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Abstract 

Step and pulse time-domain transmission methods are used to measure the velocity of an 

electromagnetic signal transmitted through sand-filled columns with variable water 

content. Pore water electrical conductivities ranging from 0.3 dS/m to 10 dS/m are 

tested, and four different laboratory sands are used: #30, #60, graded, and a mixture of 

graded and #60 sand. While the composition of the electromagnetic signals used in each 

of the two methods is different, all other conditions at the time of measurement are 

identical; consequently, differences in the behavior of the methods are attributable to the 

variations in the composition of the step and pulse signals as well as differences between 

the time-picking methods of the two techniques. The relationship between the travel time 

of the signal and the volumetric water content of the sand column is shown to change 

with changing pore water salinity, and it changes at different rates for sands of different 

porosities. The slope of travel time versus volumetric water content increases with 

increasing pore water electrical conductivity when measured with a step signal. The 

slope of travel time versus volumetric water content decreases with increasing pore water 

electrical conductivity when a pulse signal is used. While the root mean square errors for 

the two techniques are similar, the magnitude of the change in slope is smaller for the 

step signal, suggesting that this method may give more precise measurements under field 

conditions where pore water electrical conductivity changes over time. The combination 

of the two measurement techniques is shown to provide more stable results over the range 

of pore water electrical conductivities tested, which remain closer to theoretically 

predicted values than either of the two methods used alone. 
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Introduction 

Knowledge of time-varying soil moisture is applied in agriculture for the monitoring and 

optimization of crop growth. Soil moisture is an important consideration in various 

engineering and construction applications such as slope design and stability. Weather 

and climate forecasting are also affected by soil water content as it impacts things such as 

energy balance and storm event response. As a result of these needs, there is continuing 

interest in the development of innovative techniques for obtaining fast, accurate soil 

moisture data. 

Time domain transmission (TDT) and time domain reflectometry (TDR) are two of the 

primary geophysical measurement techniques used today to infer soil water content. 

TDT, the method used in this study, and TDR are similar in that they both utilize the 

propagation of an electromagnetic (EM) pulse along a transmission line. TDT measures 

the speed and attenuation of an EM pulse as it is transmitted one-way along the line. 

TDR measures the two-way travel time and associated amplitude loss of the signal as it is 

reflected off the end of the transmission line and back to the original source. TDT 

requires cables extending from each end of the transmission line back to the monitoring 

device, which can make it difficult to use under field conditions. As a result, TDT is used 

less than other techniques that are more easily implemented in the field. TDR requires 

cables extending from only one end of the transmission line, and as a result, it is 

implemented through the insertion of transmission lines directly into the soil of interest. 

This easier method of implementation makes TDR the most widely used geophysical 

technique for inferring soil water content. 

The electrical properties of the medium and the pore water in the medium (if any is 

present) affect electrical signals as they propagate through a porous medium. Topp et al. 

(1980) showed that the travel time of an electromagnetic signal along a transmission line 

through a porous medium is related to the volumetric water content. Conductive and 

dielectric losses reduce the amplitude of the signal, while the phase of the signal is 
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affected primarily by the real part of the dielectric permittivity. Many scientists have 

found time domain methods to accurately estimate volumetric water content (Topp et al. 

1980~ Dalton et al. 1984, Topp et al. 1988, and Kelly et al. 1995), however some reports 

suggest these methods can over-estimate volumetric water content (Hook and Livingston 

1995~ Wyseure et al. 1997~ Sun et al. 2000). The reported inaccuracies in the method 

suggest that further study on the calibration and repeatability of the techniques is 

warranted. 

Ground penetrating radar (GPR) is another geophysical technique used to infer soil water 

content. GPR uses transmitting and receiving antennae to monitor radio frequencies 

transmitted into the soil at a variety of angles. Using many of the same underlying 

concepts as TDT and TDR, ground penetrating radar measures the signal velocity and 

attenuation thereby inferring soil water content for the sampled region. Transmission of 

the signals through the air and soil, as well as reflections off of layer boundaries or 

objects in the subsurface are the basis for the GPR technique (Ferre 2002). A review of 

the use ofGPR to measure soil water content can be found in Huisman et al. (2003). 

The use of GPR is expanding due to the large sample volume measured as compared to 

the relatively small sample volumes of TDT and TDR. While TDR is presently widely 

used, and GPR use is increasing due to its larger sampling volume, TDT is still a 

beneficial method to work with in order to learn more about all three techniques. TDR 

and GPR are closely related to TDT such that any conclusions drawn from the study of 

TDT will have implications for the related geophysical techniques of TDR and GPR. 

Two different TDT techniques are used in this research- pulse and step TDT. The 

techniques differ in the composition of the electromagnetic signals used. More 

specifically, the bandwidth of the pulse signal is very narrow (300kHz- 1.5GHz); 

consequently, there are no low frequency EM waves included in the composition of the 

pulse signal. Alternatively, the step signal does utilize low frequency components. The 
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experiments are designed such that only the frequency content and time-picking methods 

of the techniques differ, while all other aspects of the environment are identical, so that 

any observed differences can be attributed to the different constituent frequencies used in 

the signal for the respective techniques. 

There are existing models that predict the effects of pore water electrical conductivity on 

the propagation velocity of an electromagnetic wave. Dalton and van Genuchten (1986) 

reported that the upper limit of pore water salinity for producing accurate estimates of 

volumetric water content using time domain reflectometry is about 10 dS/m. The 

accuracy of volumetric water content measurements was shown to decrease with 

increasing pore water salinity due to loss of signal amplitude (Weerts et al. 200 1 ). 

Harlow et al. (2002) conducted a TDT experiment using two different pulse TDT 

techniques; the measurements were made using pore water with electrical conductivities 

of0.5, 5, 10, 25, and 40 dS/m. In that work, travel time was shown to decrease with 

increasing pore water salinity between 0. 5 and 5 dS/m; this was unexpected and not 

previously reported in literature. Furthermore, in the study conducted by Harlow, travel 

time was found to be independent of pore water electrical conductivity above 5 dS/m. As 

a result of this information, an extension of the Harlow research was devised to look in 

detail at the range of pore water electrical conductivities between 0.3 and 10 dS/m, and is 

reported in this paper. 

The objectives of this study are: ( 1) to determine the dependence of the travel time of an 

electromagnetic wave, measured with two time domain transmission methods, on the 

volumetric water content, porosity, and pore water salinity within a range of0.3- 10.0 

dS/m pore water electrical conductivity; and (2) to compare these relationships with 

previously published TDT and TDR results. This information could be used to improve 

the accuracy of time-domain transmission methods for measuring the volumetric water 

content of soils, and it could be applied to expand the range of pore water salinities over 

which these methods can be used reliably. 
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Theory 

There is only one direct measurement technique to determine soil water content, and that 

is the gravimetric technique. By weighing a sample of soil before and after drying, the 

weight of water is determined and the gravimetric water content of the sample can be 

calculated as follows: 

(} = Mw 
g M ' 

s 

(1) 

where ()g is gravimetric water content [M/M], Mw is the mass of water [M], and Ms is 

the mass of the solids [M]. 

Advantages of this technique include its simplicity and the fact that it is a direct 

measurement of the variable of interest; however, the gravimetric technique does have 

several drawbacks. The sampling is destructive, making repeat measurements of the 

same location impossible. Measurements are slow because samples have to be collected, 

weighed, put in an oven to dry, and then weighed again. This large amount of hands-on 

work makes the technique potentially costly and less desirable than a method that lends 

itself to rapid, automated, repeat measurements of the same location. This is why time 

domain transmission and other geophysical techniques have been developed to infer soil 

water content. 

