale (1989 a,b; 1976). The relationship 

used in this study is: 

(48) 

where m is the slope of the best fit line through the data representing ECe versus ECa• 

EC/ is a (predicted) solid phase or soil matrix electrical conductivity. The value of 

EC/ can be calculated from soil physical properties such as clay percentage, 

saturation percentage or from the cation exchange capacity (CEC), as follows: 

EC: = n(soil property) + I (49) 

Here, n is the slope of the line describing the relationship between the soil property 

and EC/, and I is intercept. Usually clay content is found to be the dominant soil 

property. In this paper the following relationship was used (Rhoades 1986): 

BC: = 0.0247(clay%) + (-0.0236) (50) 

The value of m in equation (48) was calculated from (Rhoades, 1981): 

m = -0.0719(clay + silt%) + 10.59 (51) 

In this experiment clay content of Berino soil was 7.5% and silt content 1.85 %. With 

these values, Equation (48) becomes 

BCe = 9.918(EC
II 

- 0.162) (52) 
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Equation (52) was used to compute ECc values for the data in Figure 23. The results 

are presented in Figure 27. 

The final EC of the saturated soil computed with Equation 52 and that of the 

leaching solution was very close. The salinity of the effluent collected at the outlet of 

the column was measured with a conductivity bridge, and was 1.056 dS/m. This is a 

slightly higher concentration than of the applied water (1.0 dS/m) and than the salinity 

in the column after long time leaching (> 15 hours)(see Figure 27). Thus, ECc 

predicted from Equation 52 was 0.946 of the actual measured. For further 

confirmation the above relationships were also used to calculate salinity levels during 

salinization and leaching of the same column with EC = 1.5, and EC = 3.5 dS/m 

water. Agreement is relatively good as is shown in Figure 28 and Table 5. The 

electrical conductivity of the extracts collected as outflow were normally constant, 

while slight differences were observed in the values computed for the various probes. 

The difference among the measured and predicted values can be justified because of 

the parameters used. Rhoades (1981) described correlation coefficients 0.86 when 

used clay + silt percentage for determination of slope 'm' and 0.94 for prediction of 

solid phase EC. His calibration between ECc and ECa for silt loam soil showed 98% 

agreement between measured and predicted values. Moreover, the measured values 

with TDR were not always stable, especially at lower salinity (as will be discussed 

later). This might have caused lower predicted ECc at low salinity (Figure 28). 

Comparison of the bulk EC to the predicted EC is also shown for a leaching 

experiment in Figure 27. A 30 cm long column was leached first with a 3.5 dS/m salt 
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Figure 28. Comparison of measured and computed EC inside and at the outflow of 
a column during application of two salinity levels. 
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Table 5 Average values of measured and prdicted electrical conductivity at two 
salinity levels 

Low ECe High Salinity/ ECe 
Salinity /ProbePosi (dS/m) Probe Position (dS/m) 

tion 

outflow 1.50 outflow 3.58 

5.15 1.42 ------ -_ ... _-

15.25 1.37 probe 2 3.53 

25.35 1.47 probe 3 3.51 

P = peclet numbers; R = retardation factor; SSQ = sum of squared error 
* = parameters determined using moment method 
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solution, followed by leaching with a 1.5 dS/m salt solution. After about 1.5 pore 

volumes the leaching solution was switched back to 3.5 dS/m. Measurements were 

made with three probes, at 5, 15 and 25 cm from the inlet. The results, plotted in 

Figs. 29a and 29b show a clear response in Ee., measured with the TDR, to the 

conductivity of the leaching solution. Using Equation 52, the electrical conductivity of 

the soil solution (Eee ) was also calculated. Both Eee and Eel values are plotted 

versus pore volumes in Figure 29a. After about one pore volume the Eee at all three 

depths approached the conductivity of the effluent (not shown) as measured with a 

conductivity bridge. Figure 29b shows the data of Figure 29a, but here Eee values are 

plotted on a different vertical scale. 

The results shown in Figure 29 clearly demonstrate that monitoring solute 

transport in soil columns is feasible. The results also show the advantages of 

automation with TDR because a large number of data points is obtained automatically 

and stored in the computer, without any time consuming chemical analysis. 

Breakthrough Experiments 

The TDR unit was first explored for transport studies by Kachanoski et al. 

(1992). They installed TDR probes vertically into soil, and through them were able 

to successfully measure solute concentrations and compare these with outflow 

concentrations. They recorded impedance loads (resistance in {} ) at specified time 

intervals, and plotted the inverse of resistance. Plotting the results in relative terms 

they obtained breakthrough curves. 
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In this study, a large number of experiments (listed in next section Table 6) 

with results such as in Figure 29 were conducted. The EC of the leaching solutions 

and of the column effluent were recorded by monitoring salinity with mini-flow cells 

at both ends of the soil columns. An example of the results obtained with this system 

for a 15 em long column leached at a constant rate is shown in Figure 30a and 30b. 

As before, the column was saturated and flow direction was up. 

Figure 30a shows the impedance load (ohms (0» obtained directly from the 

TOR, and Figure 30b shows relative impedance loads. As expected, the impedance 

loads at the inlet and outlet ends (Figure 30b) were lower than at the two probes 

imbedded in the soil. Measurements in water give a lower resistance than measur

ements in saturated soil (bulk EC). Note also that the impedance of the lower flow 

cell drops sharply upon addition of higher conductivity water. The relatively small 

volume of the mini-flow through cell causes a fast response to the salinity of the 

water flowing through. Figure 31 is a comparison of in situ measured salinity (TDR) 

with the salinity of the effluent solution measured with a conductivity bridge. In this 

case a saturated soil column was sequentially leached with higher and lower salinity 

water. Note that the data are plotted versus pore volume, but that one pore volume 

for the TDR probe placed halfway down the column is only half the pore volume for 

the effluent. For data plotted on the same scale, the effluent breakthrough curve 

overlaps with the in-situ (TDR) "breakthrough" curve. The purpose of this figure is to 

show the fluctuation in TDR output, especially at lower salinities, as compared to the 

salinity bridge measurements. In general, it was found that the variation in TDR 
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salinity measurement was between 2.4 and 5.5 % at higher resistance loads (108 0 ; 

EC 1.0 dS/m), and between 1.3 and 2.8 % at low resistances (22.5 0 ; 5.0 dS/m). 

The same trend, e.g. higher variations at low salinity, and smaller variations at high 

salinity were obtained with the electrical conductivity bridge. Wraith et al. (1993) 

reported variations in TOR reading in the range of 2 - 5 %, using water in the range 

of 0.5 - 1.5 dS/m. 

Transport Parameters 

Table 6 lists the experimental conditions for the breakthrough experiments. 

Examples of the results of these experiments are presented in Figures 32 through 34. 

Note that in these Figures the relative concentration is plotted versus pore volumes of 

effluent. The relative concentration was calculated as: (C - C~ I ( Cmax - Cmin ), 

where Cmin is the breakthrough concentration, and Cmax the maximum concentration 

obtained after extensive leaching with the higher salinity leaching solution. The Cmax 

and Cmin values were determined for each probe separately. This is valid because long 

solute pulses were used, so that the Cmax should be the same for all depths, as well as 

for the effluent solution. 

One of the most commonly used equations to describe solute transport is the 

convection-dispersion equation (eDE) given as: 

R ac = D &c -v ac (53) 
at ax 2 ax 



119 

Table 6 Values of bulk density, average pore water velocity, average volumetric 
water content, column length and number of probes used for 
monitoring transport of solute* during solute displace experiments. 

Expt Sodicity Density Velocity Water Column No. of 

No. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

(SAR) (Pb) (cm dol) Content Length Probes· 

(8) (cm) 

7.5 1.632 64.25 0.331 30.5 3 + 2 

22.5 1.628 58.6 0.323 30.5 3 + 2 

7.5 1.596 55.3 0.341 30.5 3 + 1 

7.5 1.632 74.1 0.329 30.5 3 + 1 

7.5 1.638 148.0 0.335 30.0 3 + 1 

15.0 1.612 57.0 0.328 30.0 3 + 1 

15.0 1.598 22.0 0.335 30.0 3+0 

7.5 1.638 58.5 0.311 15.0 2+2 

22.0 1.629 54.2 0.323 15.0 2 + 1 

* salinity level applied is mentioned in the discussion. 
*the numbers on the left are inserted probes in soil, and numbers on the right 
are number of mini flow-through cells. 
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Figure 33. Observed and predicted Ee breakthrough curves for a 15 cm column at 
three depths. 
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where D is dispersion coefficient; R is retardation factors; t is time; x is distance; and 

v is the average pore water velocity (defined by q/(), where q is Darcian fluid flux 

density, and () is the volumetric water content). The retardation factor is defined by: 

(54) 

where Pb is the dry bulk density of the medium (ML-3), and K is distribution 

coefficient. If there are no interactions between the chemical and the soil, K becomes 

zero and R reduces to one. 

The retardation factor and dispersion coefficient in Equation 53 were obtained by 

fitting the BTCs to the one-dimensional convective-dispersive equilibrium model 

using the computer program CXTFIT (parker and van Genuchten, 1984). Pore water 

velocity was fixed in these analyses. The pulse period was known but was also 

computed. 

The Moment Method (MM) of analyzing breakthrough curves was also applied 

for estimating model parameters for outflow concentration as well as the measured 

concentration at each TDR probe. In this case a set of concentrations determined 

C(X, Ij), j = 1, 2, .. ,' M, were measured at fixed distance X (5, 15, 25 em probes) 

at 11 , 12", .IM• The Nth moment of I is theoritically defined as: 

(55) 

where T is temporal moment and value of To = 1 if C(X, I) has been normalized. 
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For example, it has been shown by various authors (Valocchi, 1985; and Jury et al., 

1991) that moments for Fikian type pdf are: 

(56) 

(57) 

(57) 

Here in the above Equation (57) TJ describes the mean, and T2 describes the variance. 

The value of dispersion can be computed from Equation 58. For CDB model, 

variance would be described as (2DX/V3
). 

Resulting parameters for the BTCs shown in Figure 32 are presented in Table-

7. Computed R values obtained by CXTFIT and MM were very close. The R values 

are higher than one, which indicates that salts are retarded during movement through 

the column. A similar trend was reported by Leij and Dane (1992) when they applied 

binary and ternary ions (Na, Ca and Mg) to a 30 cm long column. Their values were 

much higher ( > 1.23) for different ions. Since we are measuring the combined 

effects of the cations and anions, it is not surprising that the measured retardation 

factors are greater than one. Dispersion coefficients are nearly the same at each depth 

as are the dispersivity values (€). Since P = vL/D, the Peclet number is increasing 

with depth of measurement. 