Time domain transmission methods measure the time it takes an electrical signal to pass 

through a medium of interest and the loss of signal energy experienced during 

transmission. From these measured values, the dielectric permittivity and electrical 

conductivity are estimated. The dielectric permittivity is then used to infer the volumetric 

water content of the medium. Calibration of the technique is done based on salinity of 

pore water and/ or soil properties such as the presence of magnetic materials, which can 

impact both the magnitude and phase of the signals passed through the system. The 

process is summarized in Figure 1. 
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signal velocity 
and amplitude 

Estimate electrical 
conductivity and 

dielectric permittivity 

Infer volumetric 
water content 

Improve 
characterization 
of soil and pore 
water pro rties 

Figure 1 - Flow chart of TDT process. 
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The addition of multiple sine waves can lead to an infinite number of resulting 

waveforms; one simple example is shown in Figure 2. A more complex sine wave 

addition results in what is referred to as a square signal where the trough of the wave is a 

flat line for a period of time, then the amplitude of the wave rises immediately to peak 

amplitude and remains there for a period of time. The length of time the signal remains 

flat at the trough or peak depends on the exact frequencies of the waves comprising the 

signal. Single frequency sine wave sources can be used for TDT measurements, or the 

individual frequencies can be added together to compose more complex signals. In this 

way, individual single frequency sources can be summed to form a square wave, which 

varies between voltages of zero to one, nearly instantaneously. Automated network 

analyzers used for TDT measurements, including the one used in this study, make a series 

of single frequency measurements and add them together mathematically using fast 

Fourier transform techniques to synthesize time domain signals. 

Figure 2 - An example of the addition of sine waves. 
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Dielectric permittivity, & [-], describes the capacity for storage of electromagnetic energy 

in an alternating EM field: 

£ = c'- jc" (2) 

where c' [-]is the permittivity and c" [-]is the dielectric loss of the medium (Ulaby, et 

al., 1986). The dielectric loss is an imaginary number, and j = H.. The storage 

capacity for EM energy is described by the real component ( c' ) while the imaginary 

component ( c") describes how susceptible a material is to both dielectric and conductive 

losses. As an EM signal passes through a medium, distortion of electron orbitals and 

rotation of permanent dipoles leads to a polarization field in the medium. While electron 

orbital distortion is thought to be an instantaneous response, the orientational effects on 

dipole molecules is not instantaneous and results in the delay of the propagation of the 

EM wave. This delay is called the relaxation time, and can be seen in Figure 5 as t. 

TDT uses a signal that is comprised of many frequency components. But, it is useful to 

look at a single incident sinusoidal wave input through a medium and the resulting wave 

that is transmitted through the medium to understand the effects of energy loss and time 

delay (Figure 3): 

~ 
't:l s 
~ 0 
8 
< 

-0.5 

0 2 4 

Time 

Figure 3 - Schematic of incident and transmitted sine wave 
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(Ferre http://www.hwr.arizona.edu/~ty/Courses/L13 WC measurement.pdf) 



The magnitude of the transmitted wave is smaller than the magnitude of the incident 

wave. This difference shows a loss of energy and is related to two things, ( 1) losses due 

to the electrical conductivity of the medium, and (2) losses due to the imaginary 

component of the dielectric permittivity. The phase change, or shift in the wave in time, 

is due primarily to the real component of the dielectric permittivity. 

Electrical conductivity describes how easily a medium transmits a direct electrical 

current. For a sample containing solids and water, the bulk electrical conductivity, ab 

[S/m], is given by Archie's Law: 
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(3) 

where () is volumetric water content [L3 /L3
], ¢ is porosity [L3 /L3

], a w is the electrical 

conductivity of water [S/m], as is the electrical conductivity of the solids [S/m], and m 

and n are medium specific dimensionless parameters (Archie, 1942). The conductivity of 

air is omitted because it is negligible compared to other terms. In this study, TDT 

measurements were made using a variety of sand types. The porosity among different 

sand types is not necessarily the same~ as a result, the electrical conductivity of the 

system will vary. 

Debye (1929) examined the propagation of EM waves through materials that show 

relaxation effects. He derived the following equations for permittivity and dielectric loss: 

& -& 
&' = & + s 00 

oo 1 + olr2 
(4) 

(5) 

where &
00 

is the relative dielectric constant at infinite frequency [-], &s is the static 

dielectric constant[-], m = 2:if is the angular frequency of the applied field [rad/T], and 



r is the relaxation time of the medium [T]. The equation for dielectric loss can be 

rewritten as the sum of the dielectric loss, c;, and the conductive loss, _!!_ : 
(J)£0 
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(6) 

The use of multiple frequencies in an EM signal avoids problems which arise from 

frequency dependent dielectric permittivity. Time domain methods which utilize a wave 

composed of multiple frequencies rely on the interpretation of a single signal velocity out 

of what is truly a multitude of frequencies traveling at different velocities. This suggests 

that the method of time-picking could lead to a difference in the pulse and step results. 

Harlow (2003), using the Debye and Cole-Cole equations, showed the following 

relationships between electrical frequency, travel time, and pore water salinity (Figure 4). 

The low frequencies have longer travel times at a given water content. Furthermore, as 

pore water salinity is increased, there is a greater increase in travel time of the lower 

frequencies than the higher frequencies at a given water content. 
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Figure 4- Travel time versus pore water electrical conductivity for a water-saturated 26 

em column at various frequencies showing that high frequencies travel faster than low 

frequencies at the same salinity, and increasing pore water electrical conductivity 

increases travel time (Harlow et aL 2003 ). 
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Pulse and step TDT are the two time domain transmission techniques studied in this 

research. Although both pulse and step TDT use signals that are the result of a sine wave 

addition, the exact type of signal used in pulse and step TDT are different. As a result of 

the difference in composition of each signal, the interpretation of the output signals is 

also different. Pulse TDT uses a finite square impulse, and the signal velocity is 

calculated based on the arrival time of the peak of the output signal as represented in 

Figure 5: 
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(a) (b) 

1 1 

0~--~~~-----+ 
b Elapsed Time t 

o~--~--~----~~ 
Elapsed Time t 0 

Figure 5- Schematic ofTDT Pulse (a) input and (b) output signals. 

Step TDT uses a fast rise incident signal, which theoretically remains on indefinitely. 

The arrival time of the signal in step TDT is based on the time when the signal is first 

detected, as shown in Figure 6: 

(b) 

1 
(a) 

1 
tarrival 

0~--~----------+ 
t 

0~--~----------~ 
t 0 Elapsed Time 0 Elapsed Time 

Figure 6- Schematic ofTDT Step (a) input and (b) output signals. 
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In comparing step and pulse TDT measurements, signal composition between the two 

techniques is different. The pulse signal uses a narrow range of high frequencies to 

compose its signal. The step signal is composed of the same high frequencies used in the 

pulse method, but it also uses lower frequencies. This is important because the wave 

velocity is a function of frequency, with higher frequencies traveling faster than the lower 

frequencies. As a result of this, if one were to analyze the mean travel time of a pulse 

and a step signal traveling through the same medium, the pulse signal would have a 

smaller mean travel time. 

Signal attenuation is another consideration when interpreting the arrival of pulse and step 

signals. Higher frequencies show more attenuation than lower frequencies. This implies 

that the pulse signal will experience greater overall attenuation than the step signal in the 

same environment. This becomes important in conditions of high signal loss such as 

measurements taken in the presence of high pore water electrical conductivity. 

The time-picking method is the last significant difference between the pulse and step 

techniques. Time-picking for pulse TDT is based on the mean travel time of the wave. 

Step TDT travel time is based on the arrival of the EM wave. Thus, with attenuation, the 

presence of lower frequency components in the step signal should have some impact on 

when the signal is detected. Longer travel times for the step signal would be seen 

compared to travel times for the pulse signal in high loss conditions. Signal detection 

would also improve with lower signal frequencies in high loss conditions. 

To apply either step or pulse TDT, one must measure the one-way travel time of the EM 

wave through the medium of interest. This is done by making two measurements. First, 

a measurement of the signal passing through the cables of the system Ctcabtes) and the time 

it takes to travel along the waveguides while they are surrounded by air (tair) 

fa = tair + fcables (7) 



Second, a measurement of the time it takes the signal to pass through the cables of the 

system (tcables) and the time it takes the signal to travel along the waveguides while they 

are surrounded by the medium of interest (tmedium) : 
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fm = fmedium + fcables (8) 

A close approximation to fair can be made by: 

Ta;r= L i c 

Where L is equal to the length of the waveguides and c is the speed of light. The 

volumetric water content can then be approximated using the following relationship 

(Hook et al. 2004 ): 

(} = 0.1256[(fm- fa)/ Tair- 0.756] 

(9) 

(10) 

While signal velocity does vary with frequency, most TDR and TDT users assume they 

are working in a non-dispersive medium. In other words, the velocity is assumed to stay 

constant with changes in frequency. In making this assumption, the travel time can be 

related to a single "apparent" dielectric permittivity (Topp et al. 1980). The travel time, t, 

of an EM signal through a medium can be expressed as: 

t= j6; L 
c 

where cis the speed of light [L/T], Lis the length of medium [L], and &b is the bulk 

complex dielectric permittivity [-]. The bulk dielectric permittivity, &b, is calculated 

from the constituent dielectric permittivities of the soil components as follows: 

j6; =B.fi: +(n-B)/i: +(1-n)/i: 

(11) 

(12) 

where () is volumetric water content [L3 /L3
], n is porosity [L3 /L3

], &w is the dielectric 

constant for water [-],&a is the dielectric constant for air[-], and &s is the dielectric 

constant for the solids [-]. Rearranging the previous two equations reveals an equation 

relating travel time and volumetric water content: 

t = L [e(Ji:-Ji:)+ (1- n)Ji: + n-Ji:] 
c 

(13) 



Finally, to see how the travel time changes with changes in water content, the derivative 

of travel time with respect to volumetric water content is: 
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(14) 

The above equation can be used to determine the expected slope of the travel time versus 

volumetric water content relationship for a given experiment by substituting in the 

appropriate length of the transmission lines, the speed of light, and the dielectric 

permittivities of air and water (Masbruch and Ferre, 2003). 

The intercept of a plot of travel time versus volumetric water content would then show 

the travel time of a signal down the transmission line in a dry environment with no pore 

water present. This intercept would be a function of the porosity of the medium, the air 

in the pore space, and the dielectric constant of the solids. At zero volumetric water 

content, Equation 9 reduces to: 

t = L [(1- n}J&. + n~]. 
c 

After laboratory measurements for travel time and porosity, all variables are known 

except cs, the dielectric permittivity of the solids, which can then be solved for. 

c =[(~ -n~) / ]2 
s }6- n) 

(15) 

(16) 

Previous work in TDT and TDR has used measurements of travel time to estimate 

apparent dielectric permittivity, and subsequently use this estimate of apparent dielectric 

permittivity to infer volumetric water content. One such model, previously introduced 

(Equation #8) is a mixing model based on the mixing of electric properties of the air, 

water, and solids in the system to generate an overall dielectric permittivity of the system. 

Other models are empirically developed. The first such is a polynomial function (Topp et 

al. 1980): 
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-4 2 3 0-6 3 0 = -0.053 + 0.0292&b- 5.5 X 10 &b + 4. X 1 &b (17) 

Subsequent researchers have adopted linear models to predict volumetric water content 

which take the general form .J&: = a 0 + b . 

.J&: = 8. 787 0 + 1.545 (Ledieu et al. 1986) 

.J&: = 7.830 + 1.594 (Alharthi and Lange 1987) 

.J&: = 8.470 + 1.56 (Ferre et al. 1998) 

(18) 

(19) 

(20) 

In short, this research will examine how a single "representative" travel time of an EM 

signal, measured two different ways, leads to empirically derived models where a is no 

longer constant, but is instead a function of bulk sample electrical conductivity: 

a= g(a) 

J&; = g(a)O+b 

(21) 

(22) 



21 

Methods 

A column was constructed to hold sand, water, and the transmission lines. The PVC 

column was 30 em tall and 10 em in diameter. The bottom of the column had a coaxial 

cable, which served as the signal input cable; it connected to the transmission lines 

through a terminal block via a y-junction. The inner conductor was stripped and inserted 

into one end of the terminal block; the outer conductor was twisted and inserted into the 

other end. The transmission rods were inserted into the opposite side of the terminal 

block. The transmission lines were made from two steel rods, 30 em long, 3 mm in 

diameter, and they were separated by 2.5 em. The rods were installed vertically along the 

axis of the column. Water delivery tubing was installed at the bottom of the column 

(Figure 7): 

Signal input cable 

~ 
- Water delivery tubing 

Figure 7 - Experimental column setup. 

The terminal block, which attaches to the top of the column, was made so that it could be 

removed between column runs so the contents of the column could be changed (not 

pictured in Figure 7). The top terminal block was constructed similarly to the bottom 

terminal block. The top terminal block had a coaxial cable, which served as the signal 

output cable~ it connected to the transmission lines via a y-junction. The inner conductor 

was stripped and inserted into one end of the terminal block; the outer conductor was 

twisted and inserted into the other end. The transmission rods were inserted into the 

opposite side of the terminal block. Both terminal blocks were permanently encased in 
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an epoxy resin in order to avoid impedance mismatches and eliminate variations in 

impedance at the transmission line I coaxial cable interfaces among column runs. The 

epoxy for the bottom block was contained simply by the PVC end-cap, which composed 

the bottom of the column. The epoxy for the top terminal block was poured into a paper 

cup where it set. After the top terminal block hardened, the paper was peeled away, 

leaving only the hardened epoxy and the electrical wires inside the epoxy. The terminal 

blocks are shown in Figure 8: 

Figure 8- The bottom terminal block (A) and the top terminal block (B). 

Water was applied from the base of the column through three inlet tubes surrounding the 

transmission rods. This application method was used to avoid the entrapment of air that 

would have occurred had water been added from the top of the column. The amount of 

water added between measurements ranged from 50 - 1 OOg. The water was delivered 

into the column from a graduated cylinder located above the column whose delivery hose 

was sealed with a clamp except when more water was to be injected into the column. 

The laboratory setup is shown in Figure 9: 
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Figure 9 - Laboratory setup. 

Dried #30, #60, and graded sands were used. Combinations of multiple sand types used 

in a single column run were well mixed, not layered. The inside of the column was dried 

before the addition of a new batch of dry sand. Columns were weighed before the 

introduction of any water to determine the mass of sand in the column. 

Water with electrical conductivity from approximately 0.3 dS/m (tap water) to 10 dS/m 

was used. Batches of saline water were made by adding table salt to tap water and 

measuring the electrical conductivity and temperature with a JENW A Y 4310 

conductivity meter. After each run, water was drained from the column and the electrical 

conductivity and temperature of the effluent were measured for comparison with influent 

values. Effluent EC was always within 2o/o of influent EC, and temperature variations 
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were less than 1.0°C, so no methods were employed to correct for changes in pore water 

properties during the course of a column run. 

Three variables were changed through the measurement process: sand type, pore water 

salinity, and water content. During a single column run, the sand type and pore water 

salinity were not changed, but measurements were made at increasing levels of water 

content from zero up to full saturation to include measurements of approximately ten 

different water content values. During measurements of dry sand with zero water content 

and measurements taken at full saturation, the water content surrounding the transmission 

lines was constant with elevation. At all other water content levels measured, the water 

content was not constant with elevation through the column. Instead, because the water 

was applied from the bottom of the column, the bottom portion of the column was fully 

saturated, the top of the column remained dry, and there was a variably saturated zone 

between these regions. The different water content levels measured, therefore, were 

average water content values for the entire column, not uniform water content values for 

the entire sample area. This can be justified by examining the two-layer model described 

by Topp et al. (1982): 

Given two horizontal layers, one on top of the other, each with length L1 and L2, each 

with water COntent 81 and 82, and each with dielectric permittivities E1 and E2, the time it 

will take an EM signal to transmit vertically through both layers is given by: 

(23) 

where, 

(24) and (25) 

Therefore 

_ (L1 ji; + L2 .[i;J 
(total -

c 
(26) 



The apparent dielectric permittivity through i layers, & a , is related to the dielectric 

permittivity of each layer: 

Which can be re-written as 

25 

(27) 

(28) 

This shows the apparent dielectric permittivity is an averaging model. Given this length 

weighting model shown in (24 ), the measured apparent dielectric permittivity will give 

the length weighted average water content 

LLJ}i 
() avg = _,_. --

Ltotal 

(29) 

The relationship between dielectric permittivity and volumetric water content has been 

shown to be (Ferre et al. 1996): 

B = aK 11 2 + b 

where a and bare constants. Substituting (26) for the interval water contents in (25) 

gtves: 

""' 1 I 2 ""' a L...JL;&; b L...JL; 
() i i i 112 b 

avg =------=----+--=a&a + 
L total L total L total 

(30) 

(31) 

Thus, the TDT -measured apparent dielectric permittivity does accurately estimate 

average volumetric water content. Ferre et al. (1996) showed this relationship to differ 

by less than 0. 5% from an experimentally determined polynomial function relating 

dielectric permittivity and volumetric water content between 5 and 40% volumetric water 

content (Topp et al. 1980). 