Table 7 

Probe 

(depth) 

Lower 
5. 15cm 

Middle 
15.25 
cm 

Top 
25.35 
cm 

Out 
30.5 
cm 

125 

Retardation factor (R) and dispersion coefficient (D) of BTCs for 
experiment # 1 determined by time domain reflectometry (TDR). 

Re T e 

0 R P D e SSQ 

- -- - - cm2/d (cm) -
1.311 5.242 1.264 72.95 4.53 0.07 0.038 

1.386 1.765 1.435 282.0 3.47 0.054 0.142 

1.212 1.042 1.230 481.3 3.38 0.053 0.0 

1.130 0.865 1.152 471.6 4.15 0.06 0.054 

P = peclet numbers; R = retardation factor; SSQ = sum of squared error * 
= parameters determined using moment method 
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Experiment # 4 (the results of values are presented in Table 6), conducted at a 

slightly higher velocity (74 cm/day) yielded similar values for R and D (given in 

Table 8) except at the 5.15 cm depth. In this case applied salinities were 9.0 and 3.0 

dS/m respectively. Results of transport experiment, conducted in a 15 cm long 

column and involving use of EC 1.5 and EC 3.5 dS/m salinity water are given in 

Table 9. The computed parameter values were close to those of the 30.5 cm column. 

Wierenga and van Genuchten (1989) compared solute transport through small and 

large columns. They found greater D values for the larger columns. Their columns 

varied between 30 cm and 600 cm length and their soil was unsaturated. 

Experiment # 9 (fable 6) was conducted with a silt loam, and the sodicity 

level was raised to 22.5. The column length was 15 cm. The observed and fitted 

BTCs are shown in Figure 33 . The estimated transport parameters are given in Table 

10. In this experiment, the leaching solution was more sodic than for the previous 

three experiments. A higher retardation factor was obtained for the lower probe, and 

higher dispersion values for the outflow cell. Note that in this experiment dispersed 

and dislodged clay was collected in the effluent and after the sodic level was raised to 

22.5. This could be the cause of the higher dispersivity values measured at the outlet. 

Using a very high saline leaching solution (EC > 10 dS/m) (Experiments # 

6 and 7 of Table 6) resulted in lower R values « 1.0), as shown in Tables 11 and 

12. In these two experiments the velocities were 22 and 57 cm/day, respectively. 



Table 8 Transport parameters for breakthrough experiment # 4 

Probe R· T· 
0 P D € SSQ 

at (cm) 

5.15 1.54 4.87 24.1 7.29 0.21 0.039 

15.25 1.20 2.55 41.7 12.47 0.36 0.042 

25.35 1.23 1.35 268.0 3.88 0.11 0.063 

outflow 1.15 1.02 226.0 4.60 0.13 0.070 

P = peclet numbers; R = retardation factor; SSQ = sum of squared error; 
* = parameters determined using Moment Method 
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Table 9 Transport parameters for breakthrough experiment # 8 

Probe# R· To· R P D E SSQ 

(cm) - (p.v.) - - cm2/d (cm) -

1 (5) 1.198 3.5 1.18 71 4.1 0.07 0.041 

2 (10) 1.234 2.5 1.31 187 3.1 0.06 0.070 

outer 1.367 1.8 1.49 155 5.2 0.09 0.097 

(15) 

P = peclet numbers; R = retardation factor; SSQ = sum of squared error 

* = parameters determined using Moment Method 



Table 10 

Probe 

(depth) 

Lower 

5 cm 

Middle 

10 cm 

Outer 

15 cm 
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Transport parameters for 15 cm long column filled with silt loam soil 
(experiment # 8) 

R* To* R P D € SSQ 

cm2/d (cm) -- -- - -

1.726 6.129 1.728 37.0 7.29 0.135 0.083 

1.274 3.134 1.264 78.33 6.89 0.127 0.160 

1.427 1.526 1.572 78.10 10.37 0.192 0.430 

P = peclet numbers; R = retardation factor; SSQ = sum of squared error; 

* = parameters determined using Moment Method 



Table 11 

Probe# 

5.15 

em 

15.25 

em 

25.35 

em 

outflow 

Parameter estimation for breakthrough experiment #7 at pore water 
velocity of 22 em/day. 

130 

R· To· R P D e SSQ 

- - - - em2/d (em) -

1.588 4.87 1.63 7.7 16.72 0.66 0.06 

0.953 2.55 1.002 29.0 13.14 0.53 0.04 

0.827 1.35 0.87 76.0 8.34 0.33 0.09 

0.766 1.02 0.813 76.0 10.04 0.40 0.02 

* estimated with moment method (MM); SSQ = sum of squared error 
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Table 12 Transport parameters estimated for solute breakthrough experiment # 6 

Probe# R* To* R P D € SSQ 
(depth) - - - em2/d (em) 

1 1.551 6.76 1.513 29.7 9.85 0.17 0.029 
(5. 15em) 

2 0.923 2.19 0.93 117.6 7.37 0.13 0.012 
(15.25e 

m) 

3 0.819 1.33 0.83 258 5.58 0.10 0.021 
(25.35e 

m) 

4 0.798 1.11 0.81 270 6.24 0.11 0.054 
outflow 

* estimated with moment method (MM); SSQ = sum of squared error 
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The R values were very close for these two experiments, while dispersivity values 

were lower for the higher velocity experiment. The low retardation factors computed 

in both of these experiments may be caused by the very high salinity of the leaching 

solution. It may have prevented significant exchange and/or adsorption, and resulted 

in lower R values. In general, chloride ions present in the soil, are excluded and 

result in earlier breakthrough. In this study, the major anion was chloride and thus 

one would expect anion exclusion. However, the opposite effect is expected for the 

cations, and therefore the result is zero to minor retardation. Breakthrough curves for 

experiment # 5 are shown in Figure 35. Computed values for R using both MM and 

CXTFIT were close. 



o 
(J -(J 

133 

1.25 ,----------------------------, 

0.75 

0.5 

0.25 

O~~~~~~------L-------~~ .. ~~~~ 
o 0.5 1.5 2 

Pore Volume 

Figure 35. Observed and predicted Ee breakthrough curves for a 30.5 cm column 
using Berino fine sand at pore water velocity of 148 cm/day. 
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Saturated Hydraulic Conductivity 

In this study two methods were used to measure the saturated hydraulic 

conductivity (HC) of the soil. Both these methods employed different concentrations 

of water and three levels of SAR. The experimental results of this portion of the study 

are divided into three sections. These are: 

Comparison of the two methods 

Constant head 

Constant flux 

Effect of SAR and EC on measuring HC 

Sequential leaching 

Continuous leaching 

Water switching and pressure jumps 

Long term leaching with sodic water 

Column length and measured HC 

Concluding remarks 

Comparison of Two Methods for Measuring Hydraulic Conductivity 

Constant head method 

Saturated HC values were determined for a 7.6 cm long column filled with 

Berino fine sand. The quality of irrigation water used during these measurements, and 

the other experimental conditions are given in Table 13. Resulting HC values were 

-- --- ------------
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calculated from head measurements and outflow according to Equation (46) and are 

shown in Figure 36. 

Table 13: Experimental conditions during measurement of HC using water at 
three salinity levels. 

Column No. Salinity Bulk Density Type of No. of Pore 

(dS/m) (g/cm3) Water Volumes 

1 0.95 1.62 CAP (canal) 9.2 

2 0.41 1.60 Tap water 5.5 

3 2.60 1.64 Saline 4.5 

It is clear from Figure 36 that the HC in all three experimental cases dropped 

from its value at the beginning of the experiment. Greatest decreases were observed 

for the low salinity (tap) water, and smallest decreases for the saline water. For the 

first 300 minutes, the hydraulic conductivity dropped 19 % (from 245 cm/d) for the 

saline water. The drop was 32 % (from 185 cm/d)for the canal water, and 58 % of 

what was recorded at the start of the experiment for the tap water. For an application 

of canal water for 10 hours, the HC value decreased to approximately 25 % of its 

initial value. Poulovassilis (1972) and Hudson (1992) have also shown that HC does 

change with time of measurements. Most earlier studies only report values for HC for 
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Figure 36. Saturated He measured by constant head method in a 7.6 cm long 
column and maintaining a unit hydraulic gradient. 
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the first few hours, and in some cases only for the very short initial times in an 

experiment (Hudson 1992). In the present experiments 5 to 10 fold reductions in the 

HC were observed for a single experiment, running continuously for two days. Note 

also that with this method the pressure difference across the sample is kept constant, 

but that the flow through the column is allowed to vary. 

Constant Flux Method 

Figure 37 presents results obtained with the second method, here called 

.. Constant Flux" method. With this method the flux is kept constant, but the 

pressures are allowed to vary. Comparison of the HC values reported, for the same 

period of time (first 300 minutes), shows large differences among the measured HC 

values. In general, HC values obtained with the constant head method were higher 

than values calculated with the constant flux method. Initially HC values obtained 

with constant flux were only about 113 of those measured with the constant head 

method. After 300 minutes, HC measured with the constant head method kept 

declining, while the HC values obtained with the constant flux method had less 

variability. For example, the HC remained nearly the same for the soil leached with 

water with an BC 3.0 dS/m and SAR 7.5. On the other hand, using BC 5.0 and SAR 

7.5 water increased the HC from 60 cm/d to 68 cm/d. 

The difference in the results obtained by the two methods may be due to 

different experimental conditions. With the constant head method a unit hydraulic 

gradient was maintained, while with the second method it was not. Another difference 
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was that during the 300 minutes of the constant head experiment more than one pore 

volume passed through the column, while it took approximately 6 hours to move one 

pore volume of leaching solution through a 30 cm column at constant flux. In-spite of 

these differences, the basic conditions i.e. full saturation, were the same. 

Much larger variations in He values were reported by Feyen and Belmane 

(1973) when they compared five different methods and used disturbed and undisturbed 

saturated soil cores. Their cores were from few centimeters length to 100 cm long. 

The above comparison of the two methods shows that He values measured 

with the constant flux method results in stable values, whereas with the constant head 

method the determination of He is somewhat arbitrary and depends on the time 

lapsed after the start of the experiment. 