A similar analysis must be developed to show that the TDT -measured average electrical 

conductivity in a multiple layered system is representative of the conductivity of the same 
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system with uniform water content throughout the sample volume. If the electrical 

conductivity measured by TDT is equal to a length weighted average, it can be written as: 

LL;abi 

Bulk electrical conductivity can be expressed as (Ferre et al. 2000): 

ab = acen¢m-n 

(32) 

(33) 

where a is a constant to account for probe geometry, Cis the uniform solute 

concentration of the solution, e is volumetric water content, ¢is porosity, and m and n are 

medium specific parameters. Substituting (29) for the bulk electrical conductivity 

increments in (28) gives: 

""L.C.O.n .A._m-n 
~I llf!/1 

i a mr =a--""=-=----
~L; 

i 

And for a single column with one solute concentration, (30) can be written as: 

aC ¢ m-n n 

amr = L ~L;B; 
I 

aC t/J m-n 
In equation (31 ), is a constant term, and the variation of a mr due to water 

L 

content variability arises through the term LL;B;n. Thus, in order to determine how 
i 

(34) 

(35) 

representative the TDT -measured value of electrical conductivity in a layered system 

compares to that of a system with uniform water content, it is useful to examine how the 

magnitude of L L; ei n varies when e is uniform throughout the column and when the 
i 

column is a two-layered system, with the bottom layer being fully saturated and the top 

layer being completely dry (Figure 10). 
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Figure 10 - The impact of a system with two water content regions on measured 

electrical conductivity versus a system containing the same amount of water spread 

uniformly through a 30 em column. The only two points at which the measurements are 

the same are when the column is either completely dry or completely wet, which is to say 

when the two-layered system is collapsed to a single uniform layer. 

Figure 10 shows that the use of a layered system results in a significant discrepancy 

between the measured electrical condu~tivity by TDT compared to measurements made 

in conditions with uniform water content. For a given porosity and pore water EC, the 

bulk EC is higher for the layered column. The discrepancy is highest at very low water 

contents. As a result, the effects of bulk EC on the measured water content will be 

amplified due to the experimental setup, with larger errors at low water contents. This 

effect must be considered when extending the results to more general conditions. 
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After measurements of one column were made at average water contents from zero up to 

saturation, the column was emptied, cleaned, and a new column was prepared using a 

different combination of sand, and/or pore water salinity. Some sand type I pore water 

salinity combinations were tested more than once. The overall experimental layout is 

summarized in Table 1: 

Variables J 
l 

Remain constant during individual column runs, 
but change from one column run to the next. 

~ 
Sand Type Pore Water Salinity 

[dS/m] 
#30 0.3 

#60 1.0 

Graded 2.0 

Combinations 3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

Table 1 -Experimental layout. 

Measurements made at 
different water contents 

during individual column run. 

Volumetric Water 
Content 

Zero 

f) I 

(}2 

(}3 

(}4 

(}5 

()6 

(}7 

()8 

()9 

{)sat 

An HP 8752C Network Analyzer was used to perform the step and pulse TDT 

measurements. Hewlett Packard Visual Engineering Environment (HP VEE) version 

5.01 was used as a desktop interface software to control the vector network analyzer, 

defining which frequencies to use and where to write the output file for each of the 

methods, step and pulse. The HP VEE program for the step technique is shown in Figure 

11. The HP VEE program for the pulse technique is shown in Figure 12. 
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Both HP VEE programs were executed before each column run through an air-filled 

column, as well as at each different water content level including dry sand with zero 

water content. Each output file included frequency, signal amplitude and phase shift 

data. These data were combined using a two different fast Fourier transforms: one to 

calculate the response of a pulse input and one to calculate the response of a step input. 

That is, for the frequency components that were common to both methods, identical 

measurements were used. For ease of analysis, the results were saved as two different 

output files (one step file and one pulse file) for each water content value measured for 

each column; these output files were saved using the volume of water as the last four 

digits of the file name. For example, if a column had 567 mL of water added to it, each 

of the HP VEE programs would be run, and their output files would be saved as 

step_0567, and pulse_0567. These files were saved in folders that were named to 

describe the conditions of the column being run, for example 'Graded Sand with 5.0 

dS/m pore water March 3 2005.' 
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After an entire column run, the folder describing that column (i.e. 'Graded Sand with 5.0 

dS/m pore water March 3 2005') would then contain approximately twenty four HP VEE 

output files, half step output files and half pulse output files. Two MA TLAB programs 

were then used to compile the step and pulse data and create plots of signal amplitude vs. 

travel time, and travel time vs. volumetric water content. The MA TLAB pulse code is 

included in Appendix A; the MA TLAB step code is included in Appendix B. The slope 

of travel time vs. volumetric water content was determined for each column and each 

signal type. 
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Results 

The results are presented in two main sections: step measurements, then pulse 

measurements. The beginning of each section will report results related to single column 

runs, and significant features of plots for these individual columns will be pointed out. 

Because of the large number of column runs completed, comprehensive plots for each 

individual column run are not shown. Rather, representative plots of selected runs are 

included to show the important aspects of the results. The end of each sub-section will 

report larger scale relationships among the entire set of step or pulse experiments. Plots 

of step data are found after the reported step data results; plots of pulse data are found 

after reported pulse data results. 

Step TDT 

The amplitude of the step signal decreased with increasing pore water electrical 

conductivity (Figure 13A vs. Figure 14A). The amplitude of the step signal remained 

high at all water contents in columns with pore water electrical conductivity of 2dS/m or 

less (Figure 13). Columns run with pore water electrical conductivity of 6dS/m or more 

showed significant amplitude loss (Figure 14 ); while intermediate pore water EC values 

showed intermediate amplitude loss. The decrease in amplitude with increasing pore 

water EC is a result of increased conductive and dielectric losses with increasing pore 

water salinity. 

The slope of the travel time versus volumetric water content relationship for every 

column run using step TDT was exceptionally linear. The slope of the travel time versus 

volumetric water content for the 9.00 dS/m pore water EC, #30 sand, was 0.082 and had 

an R-squared value of0.9966 (Figure 15). The average R-squared value for the step 

measurements was 0.9972 and the lowest value was 0.9910 (Table 4). 

In this experiment, the column length (and transmission line length) was 0.30m. The 

speed of light, c, is 3x108 m/s; the dielectric constant for air is 1.0, and the dielectric 
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constant for water at standard temperature and pressure is approximately 80. Substituting 

the appropriate values into Equation #10 gives: 

!!!_ = 0
·
3
m (.JSO- .Ji)= 0.08ns 

dB 3e8m/ s 
(36) 

This means that plots of travel time versus volumetric water content should theoretically 

have a slope of 0.08. 

The slope of the travel time versus volumetric water content for the #30 sand stayed close 

to 0.08 in columns with bulk EC of0.2dS/m or less. Above that conductivity value, there 

was significant scatter of data, although at higher pore water EC, the slope generally 

increased, and scattering became more apparent. 

The slope of the travel time versus volumetric water content for graded sand was notably 

higher than that for all other sand types measured (Figure 21 ). It increased approximately 

linearly with increasing pore water EC from 0.0816 at 0.31dS/m to 0.0895 at 9.99dS/m 

(bulk EC values of0.025 and 0.815, respectively). 

The slope of the travel time versus volumetric water content for the #60 sand stayed close 

to 0.08 in the bulk EC range of approximately 0.4 to 0.8 dS/m (Figure 21 ). At higher 

pore water EC the slope increased. Linear regression of all of the step data, including all 

sand types, gives the equation Slope= 0.0024a + 0.0808, where a is the bulk electrical 

conductivity [ dS/m ], and Slope is the slope of the travel time versus volumetric water 

content relationship [cm3/ns·cm3
]. The root mean square error of fitting all of the step 

data to this relationship is 0.017rnlns·dS. 

The slope of the travel time versus volumetric water content for the graded I #60 sand 

mixture fell between the measurements for the pure graded and pure #60 columns. As 

before, a general increase in travel time was observed with increasing pore water EC. 
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The late time amplitude of a step signal can be used to estimate bulk electrical 

conductivity. By plotting volumetric water content versus the signal amplitude at 15 

nano-seconds, the impact of making TDT measurements in a system with two regions of 

different water content can be assessed. Figure 16 shows the relationship between 

volumetric water content and the step signal amplitude at 15 nano-seconds. Signal 

amplitude between zero and 0.04 m3/m3 volumetric water content does not change 

significantly. This implies that the initial volume of water added to the experimental 

column may have remained primarily in the water delivery tubing beneath the sample 

volume where the TDT measurements took place, thereby not affecting signal 

propagation through the column. With volumetric water content of 0.04 m3 1m3 and 

higher, the signal amplitude appears to decay in a non-linear manner. This is consistent 

with the uniform water content model shown in Figure 10. As discussed previously, 

Equation (3) shows that soil porosity, water content, and pore water EC all affect bulk 

EC. Figure 16 includes measurements from columns with four different bulk EC's. As 

bulk EC increases, signal amplitude at 15 nano-seconds decreases. Signal amplitude loss 

increases with increasing water content. This amplitude decrease is initially small 

(between zero and 0.04 m3/m3
), but then increases with increasing water content. No 

notable behavior was observed between different sand types or different pore water EC's 

other than that behavior which is exhibited in the plots of bulk EC. 

The porosity of#30 sand was found to be the largest, 0.433 m3/m3
. The smallest porosity 

measured was that of the graded sand, 0.357 m3/m3
. A summary of porosities is given in 

Table 2: 

Sand Type 

#30 
#60 

#60 & Graded Mixture 
Graded 

Porosity [L 3 /L 3] 

0.433 
0.425 
0.386 
0.357 

Table 2 - Summary of porosities for various sand types. 



Expected values of the dielectric permittivity of sands range from 3-5 (Ferre and Topp, 

2000). Table 3 summarizes calculated values of the dielectric permittivity of the sands 

using the step method and Equation ( 16): 

Sand Type 
#30 

Graded 
#60 

Graded and #60 Mixture 

Average Intercept [ns] 
1.6 

1.72 
1.61 
1.67 

Dielectric Permittivity of Sand 
4.24 
4.49 
4.25 
4.37 

Table 3 - Calculated dielectric permittivities of sands for step method using Equation 

(16). 
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Figure 13 - Time domain plots of step f!leasurements using #30 sand and pore water 

electrical conductivity of 0.29dS/m. Bulk EC is 0.035dS/m. The leftmost curve in both 

plots is the signal passing through an empty air-filled column. The next curve in from the 

left (green) is the signal transmitted through a column of dry sand; each subsequent curve 

to the right is the signal transmitted through the column at progressively higher average 

volumetric water contents until saturation. 
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Figure 14 - Time domain plot of step measurements using #30 sand and pore water 

electrical conductivity of9.00dS/m. Bulk EC is 1.080dS/m. The leftmost curve in both 

plots is the signal passing through an empty air-filled column. The next curve in from the 

left (green) is the signal transmitted through a column of dry sand; each subsequent curve 

to the right is the signal transmitted through the column at progressively higher average 

volumetric water contents until saturation. 
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Figure 15 - Volumetric water content versus travel time of the step signal using #30 sand 

with pore water electrical conductivity of9.00dS/m. Bulk EC is 1.080dS/m. The slope is 

0.082, the intercept is 1.5465ns, and the R-squared value is 0.9966. 
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Table 4- Summary of step TDT results 

Soil Type Pore Water Conductivity Slope of VWC vs Travel Time Intercept R-Squared 

#30 0.29 0.0781 1.573 0.995 
#30 1.00 0.0800 1.621 0.998 
#30 2.00 0.0783 1.706 0.997 
#30 3.00 0.0798 1.613 0.999 
#30 4.00 0.0802 1.699 0.999 
#30 5.00 0.0780 1.666 0.999 
#30 5.99 0.0805 1.568 0.998 
#30 6.01 0.0810 1.559 0.999 
#30 6.95 0.0786 1.596 0.999 
#30 7.01 0.0782 1.607 0.999 
#30 8.00 0.0832 1.526 0.996 
#30 8.00 0.0817 1.548 0.996 
#30 9.00 0.0820 1.547 0.997 
#30 9.01 0.0821 1.542 0.995 
#30 10.00 0.0771 1.652 0.998 

Graded 0.31 0.0816 1.801 0.994 
Graded 1.51 0.0813 1.715 0.999 
Graded 3.00 0.0838 1.692 0.997 
Graded 4.16 0.0845 1.670 0.999 
Graded 5.48 0.0863 1.647 1.000 
Graded 7.01 0.0845 1.719 0.999 
Graded 8.58 0.0851 1.719 0.997 
Graded 9.99 0.0895 1.693 0.994 

#60 0.33 0.0791 1.681 0.997 
#60 1.54 0.0780 1.614 0.994 
#60 3.01 0.0784 1.585 0.998 
#60 5.03 0.0803 1.563 0.997 
#60 7.01 0.0806 1.588 0.998 
#60 8.45 0.0827 1.694 0.996 
#60 10.01 0.0840 1.565 0.991 

Graded & #60 Mix 1.01 0.0804 1.629 0.998 
Graded & #60 Mix 3.00 0.0802 1.701 0.997 
Graded & #60 Mix 5.03 0.0809 1.674 0.999 
Graded & #60 Mix 7.01 0.0826 1.658 0.996 
Graded & #60 Mix 9.04 0.0842 1.689 0.998 
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Volumetric Water Content vs. Step Amplitude at 15 nano-seconds 
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Figure 16 - Volumetric water content versus step signal amplitude at 15 nano-seconds. 

As bulk EC increases, signal amplitude at 15 nano-seconds decreases. Signal amplitude 

loss increases with increasing water content. This amplitude decrease is initially small 

(between zero and 0.04 m3/m3
) , but then increases with increasing water content. No 

notable behavior was observed between different sand types or different pore water EC's 

other than that behavior which is exhibited in the plots of bulk EC. 
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Pulse TDT 

The amplitude of the pulse signal decreased with increasing pore water electrical 

conductivity (Figure 17 vs. Figure 18). The amplitude of the signal passed through the 

column before the addition of sand is lower than the amplitude of the signal transmitted 

through the dry sand-filled column. This variability in signal amplitude is attributable to 

differences in impedance between air, sand, and the terminal blocks. The impedance of 

sand is closer to that of the impedance of the terminal blocks of the experimental column~ 

as a result, when the signal passes from the coaxial cables through the terminal block and 

into the interior space of the column, there is a smaller reflection when that interior space 

is occupied by sand than when it is filled only by air. 

The amplitude of the pulse signal remained high at all water contents in columns with 

bulk electrical conductivity of .25dS/m or less (Figure 17). Columns run with bulk 

electrical conductivity of. 75dS/m or more showed significant amplitude loss (Figure 18)~ 

while intermediate pore water EC's showed intermediate amplitude loss. Amplitude loss 

in the columns run with the l.OdS/m or higher bulk EC showed complete signal loss at 

volumetric water contents of0.30 and higher (Figure 18). This decrease in amplitude 

with increasing pore water EC is a result of increased conductive and dielectric losses 

with increasing pore water. 