Effect of Salinity and Sodicity on Measuring He 

The effect of different levels of salinity and sodicity was investigated in detail 

using the constant flux method. Experimental conditions for these experiments are 

given in Table 14. The experiments were conducted with seven columns. All 

columns were filled with Berino fine sand. For validation of this method, column no. 

7 was also filled with silty soil in the last experiment. 



Table: 14 

Column 

No. 

1 

2 

3 

4 

5 

6 

7 
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Experimental conditions for measurement of HC for different salinity 
and sodicity waters 

Column L p 8 Sodicity Level salinity 

cm g/cm3 cm3/cm3 SAR dS/m 

30.0 1.632 0.332 7.5 1.0 

30.0 1.596 0.314 7.5 5.0 

30.5 1.612 0.323 15 5.0 

30.5 1.64 0.331 22.5 1.0 

15.0 1.60 0.329 7.5 0.5 

15.0 1.64 0.321 22.5 3.0 

7.6 1.48 0.398 15.0 10.0 

HC was calculated from the adjusted pressure heads measured at four points in 

a column. HC values were calculated for the lower part, i.e. between the lower inlet 

and the lower column transducer, for the center part, i.e. between the two column 

transducers, and for the upper part i.e. between the upper transducer and the outlet 

(see Figure 19). Values of HC were computed after five hours, when almost one pore 

volume had passed through the column. Average HC values for columns 1 through 6 

are also presented (Table 15). 
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Table 15 Initial (0 - 300 minutes) and final (> 300 minutes) HC values for soil 
column leached with different salinity solution. 

Time (0 - 300 minutes) Time ( > 300 minutes) 

Column# Lower Middle Total- Lower Middle Total 
(cm/d) (cm/d) (cm/d) (cm/d) (cm/d) (cm/d) 

1 --- 53.3 34.5 --- 49.9 31.5 

2 32.5 68.6 39.2 35.0 65.3 38.5 

3 29.5 66.3 41.6 32.4 68.6 33.3 

4 18.8 55.4 45.2 15.5 53.7 42.8 

5 34.5 58.6 31.9 26.6 60.5 30.5 

6 26.8 48.7 33.2 24.4 50.3 32.6 

7 65.4 119.2 71.0 79.3 112.0 67.6 

Avg.I-6 28.7 58.5 37.6 26.8 58.1 34.9 

* Total is for the whole column 

The data in Table 15 show different HC values for the columns irrigated with 

different quality water. However, differences in HC of the first 6 columns are not 

very large. Column # 7 has almost twice the HC of the first six columns, which is a 

result of the using very saline water (EC = 10 dS/m). The salinity in column 2 was 

five times that of column 1, but the resultant HC values increased only from 53.3 
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cm/d to 68.6 cm/d (a 28 % increase ). Similarly for column 3 approximately the same 

percentage increase was observed as compared to column 1. The middle portions of 

columns represent the more stable HC values. For example, column 4 leached with 

EC 1.0 and SAR 22.5 water had drop of 45 % in HC values at the inlet as compared 

to columns 2 and 3 irrigated with EC 5.0 water. Comparison of the HC values for the 

middle portion for the times before and after 300 minutes, showed little differences 

and relatively stable He values. The data also show that the average values for the 

columns 1 through 6 differed little whether determined early (0 - 300 minutes) or 

later (> 300 minutes). For example, their respective values were 58.5 and 58.1 

cm/day for the middle sections. 

Some of the above column leaching experiments were continued for a longer 

time with either one quality of leaching solution, or with different leaching solutions 

having high and low salinity and sodicity levels. The results of these experiments are 

discussed in detail in the next sections. 

Sequential Leaching of columns 

Experimental results of sequential leaching of Column 2 (Table 14) with water 

containing alternate levels of salinity and sodicity are presented in Table 16. Note that 

leaching with one quality water (e.g. EC= 10, and SAR = 7.5) was continued for at 

least one pore volume. The leaching solution was switched to another solution once 

the pressure readings stabilized. Mean and standard deviations of the HC are given 

for the bottom, middle, top sections as well as for the entire column. Inspection of 



Table 16 

EC (dS/m) 

1 SAR 

10.0 

1 7.5 

3.0 

122.5 

5.0 

1 7.5 

3.0 

1 7.5 

10.0 

122.5 

5.0 

122.5 

1.0 

122.5 

5.0 

17.5 

Saturated HC measured for column 2 during leaching with different 
quality waters. 

Statistical Bottom Middle Top Total 
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Parameters (7.5 cm) (15.5 cm) (7.5 cm) (30.5cm) 

Mean 20.5 41.8 26.4 29.8 

STD 4.67 1.78 1.5 2.39 

Mean 10.4 40.1 28.6 20.2 

STD 7.5 1.03 1.04 2.52 

Mean 10.9 39.9 28.4 22.2 

STD 4.5 0.7 1.28 4.1 

Mean 9.4 41.2 27.8 20.3 

SID 4.36 1.92 1.4 4.4 

Mean 24.3 41.3 26.9 30.7 

SID 11.4 0.83 0.98 4.6 

Mean 23.5 42.1 27.9 30.8 

STD 12.48 0.75 1.12 5.1 

Mean 4.4 45.9 21.2 13.1 

STD 2.65 8.1 11.7 4.3 

Mean 5.4 44.0 23.2 14.4 

STD 4.2 2.01 1.3 
4.45 
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the data in Table 16, especially the data in the first column shows a decline in He as 

high SAR water was applied, and a rise in He when the sodic level was decreased 

and/or the salinity of the water increased. 

For example, the He for the bottom section leached with Ee = 10.0 and SAR 

= 7.5, was 20.5 cm/day. This reduced to 10.4 cm/day when SAR of the leaching 

water was switched to 22.5. Similarly, a large decrease in He was observed after 

changing the salinity level from 5 dS/m to 1.0 dS/m (same SAR). Interestingly, He 

values in the middle and top portions of the column remained nearly constant. The 

He of the entire column of course changed with water quality. This happened due to 

changed He values at the inlet end of the column. Since the whole column He values 

are based on the pressure heads recorded at the inlet and at the outlet end of the 

column, any pressure head changes at the inlet will affect the He for the entire 

column. 

The response to changes in the SAR from low to high and vice versa, was 

more visible when pressure data was plotted against time. For column # 3 (Table 14, 

Figure 38), the sodicity level of the water increased from 7.5 to 22.5 while the 

salinity dropped to 0.5 dS/m. This caused a significant increase in pressure at the 

inlet end of soil column (Figure 38). These changes were not obvious at the middle, 

top of the soil column. Increased pressure readings were observed during passage of 

the first pore volume through the inlet section of the column. 
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Figure 38. Pressure versus time at four points along a 30.5 cm column filled with 
Berino fine sand (column 3). SAR of leaching water increased from 7.5 
to 22.5. 
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In an experiment with Column 4 (Table 14), the initial salinity level was raised 

from 1.0 to 10.0 dS/m and then reduced back to 3.0 dS/m, while keeping the SAR 

level at 22.5. Decreasing the leaching water salinity resulted in an increase in 

pressure and thus a decrease in HC. Decreasing the EC of the inlet water to 3.0 dS/m 

caused the pressure at the inlet end to increase to 71 cm of water ( Figure 39). A 

further decrease of the salinity to 1.0 dS/m increased the mean pressure to approx

imately 80 cm of water ( Figure 40 ), higher than at the other points along the 

column. 

Comparison of Figures 39 and 40 shows that reducing the EC from 10.0 to 

3.0 had less effect than reducing EC from 3.0 to 1.0. In other words, HC dropped 

more with lower salinity leaching water. These figures also indicate the stable 

pressures at the remaining three observation points (shown as bottom. top, and outlet 

in these figures) as long as less than one pore volume has passed through. These 

experiments clearly show that changing the SAR level causes a very significant 

change in the HC of Berino fine sand, containing only 7.5 % clay and over 90 % 

sand. This change is most pronounced for the inlet portion of the column. 

For Column 6 {Table 14) the SAR level was reduced from 22.5 to 7.5 while 

keeping the salinity level at 3.0 dS/m. The adjusted pressure observed at the column 

inlet is shown in Figure 41. It shows a dramatic decrease in pressure at the inlet upon 

introduction of the lower SAR water. The figure also shows reduced fluctuation in the 

pressure with the lower SAR water. Lower pressures due to lower SAR mean higher 

HC values. Note that two additional phenomenon can be seen observed in this figure, 
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along column, leached with Ee 3.0 and SAR 22.5 water. 
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Figure 40. Pressure versus time after the start of the experiment at four points 
along column, after switching water from EC 10.0 to EC 1.0 and with 
SAR 22.5. 
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and in the other figures of similar experiments. These are: a) cyclic jumping and 

smoothingof pressure readings, and b) sudden rise or fall in the measured pressure 

upon changing water quality during an experiment. These phenomena will be 

discussed later. 
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Various researchers ( Varon and Shainberg, 1973; Rhoades and Ingvalson, 

1969; Shainberg and Frenkel, 1974; Shainberg et. al., 1981 ) are of the opinion that 

soil He is strongly affected by the SAR of the leaching solution (drops with higher 

values). They explain this effect by two mechanisms occuring in the soil Le. swelling 

and movement of clay. According to these authors, swelling is a reversible process, 

which may be reversed by the application of saline waters. On the other hand, particle 

movement is an irreversible process and the reduction in permeability may be 

permanent. Both of the above described, mechanisms were observed during this 

research. The reversible process was observed when leaching was done for short 

periods of time with sodic water (see Table 15). The He increased and decreased 

with different Ee and SAR waters. An example of the second irrirversible mechanism 

can be observed in the last row of Table 16. In this experiment, application of low 

salinity water (Be = 1.0) following high salinity water (Be = 5.0) while keeping the 

SAR at 22.5 (see the last three rows in Table 16 ), resulted in a large drop in He of 

the soil. Increasing the salinity to Ee = 5.0 dS/m, but reducing the SAR to 7.5 did 

however, not again increase the He values of this column. At this point, suspended 

clay particles started appearing in the effluent from the column, causing a reversible 



decrease in He. Another example of this 2nd phenomenon (irreversible process) is 

described in the following paragraph. 