The slope of the travel time versus volumetric water content relationship for every 

column run using pulse TDT was exceptionally linear. The slope of the travel time 

versus volumetric water content for the 0.29 dS/m pore water EC (0.035 dS/m bulk EC), 

#30 sand, was 0.0796 and had an R-squared value of0.9983 (Figure 19). The average R

squared value for the step measurements was 0.9974 and the lowest value was 0.9950 

(Table 6). 

The slope of the travel time versus volumetric water content for the #30 sand stayed close 

to 0.08 in the bulk EC range of zero to approximately 0.25dS/m~ however, as pore water 
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EC increased, the slope generally decreased (Figure 22). The measurements showed little 

scatter through the range of pore water EC values tested. 

The slope of the travel time versus volumetric water content for graded sand was higher 

than that for all other sand types measured (Figure 22). This behavior is not well 

explained by current theory. Like other sands, the slope of travel time vs. volumetric 

water content decreased approximately linearly with increasing pore water EC. 

The slope of the travel time versus volumetric water content for the #60 sand stayed close 

to 0.08 in the bulk EC range of zero to approximately 0.25dS/m. At higher pore water 

EC the slope decreased approximately linearly. 

Looking at a single bulk electrical conductivity at a time, the slope of the travel time 

versus volumetric water content for the graded I #60 sand mixture fell between the 

measurements for the pure graded and pure #60 columns (Figure 22). As with other 

pulse measurements, a general decrease in travel time was observed with decreasing pore 

waterEC. 

Linear regression of all of the pulse data gives the equation 

Slope= -0.0067cr + 0.0823where a [dS/m] is the bulk electrical conductivity and Slope 

is the slope of the travel time versus volumetric water content relationship. The root 

mean square error of fitting all of the pulse data to this relationship is 0.025 m/ns·dS. 

The transmission coefficient at the peak of the pulse signal can be used to estimate bulk 

electrical conductivity. By plotting the transmission coefficient at the peak of the pulse 

signal against volumetric water content, the impact of making TDT measurements in a 

system with two regions of different water content can be assessed. Figure 20 shows the 

relationship between volumetric water content and the transmission coefficient of the 

pulse signal. As bulk electrical conductivity increases, the transmission coefficient 

decreases. Also, as water content increases, the transmission coefficient decreases. The 



decrease in the transmission coefficient with increasing water content appears to be a 

non-linear relationship. This relationship is consistent with that of the uniform water 

content system modeled in Figure 10. As discussed previously, Equation (3) shows that 

soil porosity, water content, and pore water EC all affect bulk EC. Figure 20 includes 

measurements from columns with four different bulk EC' s. No notable behavior was 

observed between different sand types or different pore water EC' s other than that 

behavior which is exhibited in the plots of bulk EC. 

The calculated dielectric permittivities of sands ranged from 4.61 to 5.32 and are 

summarized in Table 5. The dielectric permittivities from the pulse data are higher than 

those derived from the step data (Table 3). This difference is likely due to the different 

time picking methods, as the dielectric permittivity of solids is not expected to be 

frequency dependent. 

Sand Type 
#30 

Graded 
#60 

Graded and #60 Mixture 

Average Intercept rns] 
1.65 
1.84 
1.74 
1.79 

Dielectric Permittivity of Sand 
4.61 
5.32 
5.23 
5.32 

Table 5 - Calculated dielectric permittivities of sands for pulse method. 
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Figure 17 - Time domain plot of pulse measurements using #30 sand and pore water 

electrical conductivity of0.29dS/m. Bulk EC is 0.035dS/m. The red line shows the 

measurement of a pulse sent through an air-filled column. The first black line is a pulse 

transmitted through a column of dry sand; each subsequent black line shows a pulse 

transmitted through a column with higher and higher average volumetric water contents, 

until saturation. Beyond 142.5ns, the signal is a complicated combination of secondary 

and higher order wave reflections within the system. Travel time for any one of the black 

peaks is given by the time at that peak minus the time at the peak of the air pulse (in red, 

~138.7ns). 
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Figure 18 - Time domain plot of pulse measurements using #30 sand and pore water 

electrical conductivity of 9. OOdS/m. Bulk EC is 1. 080dS/m. The red line shows the 

measurement of a pulse sent through an air-filled column. The first black line is a pulse 

transmitted through a column of dry sand; each subsequent black line show a pulse 

transmitted through a column with higher and higher average volumetric water contents, 

until saturation. Noise is seen past 142ns due to secondary and higher order wave 

reflections within the system. Travel time for any one of the black peaks is given by the 

time at that peak minus the time at the peak of the air pulse (in red, ~138 . 7ns). 
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Figure 19 - Plot of volumetric water content versus travel time for column with #30 sand 

and pore water conductivity of 0.29dS/m. Bulk EC is 0.035dS/m. The slope is 0.0796, 

the intercept is 1.7086, and the R2 value is 0.9983. 
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Table 6 - Summary of pulse TDT results 

Soil Type Pore Water Conductivity Slope of VWC vs Travel Time Intercept R-Squared 

#30 0.29 0.0796 1.709 0.998 

#30 1.00 0.0802 1.465 0.998 

#30 1.00 0.0809 1.684 0.998 

#30 2.00 0.0807 1.534 0.998 

#30 2.00 0.0794 1.718 0.998 

#30 3.00 0.0788 1.489 0.999 

#30 3.00 0.0788 1.696 0.999 
#30 4.00 0.0792 1.497 0.999 
#30 4.00 0.0785 1.737 0.998 
#30 4.99 0.0780 1.695 0.998 
#30 5.00 0.0789 1.461 0.999 
#30 5.99 0.0762 1.695 0.998 
#30 6.01 0.0767 1.688 0.998 
#30 6.95 0.0751 1.712 0.998 
#30 7.01 0.0756 1.699 0.998 
#30 8.00 0.0758 1.681 0.999 
#30 8.00 0.0748 1.692 0.998 
#30 9.00 0.0748 1.698 0.999 
#30 9.01 0.0737 1.700 0.999 
#30 10.00 0.0750 1.718 0.996 

Graded 0.31 0.0823 1.900 0.996 
Graded 3.00 0.0823 1.866 0.996 
Graded 1.51 0.0831 1.826 0.997 
Graded 4.16 0.0817 1.817 0.997 
Graded 5.48 0.0823 1.801 0.998 
Graded 8.58 0.0788 1.863 0.995 
Graded 7.01 0.0804 1.829 0.995 
Graded 9.99 0.0806 1.850 0.997 

#60 0.33 0.0806 1.794 0.996 
#60 1.54 0.0798 1.768 0.998 
#60 3.01 0.0784 1.743 0.998 
#60 5.03 0.0777 1.719 0.996 
#60 7.01 0.0761 1.695 0.998 
#60 8.45 0.0745 1.709 0.996 
#60 10.01 0.0737 1.722 0.998 

Graded & #60 Mix 1.01 0.0819 1.724 0.998 
Graded & #60 Mix 3.00 0.0809 1.809 0.996 
Graded & #60 Mix 5.03 0.0794 1.796 0.997 
Graded & #60 Mix 7.01 0.0789 1.783 0.998 
Graded & #60 Mix 9.04 0.0776 1.841 0.995 
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Volumetric Water Content vs. Transmission Coefficient 
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Figure 20 - Volumetric water content versus the transmission coefficient at the peak of 

the pulse signal. As bulk electrical conductivity increases, the transmission coefficient 

decreases. Also, as water content increases, the transmission coefficient decreases. The 

decrease in the transmission coefficient with increasing water content appears to be a 

non-linear relationship. No notable behavior was observed between different sand types 

or different pore water EC's other than that behavior which is exhibited in the plots of 

bulkEC. 
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Analysis 

To compare the effects of bulk EC among soils and pore water conductivities, it is 

necessary to correct for the effects of the bulk electrical conductivity to some common 

basis. Each slope is calculated for a single pore water EC, so this value can be 

incorporated into a calculated bulk EC for each column run. In contrast, each slope is 

determined over a range of water contents. Therefore, we have to choose one common 

water content to calculate a representative bulk EC. The difference between the bulk EC 

in a layered column and that in a column with the same average water content distributed 

uniformly is lower at higher water contents (Figure 10). However, at full saturation, the 

bulk EC is dominated by the porosity. Therefore, we chose a high volumetric water 

content for calculation of a bulk EC value for each column run. Specifically, a relative 

saturation of0.8, or 80% of the medium porosity, was used to calculate the bulk electrical 

conductivity for each column. Figures 21 and 22 show the dependence of the slope of the 

travel time versus water content as a function of calculated bulk EC for the step and pulse 

measurements, respectively. 
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Figure 21 - Slope determined from step TDT measurements versus bulk electrical 

conductivity. Each point represents the slope of the travel time versus volumetric water 

content curve generated for each column run. All sand types and pore water electrical 

conductivities tested are shown. 