Continuous Leaching 
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In this experiment, a 30.5 cm long column was filled with Berino fine sand 

packed to a bulk density of 1.62 g/cm3
, and then saturated with very low salinity 

water (Ee = 0.5; SAR = 22.5). This soil column was leached continuously for a 

long period of time (3.5 pore volumes). This resulted in dislodging and translocation 

of the clay from the inlet end to the outlet end of the column . After about 5 pore 

volumes the He of the column dropped to 10 cm/day for the entire column (Figure 

42). Note that the He before 5 pore volumes is not shown. After about 5.5 pore 

volumes He for the middle portion also drop and approached that of the total column. 

After 6.8 pore volumes the Ee of the leaching solution was increased to 3.0. This 

caused a sudden rise in He at the middle section of the column. After a short time 

the He dropped back to its pervious level. Shortly thereafter the column started 

leaking around the pressure measuring points as a result of high pressure inside the 

column. The experiment was terminated. Similar type of results indicating the 

irriversible decline in He with continuous application of high SAR water are shown 

in Figure 43. Frenkel et. al. 1978 also observed clay in leachate from soil columns, 

when high SAR water was used for leaching these columns. 

The decrease in He observed in this column can be explained by swelling, 

dislodging and translocation of clay, a process which starts at the inlet end of the 

column. The upward flow of water (constant flux) moves the clay towards the other 
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Figure 42. He versus time for column leached for 5 pore volumes continuously 
with SAR 22.5 water. He of the middle section is also decreased 
because of the high sodic water application. 
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end of column. Some clay may also be deposited in the water conducting pores, 

eventually resulting in blocking of these pores. There was also some accumulation of 

clay near the outlet end, underneath the screen which could have increased the 

resistance to flow. The clay on the porous cloth screen placed at the end of the soil 

column could also have caused the drop in HC. This experiment shows that six fold 

increase in EC e.g. from EC = 0.5 dS/m to EC = 3.0 dS/m did not change the HC 

of the column, clearly indicating that the process was irreversible. 

Types of Pressure changes 

Two types of jumps were observed in the pressure as water was switched from 

one concentration to the other. They are: a) sudden jumps, i.e., fast rises or drops of 

the pressure. These jumps usually last only a few minutes 2) cyclic jumps, fade away 

after a long time of rise and fall 

Sudden, or type one, jumps can be seen in figures 41, 43, and 44. Changes in 

measured pressure readings were observed during switching of the leaching water 

from one concentration to the other. There is a sudden rise in pressure and then a 

decrease. Such sudden increases are due to squeezing of the tygon tubing with steel 

clamps at the time of water switching. These clamps block the flow of leaching 

solution into and out of the column. The sudden closure causes a pressure wave, that 

is picked up and registered by the pressure transducers. 

This is shown more clearly in Figure 45 for column 3. This column was 

leached for 3.5 days. Two breaks/stops were induced in the supply of the leaching 

solution: One for a short time and one for a long time. The first happened at 0.62 
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Figure 44. Cyclic and sudden pressure jumps observed during leaching of a 15 cm 
long column with EC 3.0 and Ee 5.0 with SAR 15.0 water. 
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Figure 45. Pressure jumps resulting during switching and stopping water supply at 
the inlet during continuous leaching with saline water. 
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days from the beginning of the experiment, and the second after two days from the 

start. At both times, pressures rose from the normal level, but returned back to 

normal when the supply was turned on again. This clearly shows that during the 

periods when soil solution is switched back and forth, the pressure in system re

adjusts swiftly to the normal condition, and such changes in the pressure do not affect 

He. 

Note that during second break (after 2 days), intentionally more pressure was 

applied by squeezing the tube continuously for 30 seconds. Such a strong pressure on 

the tubing was never applied during the normal switching of leaching solution during 

the regular experiments. The greater pressure applied to the tubing resulted in a big 

jump as is evident from Figure 45. The pressure at the inlet rose to 175 cm of water 

for a moment but it started dropping as soon as squeezing was over. Finally, the 

readjusted pressure in the system setteled at 130 cm at the inlet. On continuing the 

supply to the original solution at 2.35 days, the pressure along all column at all of the 

measuring points returned back to their original levels. This figure also illustrates that 

during an experiment, any kind of disturbances or leakage in the column can be 

identified from changes in the pressure. 

Large fluctuations in pressure were observed every time leaching water was 

switched from one salinity level to the other (either high or low). These jumps in 

pressure resulted in drastic fluctuations in the calculated He. Another example of a 

sudden drop in pressure is shown in Figure 46. In this case, pressure values decreased 

during switching of the water from Ee 3.0 to Ee 1.0 due to leakage of solution from 
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the supply tubing. Reconnecting the supply readjusted the pressure back to normal. 

The cyclic jumps in pressure shown in Figures 41, 44, 46, and 47. This 

usually occured whenever high SAR water had been applied for a long time and was 

replaced by a solution containing lower SAR water. The new saline water may have 

been establishing equilibrium with the soil system, previously saturated with Na+ 

ions. The removal of Na + from the exchange complex takes a long time, and it takes 

more water and time to adjust, as compared to low Na+ saturated soils. The cyclic 

jumps may also be due to clay swelling and shrinkage happening during the leaching 

process. 

Effect of Long Term Leaching With Sodic Water 

In the previous section it was shown that the He is affected most at the inlet 

and little near the center section. When leaching is continued for a long time one 

would expect that the He in the center section is also affected. This has been shown 

previously in Figure 41 and now in the next Figure 48. Leaching with sodic water 

(SAR = 22.5) was continued for a long time (even after clay translocation and 

appearance stopped), resulting in approximately constant values of He for the inlet 

section. In Figure 48, the changes in the He are measured for the central part of the 

column upon introduction of subsequently lower levels of Ee water. It can be seen 

clearly in this figure that application of Ee = 26.0 dS/m water resulted in a mean 

He value of 102 cm/d. When the salinity level was reduced to 10.0, the mean He 

values dropped to 90 cm/d. Upon switching the water concentration to 1.0 dS/m 

(shown as 2nd jump in this figure) the He value still remained at its previous level. 

- .. __ ..... _-----
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Figure 46. Cyclic jumps and sudden pressure drops observed during leaching with 
different salinity water. 
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Ee 10.0 and SAR 7.S water. 
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Figure 48. HC response observed in the middle section of column after continuous 
leaching with SAR 22.5 water for 3 days. Pore volumes indicated after 
switching to EC 26 dS/m water. 
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After passing of approximately 112 pore volume, the He finally dropped to a mean 

value of 45 cm/d. Note that during this process of switching the water concentration, 

there was minimum response observed at the column inlet section as evidenced by the 

nearly constant He measured over the whole column. 

Column Length and Hydraulic Conductivity 

The data on He obtained in the previous sections were obtained with columns 

of 30.0 and 15 cm lengths ( Figures 37 through 47, and Tables 12 and 13). The 

literature reports that columns ranging in length from a few cm holding only 25 grams 

of soil, up to one meter have been used to measure hydraulic conductivity (Yaron and 

Thomas 1968; Anderson and Bowman 1973; Feyen and Belmane 1973; Baker 1977; 

and Shainberg et al., 1981). As was shown before, much of the changes in He take 

place near the inlet. To demonstrate this more clearly, the constant flux method was 

used to compare pressure changes at 1.8, 3.8 and 4.8 cm from inlet end of a 7.6 cm 

column. Two additional transducers were attached at both inlet and outlet ends of this 

flow cell. 

The column was filled with Berino fine sand or a loamy soil. Pressures 

measured during leaching with Ee = 1.0 and SAR = 22.5 water of the silt loam are 

shown in Figure 49. The resultant He for the silt loam soil for two depth intervals is 

shown in Figures 50. As was observed previously with long columns (Berino fine 

sand), the greatest effect of the incoming water was registered at the inlet. Here also, 

smaller pressure increases were noted farther from the inlet. Note that initially the 

column was saturated with Ee 5.0 dS/m water. This was later switched to Ee 1.0 



800 

600 

-E400 
U -
~ 
:::s 
til 
UJ 
~200 

a. 

o 

-200 
o 

lower 

• 
bottom 

• ....... 
middle 

• 
top 
o 

,,/ .l" ~ 
.", . . 

/ : : EC=10.0 
upper ,. , , 

O~. iEC=s.o: 

EC=O.5 

~!IljlPI-

EC=1.0 

I II II I 

1 2 3 4 s 
Pore Volumes 

6 

163 

7 

Figure 49. Pressure changes observed at five points along a 7.6 cm column filled 
with loamy soil while leaching with different SAR waters. 
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dS/m, having an SAR of 22.5, followed by EC = 0.5 dS/m water applied for three 

pore volumes. This was followed by EC = 5.0 dS/m for 0.80 pore volumes (see 

Figuer 49). The result of previously applied low salinity (0.5 dS/m) water was so 

adverse on the silt loam soil that switching back to higher salinity, even up to EC 

10.0 dS/m, ( applied at 4.75 pore volumes) did not improve the HC of soil (Figure 

49). Similar treatments applied to a Berino fine sand filled resulted in HC decreasese 

shown in Figure 51. 

The HC dropped from its initial value in the first pore volume of high SAR 

water for both soils. HC of the silt loam soil dropped more quickly in the beginning 

than that of sandy soil and reached its minimum, constant value, later. This may be 

due to the higher clay content in the loam soil which required more time to equilibrate 

with the incoming solution. 

When water with EC = 0.5 dS/m was passed through the column, clay 

started appearing at the outlet after approximately 2.75 pore volumes. This indicates 

that higher sodium water detached and dislodged clay particles. The dispersion of clay 

might have blocked the pores inside the column, resulting in pressure build up. In the 

silty soil pressure build up was much higher than for the sandy soil (not shown), and 

at approximately 600 cm water caused the column to start leaking. Clay movement 

was also observed for the Berino fine sand columns at low salinity and high SAR 

waters. The amount of clay observed in the effluent from the silty soil was less than 

what was observed in the sandy soil columns. In sandy soil, the dislodged clay may 

not have access to enough dead end pores to accommodate the incoming clay. The 



166 

40 .-------------------------------------------------~ 

t:,. 

t:,. x all column 
30 

t:,. t:,. middle 
Ifr >: t:,.t:,. m 

~ If 
(,) - t:,.t:,. 

C,.) 
20 

~~ :c 
'0 
2 
~ .a ~ m en 

10 

o ~ ________ L-________ ~ ________ ~ ________ _L ________ _J 

o 2 3 4 5 
Pore Volume 

Figure 51. He changes during leaching of Berino fine sand with SAR 22.5 water. 



167 

silty soil with its higher percentage of silt and clay may provide more internal space 

for clay accumulation. This can lead to a greater number of blocked micropores. This 

can also be observed from the very high pressure development in the silt loam column 

( 4-5 folds than that of sandy soil). 

Concluding Remarks 

From the above experiments, it may be concluded that the response to the 

leaching water can be noticed from changes in pressure (+ve or -ve). Increases in 

pressure at the inlet results in reduction of the He, and vice versa. The results also 

indicate that soil near the center of the column will come at equilibrium, but that at 

farther points in the middle, it takes much longer and more pore volumes of leaching 

water to have an effect. The soil near the inlet is affected by different quality water 

first, followed by changes in He farther from the inlet. Thus to study the effect of 

various quality of water on He, it is important to measure pressure along the column 

and not only at the ends of the column. This way one may find that changes in He 

are occuring near the inlet only, and not over the whole column. 

The following conclusions can be drawn. 

a- The saturated He values measured with the constant flux method were initially 

lower than those obtained with the constant head method. 

b- Though He values for constant flux method were lower, they were more stable 

when compared for the same period of data collection. 

c- The most affected part of the soil column during leaching with different quality 
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synthetic irrigation water was the inlet portion. The results show that a short section 

of the column can strongly affect the He values measured over the whole column. 

d- The results of this study have implications for the field. The short column studies 

show that most changes were happening near the inlet. In the field, Na+ ions reach 

the soil surface with evaporating water. The soil at the surface becomes more 

dispersed, and may form a crust when rain or irrigation water is applied. This reduces 

the hydraulic conductivity and the infiltration rate. Measuring He for the surface 

layers would therefore be more representative than measuring He over extensive 

depths. 

e- Studies on the effects of water quality on hydraulic conductivity should involve 

pressure measurements at different distances from the inlet or soil surface. 

-------- ----------- -- ------------
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

The main purpose of this study was to develop an automated methodology for 

the simultaneous measurement of water content and salinity in soil cores. A second 

objective was to use the methodology for determining transport parameters and 

hydraulic conductivity in soil columns. 

Time Domain Reflectometry (TDR) was used with short (5 cm long) probes to 

measure water content and salinity. Wetting front positions and salt concentrations 

were obtained from the variations in dielectric constants and resistance values, 

respectively, using a Tektronix Model 1502C metallic cable tester. Automatic data 

collection was achieved using an SP 232 serial interface supplied by Tektronix, an 

auto-relay and a coaxial switching device for multiplexing the three wire probes, and 

a datalogger or computer to store the TDR traces for further analysis. Communication 

between the TDR and the multiplexer was accomplished with a program written in 

BASIC. 

The TDR system was tested on 7.6 cm inside diameter soil columns of 

variable lengths and leached with water of different salinity levels. Two types of soil 

were used to fill these columns to verify the validity of the methods applied. Berino 

fine sand was collected from the Iornada Ranch near Las Cruces, New Mexico. The 

other type of soil was Gila sandy loam, collected from Campbell Agricultural 

Research Center, (Tucson, AZ) . 
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Each soil column was uniformly packed to a pre-specified bulk density. All 

column assemblies were equipped with three rod TOR mini-probes inserted at 

different depths. Water was pumped from the bottom using a low flow lab. pump 

(FMI, Oyster Bay, NY) and/or a three line peristaltic pump. Bottom application of 

water was chosen to maintain constant saturated conditions in the column during 

experiments. Outflow from these columns was initially collected using a fraction 

collector and analyzed for salinity level using a conductivity bridge. During later 

experiments, a pair of newly designed and fabricated mini flow-through cells placed at 

both ends was used to measure salinity of the influent and of the outflow directly. 

Each soil column was equipped with four pressure transducers (two at each 

end, and two in the column attached to mini-tensiometers). The purpose of these 

pressure transducers was to register any pressure changes resulting from the 

application of variable salinity and sodicity levels in the irrigation water. Voltage 

excitation and data collection from the pressure transducers was achieved using a 

Campbell Data Logger Model 21X. 

In-situ solute front positions and measurements were obtained from resistance 

readings, converted to the bulk soil EC from the calibrated TOR probes. The bulk EC 

was converted to total soil salinity using an empirical relationship and was compared 

to the outflow concentration. Solute breakthrough curves (BTCs) were plotted against 

pore volumes of sequentially applied leaching water of different salinity. Resulting 

BTCs were analyzed for transport parameters using the one dimensional convective 

dispersive transport (CDE) equation using {CXTFIT model by Parker and van 
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Genuchten 1984). Transport parameters included retardation factor (R), Dispersion 

coefficient (D), and Peclet number (P). For the purpose of comparison, BTCs data 

was also analyzed using the method of Moments. In all experiments, constant steady 

state saturated conditions were maintained. 

A new method is proposed for measuring saturated hydraulic conductivity 

(He) during the leaching of soil columns. This method results in more stable and 

repeatable HC values as opposed to the previously practiced methods (constant head, 

falling head etc) which usually show a many- fold drop in the measured HC values 

within a few hours of continuous measurements. The method used for these columns 

was constant flux (an easily managed condition) while pressure is allowed to vary. 

From the differences in pressure heads, saturated HC was computed. Different 

column lengths and positioning of tensiometers at various locations were investigated 

to determine effects on HC. 

There are a number of areas for future research related to the proposed 

techniques described in this study. The testing of the methodology (automated TDR, 

columns and transducers) for unsaturated and transient flow conditions. The BTCs can 

be monitored for short pulses applied during transport of a conservative tracer. The 

applicability of constant flux in an unsaturated column leaching should also be 

considered. Further investigation of the best design for mini flow-through cells is to 

completed. This should improve their use for solute transport studies. Automatic data 

collection should be extended so that several runs are done at the same time for 

better comparison. 

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



The major conclusions of this study are: 

1. The automated TDR system for the simultaneous measurement and the 

recording of water content and salinity with short, three wire probes proved 

useful for column leaching studies. 
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2. A versatile flow cell that can accommodate column lengths ranging from a few 

centimeters to 30-cm was developed and can be used for solute transport, as 

well as HC, experiments. 

3. In-situ solute concentrations can be monitored with short TDR probes for 

saturated as well as unsaturated soil during leaching with different quality 

water. 

4. Horizontal orientation of TDR probes produced better results, and provided 

more information, for better understanding of the upward movement of solutes 

and water. 

S. Automatic data acquisition of TDR traces and respective resistance values 

allows for frequent data collection (e.g. 5-minutes interval in a five probe 

setup). 

6. Newly designed mini flow-through cells can replace the expensive setup for 

fraction collectors and salinity measuring bridges during certain column 

leaching studies. 

7. Empirical parameters computed for the conversion of TDR measured values to 

bulk EC in the soil were found to be relatively accurate in describing the mass 

balance of measurable conservative tracers used during solute transport. 
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8. Resultant transport parameters obtained by fitting the one dimensional CDE to 

column data were found to be close to those computed with the method of 

moments. 

9. Comparisons of two saturated hydraulic conductivity methods (constant head 

and constant flux) indicated that measurements made with the later method 

provided more repeatable and reliable values. Final HC values from the 

constant head method, after five hours, were close to those obtained with 

constant flux methods immediately at the beginning the experiments. 

10. Reversible and nonreversible changes in HC were observed from sequential 

and continuous supply of saline and sodic irrigation waters. 

11. It was found more preferable to use smaller length soil columns for 

measurements of He. Smaller distances between measuring points provided 

better response to changes due to applied water qUality. 

12. It was observed from the transducer data that changes in HC from introducing 

different quality water were mainly taking place near the inlet of the column. 

13. Studies on the effects of concentration and ionic composition of irrigation 

water on soil require detailed pressure measurements at various distances from 

the inlet. 
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APPNEDIX A: 

PROGRAM TO EXCITE, READ AND STORE VOLTAGE USING CAMPBELL 

DATAWGGER 
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Campbell Datalogger Program for Calibration of Mini Tensiometers and Pressure 

Data Readings 

Program:TEN4 

Flag Usage: 

Input Channel Usage: I-TEN #1, 2-TEN #2, 

3-TEN #3, 4-TEN #4, 

Excitation Channel Usage: I-TEN #1&2, '2-TEN #3&4 

Continuous Analog Output Usage: 

Control Port Usage: 

Pulse Input Channel Usage: 

Intermediate Storage Locations: 1-MT, 2-Temperature 

3-Battery Volts, 

4- TEN #1, 5-TEN #2, 

6- TEN #3, 7 TEN #4 

Output Array Definitions: I-OUT LINE, 

* 1 
01: 0 

01: P78 
01: I 

02: P17 
01: 2 

03: PIO 
01: 3 

2-DAY, 3-HRMIN, 4-SEC 

5-Temperature, 6-Battery Volt 

7- TEN #1, 8- TEN #2, 

9- TEN #3,9- TEN #4 

Table 1 Programs 
Sec. Execution Interval 

Resolution 
High Resolution 

Panel Temperature 
Loc : 

Battery Voltage 
Loc : 



04: P86 Do 
01: 1 Call Subroutine 1 

05: P86 Do 
01: 2 Call Subroutine 2 

06: P86 Do 
01: 3 Call Subroutine 3 

07: P86 Do 
01: 4 Call Subroutine 4 

08: P86 Do 
01: 10 Set flag 0 (output) 

09: P77 Real Time 
01: 111 Day,Hour-Minute,Second 

10: P70 Sample 
01: 6 Reps 
02: 2 Loc 

11: P End Table 1 

Table 2 

* 2 Table 2 Programs 
01: 0.0000 Sec. Execution Interval 

01: P End Table 2 

* 3 Table 3 Subroutines 

01: P85 
01: 1 

02: P6 
01: 1 
02: 1 
03: 1 
04: 1 

Beginning of Subroutine 
Subroutine Number 

Full Bridge 
Rep 
5 m V slow Range 
IN Chan 
Excite all reps w/EXchan 1 
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05: 5000 mY Excitation 
06: 4 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

03: P89 If X < = > F 
01: 4 X Loc 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

04: P6 Full Bridge 
01: 1 Rep 
02: 2 15 mY slow Range 
03: 1 IN Chan 
04: 1 Excite all reps w/EXchan 1 
05: 5000 mY Excitation 
06: 4 Loc: 
07: 1 Mult 
08: 0.0000 Offset 