Pulse Signal- Bulk Electrical Conductivityvs. Slope of Travel 
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Figure 22 - Slope determined from pulse TDT measurements versus bulk electrical 

conductivity. Each point represents the slope of the travel time versus volumetric water 

content curve generated for each column run. All sand types and pore water electrical 

conductivities tested are shown. 

For each column run, the travel time of the EM wave increased with increasing 

volumetric water content. This was seen for both the step and pulse methods and is 

consistent with prior work on time-domain methods for estimating volumetric water 

content. Recall, previous models of the form .Ji: = aO + b for estimating volumetric 

water content from apparent dielectric permittivity include: 

.Ji: = 8.7870 + 1.545 (Ledieu et al. 1986) 

.Ji: = 7.830 + 1.594 (Alharthi and Lange 1987) 

.Ji: = 8.470 + 1.56 (Ferre et al. 1998) 

(18) 

(19) 

(20) 
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The models developed in this study replaced the constant a with g(a). The b values 

determined using this altered model are larger than previously published values of b 

based on TDR measurements (Refer to an expanded Table 7 that includes the a and b 

values for the different sands and methods. This will replace the paragraphs that I am 

deleting below). The difference could be a result of different materials being used, or 

simply different signals or methods being used (TDT instead of TDR). The pulse value is 

larger than the step value for each sand type. As the expected slope of the travel time 

versus volumetric water content relationship was shown earlier to be 0.08, the expected 

value of a, or g(a) is 8.00 which is based on the same calculation after a conversion from 

%is made. The function for g((J) was determined to be different depending on the TDT 

method used: 

g((J)step=0.24a+8. 08 

g( (J) pulse =-0. 67 (J+ 8. 2 3 

(37) 

(38) 

Of particular interest, the two methods show opposite dependence on the bulk EC, as 

shown by the signs of the constants multiplied by the bulk EC in equations 37 and 38 and 

in Table 7. 

Step Pulse 
#30 1.6 1.65 
#60 1.61 1.74 

Mixture 1.67 1. 79 
Graded 1. 72 1.84 

Table 7 - Empirically determined values of b. 

For the step method, the travel time of the EM wave was shown to increase with 

increasing pore water electrical conductivity and bulk electrical conductivity. 

Conversely, the pulse method showed decreased travel time with increased electrical 

conductivity. This is the most significant finding of the study. Because all other 

conditions were identical between measurements, the difference in behavior in the two 

techniques is thought to be due to the difference in the composition of the signals. The 

reduced travel time with increased pore water EC for the pulse technique was also seen 

by Harlow et al. (2003), however he concluded that travel time is independent of pore 
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water salinity if the pore water salinity is between 5 and 40 dS/m. The data gathered in 

this study suggests that there is a relationship between pore water salinity and travel time 

for pore water between 5 and 10 dS/m. The exact relationship, however, appears to be 

different depending on the type of signal used. Figure 23 shows how this relationship 

appears to be different depending on whether the step or pulse method is used. This 

figure shows the slope of travel time versus volumetric water content for each column as 

a function of bulk electrical conductivity. There is a pair of points for each column run, 

one point representing the step data, and one point representing the pulse data. As the 

linear regressions of each TDT technique show, the magnitude of the change in slope of 

travel time versus volumetric water content as a function of bulk electrical conductivity is 

different between step and pulse data. A linear regression of the pulse data gives 

Slope= -0.0067o- + 0.0823 and has an RMSE of0.025 rnlns·dS. A linear regression of 

the step data gives Slope= 0.0024o- + 0.0808 and has and RMSE of0.017 rnlns·dS. 
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Figure 23 - Pulse and step TDT measurements as a function of the bulk electrical 

conductivity. A linear regression of the pulse data gives Slope= -0.0067o- + 0.0823 and 

has an RMSE of0.025 rnlns·dS. A linear regression of the step data gives 

Slope= 0.0024o- + 0.0808 and has and RMSE of 0.017 rnlns·dS. 
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The discrepancy between the behavior of the step and pulse signals as pore water salinity 

increases can in part be explained with the aid of Figure 4. It shows low frequencies 

travel slower than higher frequencies, and lower frequencies slow more rapidly than 

higher frequencies as pore water EC increases. The presence of more low frequencies in 

the step signal implies that it would be slowed down more than the pulse signal would for 

a given increase in pore water EC. Less clear is the explanation for the increase in the 

speed of the pulse signal with increasing pore water EC. This behavior is not clearly 

understood or reported in previous literature on TDR, except as noted by Harlow et al. 

(2003). 

Another potential source of the discrepancy between the pulse and step behavior is the 

difference in time-picking procedures for the two methods. The arrival time using the 

step method is based on the first arrival of signal. The arrival time using the pulse 

method is based on the time the peak signal is reached; this is approximately equal to the 

middle of the signal, or mean arrival time. The step time-picking method stresses faster 

frequencies since it is based on 'first arrival'. 

In looking at Figure 23, it can generally be observed that scatter among data becomes 

more apparent as bulk electrical conductivity increases. In order to quantify this 

phenomenon, the step and pulse data were each looked at independently, and each data 

set was broken into three bulk electrical conductivity categories: 0- 0.4, 0.4- 0.8, and 

0.8 - 1.2 dS/m. The average slope of travel time versus volumetric water content was 

calculated along with the standard deviation of each subgroup. Figures 22 and 23 show 

the results of this analysis. Error bars are located at the average bulk EC of each 

subgroup: 0.2, 0.6, and 1.0 dS/m. Error bars extend two standard deviations above and 

below the average slope of travel time versus volumetric water content in order to show 

an envelop which contains 95% of the data in each subgroup. Both step and pulse data 

showed increasing variability with increasing bulk EC. This is consistent with prior work 
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by Hook et al. (2004) which showed similar behavior for step TDR. The pulse data 

showed less scatter than the step data. Step sub-group standard deviations were 0.0021 

m/ns·dS for 0-0.4 dS/m, 0.0026 m/ns·dS for the 0.4-0.8 dS/m group, and the standard 

deviation of the high bulk EC step group was 0.0033 m/ns·dS. Pulse sub-group standard 

deviations were 0.0014 m/ns·dS for 0-0.4 dS/m, 0.0016 m/ns·dS for 0.4 - 0.8 dS/m, and 

0.0019 for the 0.8 - 1.2 dS/m sub-group. 

Variability of Step Measurements with Bulk Electrical 
Conductivity 
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Figure 24 - The variability of step measurements is shown by breaking the data into three 

groups of bulk electrical conductivity: a low, middle, and a high EC group. Error bars 

shown envelope each grouping to contain 95% of the data. Variability of measurements 

increased with increasing bulk EC. The standard deviation of the low EC data set is 

0.0021 m/ns·dS, the standard deviation of the middle grouping is 0.0026 m/ns·dS, and the 

standard deviation of the high bulk EC group is 0.0033 m/ns·dS. 



56 

Variability of Pulse Measurements with Bulk Electrical 
Conductivity 
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Figure 25 - The variability of pulse measurements is shown by breaking the data into 

three groups of bulk electrical conductivity: a low, middle, and a high EC group. Error 

bars shown envelope each grouping to contain 95% of the data. Variability of 

measurements increased with increasing bulk EC. The standard deviation of the low EC 

data set is 0.0014 rnlns·dS, the standard deviation of the middle grouping is 0.0016 

rnlns·dS, and the standard deviation of the high bulk EC group is 0.0019 rnlns·dS. 