05: P89 If X < = > F 
01: 4 X Loc 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

06: P6 Full Bridge 
01: 1 Rep 
02: 3 50 mY slow Range 
03: 1 IN Chan 
04: 1 Excite all reps w/EXchan 1 
05: 5000 mY Excitation 
06: 4 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

Table 3 

07: P95 End 

08: P95 End 

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



09: P95 End 

10: P85 Beginning of Subroutine 
01: 2 Subroutine Number 

11: P6 Full Bridge 
01: 1 Rep 
02: 15m V slow Range 
03: 2 IN Chan 
04: 7 Excite all reps w/EXchan 1 
05: 5000 mV Excitation 
06: 5 Lee : 
07: 1 Mult 
08: 0.0000 Offset 

12: P89 IfX<=>F 
01: 5 X Lee 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

13: P6 Full Bridge 
01: 1 Rep 
02: 2 15 m V slow Range 
03: 2 IN Chan 
04: 1 Excite all reps w/EXchan 1 
05: 5000 mV Excitation 
06: 5 Lee : 
07: 1 Mult 
08: 0.0000 Offset 

14: P89 IfX< = >F 
01: 5 X Lee 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

15: P6 
01: 1 
02: 3 
03: 2 
04: 1 
05: 5000 

Full Bridge 
Rep 
50 m V slow Range 
IN Chan 
Excite all reps w/EXchan 1 

m V Excitation 
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06: 5 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

16: P95 End 

17: P95 End 

Table 3 

18: P95 End 

19: P85 Beginning of Subroutine 
01: 3 Subroutine Number 

20: P6 Full Bridge 
01: 1 Rep 
02: 1 5 mV slow Range 
03: 3 IN Chan 
04: 2 Excite all reps w/EXchan 2 
05: 5000 m V Excitation 
06: 6 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

21: P89 IfX< = >F 
01: 6 X Loc 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

22: P6 Full Bridge 
01: 1 Rep 
02: 2 15 m V slow Range 
03: 3 IN Chan 
04: 2 Excite all reps w/EXchan 2 
05: 5000 mV Excitation 
06: 6 Loc: 
07: 1 Mult 
08: 0.0000 Offset 

23: P89 IfX< =>F 
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01: 6 X Loc 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

24: P6 Full Bridge 
01: 1 Rep 
02: 3 50 mV slow Range 
03: 3 IN Chan 
04: 2 Excite all reps w/EXchan 2 
05: 5000 m V Excitation 
06: 6 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

25: P95 End 

26: P95 End 

27: P95 End 

Table 3 

28: P85 Beginning of Subroutine 
01: 4 Subroutine Number 

29: P6 Full Bridge 
01: 1 Rep 
02: 15m V slow Range 
03: 4 IN Chan 
04: 2 Excite all reps w/EXchan 2 
05: 5000 mV Excitation 
06: 7 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

30: P89 IfX< = >F 
01: 7 X Loc 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

31: P6 Full Bridge 
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01: 1 Rep 
02: 2 15 mV slow Range 
03: 4 IN Chan 
04: 2 Excite all reps w/EXchan 2 
05: 5000 mV Excitation 
06: 7 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

32: P89 IfX< = >F 
01: 7 X Loc 
02: 4 < 
03: -99998 F 
04: 30 Then Do 

33: P6 Full Bridge 
01: 1 Rep 
02: 3 50 m V slow Range 
03: 4 IN Chan 
04: 2 Excite all reps w/EXchan 2 
05: 5000 m V Excitation 
06: 7 Loc : 
07: 1 Mult 
08: 0.0000 Offset 

34: P95 End 

35: P95 End 

36: P95 End 

37: P End Table 3 



Mode 4 

* 4 
01: 1 
02: 1 

* A 
01: 28 
02: 64 

* C 
01: 00 
02: 0000 

Mode 4 Output Options 
(Tape OFF) (printer ON) 
Printer 1200 Baud 

Mode 10 Memory Allocation 
Input Locations 
Intermediate Locations 

Mode 12 Security 
Security Option 
Security Code 

Input Location Assignments (with comments): 

Key: 
T=Table Number 
E=Entry Number 
L=Location Number 

T: E: L: 
1: 2: 2: Loc: 
1: 3: 3: Loc: 
3: 2: 4: Loc: 
3: 4: 4: Loc: 
3: 6: 4: Loc: 
3: 11: 5: Loc: 
3: 13: 5: Loc: 
3: 15: 5: Loc: 
3: 20: 6: Loc: 
3: 22: 6: Loc: 
3: 24: 6: Loc: 
3: 29: 7: Loc: 
3: 31: 7: Loc: 
3: 33: 7: Loc: 
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APPENDIX B 

COMPUTR PROGRAM WRITTEN IN "BASIC" FOR TDR TRACE RETERIVAL 



BASIC PROGRAM FOR AUTOMATIC SWITCHING TOR PROBES AND 
TOR TRACE DATA COLLECTION 

10 REM PROGRAM TO READ TOR EVERY DT SEC 
20 REM MUHAMMAD ANWAR BAIG AS OF 3/9/1992 
30 INPUT "DT ?", DT 
40 INPUT "BEGINNG TIME (HOUR,MIN,SEC) ?", H, M, S 
50 BEG = H * 60 * 60 + M * 60 + S 
60 REM ********* SET CONSTANTS ********** 
70 REM * * 
80 REM * DT execution interval * 
90 REM * BEG last execution time (sees) * 
100 REM * CRSR$ cursor position request * 
110 REM * STUP$ setup request * 
120 REM * WAVES wave request * 
130 REM * RST$ reset response * 
140 REM * SND$ send response * 
150 REM * ACT$ accept frame response 
160 REM * GHI$ get hi byte of ohms * 
170 REM * GLO$ get low byte of ohms * 
175 REM ************************************************* 
180 CRSR$ = CHR$(32) + CHR$(3) 
190 STUP$ = CHR$(32) + CHR$(32) 

* 

200 WAVES = CHR$(32) + CHR$(130) + CHR$(4) + CHR$(1) + CHR$(251) 
210 RST$ = CHR$(2) 
220 SND$ = CHR$(6) 
230 ACT$ = CHR$(7) 
240 GHI$ = CHR$(32) + CHR$(8) + CHR$(228) + CHR$(152) 
250 GLO$ = CHR$(32) + CHR$(8) + CHR$(229) + CHR$(152) 
255 REM ************************************************* 
260 REM ***** Get settings 
270 CLOSE #2 
280 OPEN "COM1:1200,N,8,1" FOR RANDOM AS #2 
290 PRINT #2, "*,, 
300 0$ = INPUT$(1, #2) 
310 IF 0$ = SND$ GOTO 330 
320 GOT0270 
330 PRINT #2, CRSR$ 
340 PRINT #2, "*,, 
3500$ = INPUT$(1, #2) 
360 IF 0$ = ACT$ GOTO 390 
370 IF 0$ = SND$ GOTO 330 
380 GOT0290 
390 C$ = INPUT$(6, #2) 
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400 IF ASC(MID$(C$, 6,1)) = 255 THEN XPOS = (-1 - 256 * (255 - ASC(MID$(C$, 4, 
410 IF ASC(MID$(C$, 6,1)) <> 255 THEN XPOS = (655361 * ASC(MID$(C$, 5,1))) + 
420 XPOS = XPOS 11000 
430 CLOSE #2 
440 OPEN "COM1:1200,N,8,1" FOR RANDOM AS #2 
450 PRINT #2, "*,, 
4600$ = INPUT$(1, #2) 



470 IF 0$ = SND$ GOTO 490 
480 GOT0430 
490 PRINT #2, STUP$ 
500 PRINT #2, "*,, 
510 PRINT #2, "*,, 
5200$ = INPUT$(1, #2) 
530 IF 0$ = ACT$ GOTO 560 
540 IF 0$ = SND$ GOTO 490 
550 GOT0430 
560 PRINT #2, "*" 
570 C$ = INPUT$(11, #2) 
580 VP = ASC(MID$(C$, 3,1)) /100 + ASC(MID$(C$, 4,1)) /10 
590 IF ASC(MID$(C$, 5, 1)) = 0 THEN XSCLE = .025 
600 IF ASC(MID$(C$, 5,1)) = 1 THEN XSCLE = .05 
610 IF ASC(MID$(C$, 5,1)) = 2 THEN XSCLE = .1 
620 IF ASC(MID$(C$, 5, 1)) = 3 THEN XSCLE = .25 
630 IF ASC(MID$(C$, 5, 1)) = 4 THEN XSCLE = .5 
640 IF ASC(MID$(C$, 5, 1)) = 5 THEN XSCLE = 1 
650 IF ASC(MID$(C$, 5,1)) = 6 THEN XSCLE = 2.5 
660 IF ASC(MID$(C$, 5, 1)) = 7 THEN XSCLE = 5 
670 IF ASC(MID$(C$, 5,1)) = 8 THEN XSCLE = 10 
680 IF ASC(MID$(C$, 5, 1)) = 9 THEN XSCLE = 25 
690 IF ASC(MID$(C$, 5, 1)) = 10 THEN XSCLE = 50 
700 XNODE = ASC(MID$(C$, 7,1)) 
710 REM YSCLE=500*10"(-ASC(MID$(C$,8, 1))/80) 
720 YSCLE = 686.2 * 10" (-ASC(MID$(C$, 8,1)) /80) 
730 IF ASC(MID$(C$, 9,1)) = 0 THEN AVG = 0 
740 IF ASC(MID$(C$, 9, 1)) = 1 THEN AVG = 0 
750 IF ASC(MID$(C$, 9,1)) = 2 THEN AVG = 1 
760 IF ASC(MID${C$, 9,1)) = 3 THEN AVG = 2 
770 IF ASC(MID$(C$, 9, 1)) = 4 THEN AVG = 4 
780 IF ASC{MID$(C$, 9,1)) = 5 THEN AVG = 8 
790 IF ASC(MID${C$, 9,1)) = 6 THEN AVG = 16 
800 IF ASC{MID$(C$, 9, 1)) = 7 THEN AVG = 32 
810 IF ASC(MID${C$, 9, 1)) = 8 THEN AVG = 64 
820 IF ASC(MID${C$, 9,1)) = 9 THEN AVG = 128 
830 YPOS = ASC(MID${C$, 10, 1)) + (ASC{MID${C$, 11, 1)) MOD 64) * 256 
840 T$ = DATE$ 
850 F$ = "D:\tdr\data\" + MID$(T$, 1, 2) + MID$(T$, 4, 2) + ".SET" 
860 OPEN F$ FOR OUTPUT AS #3 
870 PRINT "x position ", XPOS 
880 PRINT #3, "x position ", XPOS 
890 PRINT "x node ", XNODE 
900 PRINT #3, "x node ", XNODE 
910 PRINT "Vp ", VP 
920 PRINT #3, "Vp ", VP 
930 PRINT "xscale " , XSCLE 
940 PRINT #3, "xscale ", XSCLE 
950 PRINT "yscale ", YSCLE 
960 PRINT #3, "yscale ", YSCLE 
970 PRINT lOy position", YPOS 
980 PRINT #3, lOy position", YPOS 
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990 PRINT "averages ", AVG 
1000 PRINT #3, "averages ", AVG 
1010 PRINT #2, "*,, 
1020 CLOSE 2 
1030 CLOSE 3 
1 040 REM ***** Timer loop ***** 
1050 T = TIMER 
1060 IF (BEG >= 864001- DT AND T < DT) THEN BEG = BEG - 86400! 
1070 IF T - BEG < DT GOTO 1050 
1080 BEG = BEG + DT 
1090 REM ***** execution 
1091 FOR K= 1 TO 1 
1092 IF K = 1 THEN KK = 1 
1093 REM IF K = 2 THEN KK = 2 
1094 REM IF K = 3 THEN KK = 4 
1097 OUT &H300, &H80 
1098 OUT &H300, KK 
1099 OPEN "COM1:1200,N,8,1" FOR RANDOM AS #2 
1100 CLOSE #2 
1110 OPEN "COM1:1200,N,8,1" FOR RANDOM AS #2 
1120 D$ = TIME$ 
1130 T$ = DATE$ 
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1140 F$ = "D:\TDR\DATA\" + MID$(D$, 1,2) + MID$(D$, 4,2) + MID$(D$, 7, 2) + "," , 
1150 OPEN F$ FOR OUTPUT AS #1 
1160 PRINT #2, "*"; 
1170 D$ = INPUT$(1, #2) 
1180 IF D$ = SND$ GOTO 1200 
1190 GOTO 1160 
1200 PRINT #2, WAVES 
1210 PRINT #2, "*,, 
1220 D$ = INPUT$(1.#2) 
1230 IF D$ = ACT$ GOTO 1260 
1240 IF D$ = SND$ GOTO 1200 
1250 GOTO 1160 
1260 C$ = INPUT$(4. #2) 
1270 FOR I = 1 TO 251 
1280 L$ = INPUT$(1, #2) 
1290 M$ = INPUT$(1. #2) 
1300 Y = ASC(L$) + (ASC(M$) MOD 128) * 256 
1310 PRINTY 
1320 PRINT #1, Y 
1330 NEXT I 
1340 CLOSE #2 
1350 PRINT 
1360 OPEN "COM1:1200,N,8,1" FOR RANDOM AS #2 
1370 PRINT #2, "*"; 
1380 D$ = INPUT$(1, #2) 
1390 IF D$ = SND$ GOTO 1410 
1400 GOTO 1370 
1410 PRINT #2, GLO$ 
1420 PRINT #2, "*"; 
1430 D$ = INPUT$(1, #2) 



1440 IF 0$ = ACT$ GOTO 1470 
1450 IF 0$ = SNO$ GOTO 1410 
1460 GOTO 1340 
1470 C$ = INPUT$(3, #2) 
1480 OHM = ASC(MIO$(C$, 3, 1» * 256 
1490 PRINT #2, GHI$ 
1500 PRINT #2, "*"; 
15100$ = INPUT$(1, #2) 
1520 IF 0$ = ACT$ GOTO 1550 
1530 IF 0$ = SNO$ GOTO 1490 
1540 GOTO 1340 
15500$ = INPUT$(3, #2) 
1560 OHM = (OHM + ASC(MIO$(D$, 3,1))) 110 
1570 PRINT #1, 
1580 PRINT#1, OHM 
1590 PRINT "x position ", XPOS 
1600 PRINT "x node ", XNOOE 
1610 PRINT "Vp ", VP 
1620 PRINT "xscale ", XSCLE 
1630 PRINT "yscale ", YSCLE 
1640 PRINT "y position ", YPOS 
1650 PRINT "averages ", AVG 
1660 PRINT "ohms ", OHM 
1670 CLOSE 1 
1680 CLOSE 2 
1690 S$ = INKEY$ 
1700 OUT &H300, 0 
1710 NEXTK 
1720 IF S$ = "B" THEN END 
1730 IF S$ = "b" THEN END 
1740 GOTO 1050 
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APPENDIX C 

DATA POINTS RECORDED FOR A TDR TRACE 
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Settings set at TDR panel 

Date 10-11-1992 
Time 11:50:56 
Vp 0.99 
X Position 5.8 
X Node 241 
X Scale 0.25 
Y Position 4987 
Y Scale 158.1069 
Averages 32 

Data out put file 

Time Date Hr:Mn:Sec Data Points 
1748011.06 01106/93 17:48:12 2019 
1748162.06 01106/93 17:48:26 2019 
1748313.06 01106/93 17:48:42 2019 
1748454.06 01106/93 17:48:56 2019 
1748595.06 01106/93 17:49:10 2009 
1758011.06 01106/93 17:58: 12 2017 
1758162.06 01106/93 17:58:26 2019 
1758303.06 01106/93 17:58:42 2019 
1758454.06 01106/93 17:58:56 2019 
1758595.06 01106/93 17:59:10 2009 
1808011.06 01106/93 18:08:12 2019 
1808162.06 01/06/93 18:08:26 2019 
1808303.06 01106/93 18:08:42 2019 
1808454.06 01106/93 18:08:56 2017 
1809005.06 01106/93 18:09: 10 2009 
1818011.06 01106/93 18:18:12 2019 
1818162.06 01106/93 18:18:26 2019 
1818303.06 01106/93 18:18:42 2019 
1818454.06 01106/93 18:18:56 2019 
1818595.06 01106/93 18:19:10 2009 
1828011.06 01106/93 18:28:12 2019 
1828162.06 01106/93 18:28:26 2019 
1828313.06 01/06/93 18:28:42 2019 
1828454.06 01106/93 18:28:56 2019 
1828595.06 01106/93 18:29: 10 2009 
1838011.06 01106/93 18:38:12 2019 
1838162.06 01106/93 18:38:26 2019 
1838303.06 01106/93 18:38:42 2019 
1838454.06 01106/93 18:38:56 2019 
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TDR traces recorded for five probes in a 30 cm long column 

Resistance 167.6 241.5 240.1 190.7 202.9 

Data Point Probe 1 Probe 2 Probe 3 Probe 4 Probe 5 
1 2798 3154 3154 2750 2774 
2 2802 3152 3152 2750 2770 
3 2800 3154 3158 2750 2782 
4 2794 3162 3f58 2750 2778 
5 2802 3166 3162 2750 2782 
6 2799 3166 3166 2750 2770 
7 2800 3174 3182 2748 2768 
8 2799 3206 3202 2743 2766 
9 2800 3250 3234 2746 2782 
10 2799 3358 3350 2748 2770 
11 2791 3578 3577 2750 2770 
12 2790 3926 3986 2747 2769 
13 2794 4458 4398 2737 2762 
14 2794 4824 4782 2739 2772 
15 2791 5019 5006 2740 2762 
16 2793 5038 5038 2743 2768 
17 2799 4942 4934 2739 2766 
18 2794 4787 4806 2742 2769 
19 2790 4607 4586 2746 2764 
20 2793 4342 4326 2742 2762 
21 2795 4117 4099 2736 2758 
22 2794 3952 3949 2742 2746 
23 2792 3858 3862 2741 2750 
24 2794 3780 3762 2745 2750 
25 2801 3696 3670 2748 2762 
26 2800 3588 3562 2745 2760 
27 2802 3476 3480 2745 2762 
28 2804 3386 3390 2750 2769 
29 2820 3270 3254 2748 2762 
30 2846 3162 3142 2758 2766 
31 2918 3062 3066 2778 2782 
32 3094 2982 2994 2822 2818 
33 3385 2928 2922 2889 2866 
34 3678 2854 2854 3056 2974 
35 3952 2806 2802 3342 3218 
36 4054 2762 2762 3798 3538 
37 3954 2718 2726 4302 3954 
38 3759 2696 2694 4710 4504 
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39 3570 2688 2689 4906 4858 
40 3408 2718 2706 4866 5014 
41 3263 2764 2774 4710 5042 
42 3091 2864 2878 4530 4966 
43 2918 2992 3014 4306 4794 
44 2674 3186 3170 4066 4610 
45 2444 3354 3328 3871 4398 
46 2160 3506 3503 3743 4188 
47 1955 3666 3670 3667 4050 
48 1798 3814 3806 3586 3967 
49 1726 3950 3922 3481 3902 
50 1694 4048 4054 3366 3833 
51 1652 4169 4174 3273 3750 
52 1578 4285 4302 3188 3654 
53 1500 4414 4413 3057 3558 
54 1416 4507 4520 2937 3439 
55 1346 4597 4620 2854 3314 
56 1286 4686 4702 2778 3206 
57 1212 4782 4791 2706 3110 
58 1142 4861 4870 2644 3034 
59 1118 4948 4955 2608 2974 
60 1122 5037 5028 2569 2898 
61 1140 5102 5108 2539 2842 
62 1176 5174 5161 2489 2809 
63 1276 5245 5230 2450 2782 
64 1418 5324 5310 2442 2750 
65 1566 5390 5396 2466 2738 
66 1766 5466 5464 2532 2774 
67 2003 5558 5548 2654 2830 
68 2306 5653 5649 2775 2938 
69 2556 5748 5746 2922 3089 
70 2784 5844 5844 3077 3246 
71 2994 5926 5912 3247 3356 
72 3130 5990 5974 3390 3474 
73 3216 6030 6037 3498 3586 
74 3254 6070 6086 3606 3682 
75 3300 6120 6115 3713 3770 
76 3358 6155 6136 3830 3858 
77 3442 6173 6174 3931 3957 
78 3540 6187 6181 4030 4048 
79 3674 6204 6205 4154 4158 
80 3806 6243 6236 4246 4248 
81 3913 6245 6264 4334 4332 
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82 3994 6254 6260 4421 4422 
83 4036 6254 6257 4490 4524 
84 4073 6259 6254 4570 4582 
85 4112 6267 6267 4638 4644 
86 4155 6268 6276 4693 4718 
87 4203 6285 6291 4750 4781 
88 4283 6307 6311 4830 4854 
89 4394 6325 6324 4902 4924 
90 4556 6334 6332 4974 5022 
91 4693 6355 6354 5038 5102 
92 4814 6371 6371 5122 5198 
93 4942 6382 6379 5214 5302 
94 5054 6405 6393 5296 5382 
95 5141 6419 6411 5372 5462 
96 5195 6430 6426 5446 5539 
97 5237 6438 6436 5522 5620 
98 5275 6438 6445 5586 5685 
99 5294 6443 6430 5642 5732 
100 5310 6436 6428 5682 5780 
101 5326 6435 6428 5710 5820 
102 5325 6422 6420 5738 5838 
103 5324 6413 6406 5766 5865 
104 5329 6406 6405 5776 5900 
105 5331 6396 6400 5802 5926 
106 5348 6412 6407 5829 5958 
107 5365 6428 6418 5846 5973 
108 5387 6413 6425 5858 5987 
109 5406 6413 6422 5874 6006 
110 5435 6412 6414 5882 6035 
111 5468 6403 6408 5885 6040 
112 5491 6406 6412 5897 6049 
113 5515 6406 6414 5902 6070 
114 5539 6414 6413 5906 6076 
115 5564 6414 6427 5926 6084 
116 5598 6420 6432 5938 6104 
117 5636 6425 6436 5951 6134 
118 5669 6435 6445 5954 6142 
119 5723 6445 6453 5968 6149 
120 5756 6441 6446 5976 6164 
121 5779 6438 6451 5991 6171 
122 5790 6436 6454 5998 6165 
123 5803 6435 6436 6014 6173 
124 5803 6427 6430 6028 6187 
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125 5772 6421 6427 6028 6195 
126 5740 6435 6428 6030 6182 
127 5724 6438 6438 6020 6175 
128 5710 6438 6436 6018 6174 
129 5703 6438 6433 6018 6166 
130 5694 6443 6433 6018 6156 
131 5692 6444 6448 6012 6169 
132 5703 6443 6440 5998 6166 
133 5709 6444 6440 6006 6166 
134 5723 6446 6446 5998 6158 
135 5732 6443 6460 5994 6156 
136 5740 6443 6454 5996 6166 
137 5751 6460 6452 5998 6158 
138 5763 6460 6468 5994 6157 
139 5774 6470 6477 5998 6142 
140 5788 6478 6485 5998 6164 
141 5804 6486 6485 5994 6156 
142 5822 6491 6492 5997 6158 
143 5833 6494 6492 5997 6163 
144 5837 6491 6485 6002 6175 
145 5843 6496 6499 5998 6164 
146 5851 6496 6494 6000 6158 
147 5852 6486 6492 6008 6156 
148 5851 6494 6507 6006 6150 
149 5838 6510 6516 6006 6149 
150 5835 6518 6518 6010 6150 
151 5822 6526 6525 6016 6148 
152 5812 6534 6528 6016 6142 
153 5803 6542 6536 6010 6139 
154 5795 6541 6542 6006 6137 
155 5790 6533 6535 6008 6137 
156 5788 6525 6526 6016 6140 
157 5780 6539 6534 6016 6140 
158 5784 6542 6548 6022 6150 
159 5795 6550 6555 6022 6150 
160 5811 6547 6549 6022 6142 
161 5819 6549 6534 6020 6142 
162 5822 6534 6534 6030 6148 
163 5838 6548 6550 6038 6164 
164 5847 6556 6548 6034 6158 
165 5852 6542 6542 6022 6158 
166 5859 6534 6543 6022 6150 
167 5863 6539 6547 6032 6158 
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168 5854 6568 6560 6030 6164 
169 5854 6587 6588 6030 6166 
170 5860 6590 6590 6030 6166 
171 5875 6582 6581 6036 6171 
172 5884 6572 6566 6046 6171 
173 5886 6563 6559 6054 6172 
174 5883 6542 6544 6058 6172 
175 5868 6558 6548 6054 6175 
176 5849 6574 6580 6052 6171 
177 5836 6595 6598 6062 6166 
178 5833 6596 6590 6074 6174 
179 5838 6583 6582 6072 6175 
180 5838 6566 6566 6062 6182 
181 5833 6565 6558 6068 6198 
182 5822 6563 6557 6074 6204 
183 5821 6556 6564 6074 6220 
184 5832 6588 6579 6062 6210 
185 5854 6595 6596 6050 6205 
186 5863 6606 6606 6058 6190 
187 5864 6611 6609 6086 6196 
188 5864 6611 6596 6104 6203 
189 5870 6594 6595 6102 6206 
190 5897 6585 6595 6086 6214 
191 5918 6587 6582 6084 6210 
192 5916 6598 6605 6096 6220 
193 5908 6620 6614 6110 6228 
194 5886 6616 6612 6118 6247 
195 5877 6620 6615 6114 6244 
196 5885 6614 6614 6114 6230 
197 5902 6617 6621 6130 6240 
198 5918 6616 6611 6148 6276 
199 5916 6616 6624 6154 6292 
200 5893 6620 6622 6158 6294 
201 5868 6617 6629 6154 6299 
202 5856 6630 6635 6144 6291 
203 5858 6624 6637 6136 6268 
204 5870 6612 6620 6150 6248 
205 5883 6596 6590 6165 6253 
206 5897 6572 6572 6170 6265 
207 5900 6574 6569 6176 6283 
208 5900 6590 6582 6168 6292 
209 5892 6596 6603 6142 6286 
210 5884 6612 6620 6138 6278 
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211 5879 6647 6638 6142 6262 
212 5890 6659 6662 6154 6262 
213 5901 6662 6662 6170 6259 
214 5912 6660 6660 6182 6268 
215 5911 6652 6644 6182 6277 
216 5909 6647 6644 6174 6286 
217 5907 6638 6638 6160 6300 
218 5900 6641 6635 6148 6300 
219 5896 6640 6643 6154 6302 
220 5900 6632 6632 6154 6286 
221 5902 6614 6619 6158 6286 
222 5910 6613 6606 6150 6278 
223 5904 6619 6614 6148 6283 
224 5895 6624 6636 6142 6292 
225 5892 6654 6652 6134 6300 
226 5891 6676 6664 6134 6291 
227 5887 6683 6677 6130 6286 
228 5889 6685 6678 6132 6292 
229 5888 6684 6678 6132 6294 
230 5886 6670 6678 6126 6292 
231 5892 6654 6660 6126 6286 
232 5901 6650 6646 6130 6291 
233 5902 6616 6620 6126 6286 
234 5902 6598 6596 6130 6278 
235 5907 6576 6576 6138 6284 
236 5915 6555 6556 6138 6294 
237 5918 6542 6550 6138 6299 
238 5915 6549 6542 6140 6298 
239 5915 6547 6545 6140 6300 
240 5915 6548 6556 6142 6301 
241 5918 6558 6566 6142 6294 
242 5923 6584 6582 6146 6283 
243 5929 6582 6588 6148 6278 
244 5932 6586 6595 6152 6292 
245 5932 6596 6588 6152 6294 
246 5924 6599 6595 6150 6294 
247 5910 6598 6606 6158 6302 
248 5905 6597 6598 6166 6310 
249 5904 6606 6598 6170 6300 
250 5908 6614 6611 6174 6308 
251 5912 6620 6616 6190 6331 



Macro file used to reterive data from TDR traces in LOTUS 

IFIN{CE}a:\JANUNSAT\1748011.06-{NS} 
IFIN{CE}a:\JANUNSAT\1748162.06-{NS} 
IFIN{CE}a:\JANUNSAT\1748313.06- {NS} 
IFIN{CE}a:\JANUNSAT\1748454.06-{NS} 
IFIN{ CE}a:\JANUNSAT\1748595 .06-{R}{PS} {PS} {PS} {PS} 
IFIN{CE}a:\JANUNSAT\1758011.06-{NS} 
IFIN{CE}a:\JANUNSAT\1758162.06-{NS} 
IFIN{CE}a:\JANUNSAT\1758303.06-{NS} 
IFIN{CE}a:\JANUNSAT\1758454.06-{NS} 
IFIN{ CE}a:\JANUNSAT\1758595.06-{R} {PS} {PS} {PS} {PS} 
IFIN {CE}a: \JANUNSAT\18080 11.06-{NS} 
IFIN{CE}a:\JANUNSAT\1808162.06-{NS} 
IFIN{CE}a:\JANUNSAT\1808303.06-{NS} 
IFIN{CE}a:\JANUNSAT\1808454.06-{NS} 
IFIN{ CE}a:\JANUNSAT\1809005 .06-{R} {PS} {PS} {PS} {PS} 
IFIN {CE}a: \JANUNSAT\ 18180 11.06-{NS} 
IFIN{CE}a:\JANUNSAT\1818162.06-{NS} 
IFIN{CE}a:\JANUNSAT\1818303.06-{NS} 
IFIN{CE}a:\JANUNSAT\1818454.06-{NS} 
IFIN{ CE}a:\JANUNSAT\1818595 .06-{R} {PS} {PS}{PS} {PS} 
IFIN{CE}a:\JANUNSAT\1828011.06-{NS} 
IFIN{CE}a:\JANUNSAT\1828162.06-{NS} 
IFIN{CE}a:\JANUNSAT\1828313.06-{NS} 
IFIN{CE}a:\JANUNSAT\1828454.06-{NS} 
IFIN{ CE}a:\JANUNSAT\1828595 .06-{R}{PS} {PS}{PS} {PS} 
IFIN{CE}a:\JANUNSAT\1838011.06-{NS} 
IFIN{CE}a:\JANUNSAT\1838162.06-{NS} 
IFIN{CE}a:\JANUNSAT\1838303.06-{NS} 
IFIN{CE}a:\JANUNSAT\1838454.06-{NS} 
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APPENDIX D 

COMPONENTS OF AUTOMATIC SWITCHING AND RECORDING OF DATA 
FROM TDR VIA COMPUTER 



JC .... -... -...... ---- ........... --.]\ 
Repetition = 16,000 per second 

30 cm path length takes 2 nS to travel 

Figure Dl. Excited and reflected pulse sent by TDR pulse generator @ 16,000 
repetition per second 
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