In assessing the variability in the data as a function of bulk electrical conductivity, it 

should be noted that the pore water EC tested ranged from approximately 0.3- 10.0 

dS/m. After conversion to bulk EC, the· graded sand columns, as well as the mixture of 

#60 and graded sand columns are not well represented in the highest bulk EC groupings 

shown in Figures 24 and 24. The lower porosities of these sands lead to the bulk EC 

dropping more than the #30 and #60 columns. This, coupled with the fact that the graded 

and mixture of graded and #60 sand columns contribute significantly to the scatter among 

data (see Figures 21 and 22), suggest that the scatter in the high bulk EC groupings would 

be even greater had their been data for the lower porosity sands at the high bulk EC' s. 
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Given the opposite dependence of the pulse and step results on bulk EC, it would appear 

that some combination of the travel times could reduce or eliminate the bulk EC effect. 

As described in the Methods section, paired pulse and step measurements were taken with 

other conditions remaining the same. The average of these two travel times was 

calculated and is plotted against the volumetric water content in Figure 26. As previously 

discussed, the predicted value of the slope of the travel time versus volumetric water 

content relationship is 0.08. 
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Figure 26 - Summary of averaged pulse and step measurements. Coupled pulse and step 

measurements of the slope of volumetric water content versus travel time are averaged. 

Linear regression of this data gives and equation of Slope= -0.0019a + 0.0803 and the 

root mean square error is 0.014 rnlns·dS. 

Using the averaging method, the empirical model for determining water content becomes: 

.J&; = g(a)B + 1.679 (39) 
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where, 

g((J) =-0. 00 ]9(J+8. 03 (40) 

The technique of averaging the step and pulse measurements provides results with an 

intercept closer to that expected than either of the signal types alone provided. The 

averaging technique also displays the smallest magnitude in the change in slope with 

changes in pore water electrical conductivity. The root mean square error is also smaller 

(0.014 m/ns·dS) using the averaging method than that found with either the step or pulse 

methods (0.017 m/ns·dS or 0.025 m/ns·dS respectively). 

Calibration of TDT measurements can lead to accurate and reproducible water content 

measurements if the background conditions remain constant in time. However, if the 

pore water salinity over time will lead to water content measurement errors and the 

magnitude of that error depends on the TDT method being used and the model being used 

to infer volumetric water content. The expected error of measurement with changes in 

pore water EC can be calculated as the magnitude of the slope of the linear regression for 

a data set divided by the predicted value of the measurement. For example, previous 

linear regression of the pulse data showed the slope of travel time versus volumetric 

water content as a function of bulk electrical conductivity was: 

Slope= -0.0067a + 0.0823. Also, the expected value of the slope was previously shown 

to be 0.08. So, the expected error associated with pulse measurements in conditions 

where bulk electrical conductivity is changing can be calculated as: Expected Error = 

0.0067 I 0.08, which gives the expected error for a change in bulk EC of one dS/m. For 

pore water with an EC less than or equal to 10 dS/m, the expected error in water content 

prediction due to changes in salinity using the pulse technique is 0.084 cm3/cm3 for a 

change in bulk EC of 1.0 dS/m. The expected error of the step technique is 0.03 cm3/cm3 

per dS/m change. These can be compared to the measurement accuracy ofTDR of0.02 

cm3 /cm3
, showing that bulk EC effects will likely lead to measurable errors for both pulse 

and step methods. The simple averaging method shown here has an expected error of 
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0.024 cm3/cm3 per dS/m change in bulk EC, which is on the order of the method 

accuracy. It is possible that a more sophisticated averaging could show further 

improvements, leading to measurement errors that are smaller than the method accuracy. 
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Conclusions 

The use of geophysical methods to estimate volumetric water content of soils has helped 

evolve a field in which technological advancements have many benefits in society. 

However, these geophysical methods, by their very nature, require thorough study and 

appropriate application in order to deliver accurate estimates of hydrologically relevant 

properties. Environmental conditions such as high pore water salinity lead to 

complications in the techniques. This study shows how two different TDT methods 

produce different results based on the composition of their electromagnetic signals, and 

how these signals are affected differently by changing environmental conditions. The 

methods show different behavior at certain constant salinity levels and they also show 

different behavior as salinity levels change. These findings are important for their 

potential extension from TDT to other more widely used geophysical techniques such as 

TDR and GPR. The findings are also useful in the broad context of the agriculture of 

saline tolerant crops such as cotton where soil water has relatively low salinity, but the 

salinity levels may change over time. 

Previous empirical models have been developed to predict the relationship between 

apparent dielectric permittivity and the volumetric water content of porous media. 

Several such models are linear of the form Ji: = a() + b . This study develops a more 

robust empirical model to predict volumetric water content by substituting a function, 

g((J), in place of the constant a, whereby g((J) changes as a function of pore water salinity. 

The most significant finding in this study was the different behaviors shown by the two 

types of electromagnetic signals used in the TDT measurements. Using a step signal, the 

slope of the relationship between travel time and volumetric water content was shown to 

increase as pore water salinity increased. Conversely, the slope of the same relationship 

was shown to decrease with increasing pore water salinity when a pulse signal was used. 

Averaging the pulse and step measurements was found to be the most accurate and 

precise way to calculate values of d~() which reflected the theoretically predicted value 
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for the experimental setup of0.08. This averaging technique led to an expected error of 

0.024 cm3/cm3 as a result of changes in bulk electrical conductivity and is the 

recommended method for future work. 
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Appendix A- Step TDT MA TLAB Code: Written by Eleanor Burke 

clear all 

close all 

filein=['tdt_step _ airOO.csv'; 'tdt_ step_ sOOOO.csv'; ... 

'tdt_ step_ sO 1 OO.csv'; 'tdt_step _s020 1.csv'; .. . 

'tdt_ step_ s0300. csv'; 'tdt_ step_ s040 1. csv'; .. . 

'tdt_ step_ s050 1.csv'; 'tdt_step _ s0599 .csv'; .. . 

'tdt _step_ s070 1. csv'; 'tdt_ step_ sO 800. csv'; 'tdt _step_ s083 5. csv']; 

len=0.31; 

volume=str2num( filein(2: size( file in, 1 ), 11: 14) ); 

vwc=volume/(pi *len* 5 * 5); 

color=[ ... 

'r'; 'g'; 'y'; 'm'; 'c'; 'k'; 'r'; 'g'; ... 

'y';'m';'c';'k';'r';'g';'y';'m'; ... 

'c'·'k'·'r'·'g'·'y'·'m'·'c'·'k']· 
''' '' ''' 

no _files=size(filein, 1 ); 

spdlgt=2. 99e8; 

time=zeros( 40 1 ,no_ files); 

ampl=zeros( 401 ,no_ files); 

norm _ampl=zeros( 401 ,no_ files); 

for i=1 :no files 

data=load( num2str( num2str( file in( i,:))) ); 

time(:,i)=data(:, 1 )* 1e9; 

ampl(:,i)=data(:,2); 

end 
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max=zeros( no_ files, 1 ); 

min=zeros( no_ files, 1 ); 

for i= 1 :no files 

for j=1:401 

if ( ampl(j ,i )>max( i, 1)) 

max(i, 1 )=ampl(j,i); 

end 

if ( ampl(j ,i)<min(i, 1)) 

min(i,1 )=ampl(j,i); 

end 

end 

norm _ampl( :,i)=ampl(:,i)./(max(i, 1 )-min(i, 1 )); 

end 

for i= 1 :no files 

subplot(211) 

plot( time( :,i),ampl( :,i),num2str( color(i,: ))) 

xlabel('Time (ns)'); 

ylabel('Amplitude'); 

xlim([5 15]) 

ylim([O 1]) 

hold on 

subplot(212) 

plot(time(:,i),norm _ ampl(:,i),num2str( color(i,:))) 

xlabel('Time (ns)'); 

ylabel('Normalised Amplitude'); 

hold on 
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xlim([5 15]) 

ylim([O 1]) 

count=l· 
' 

end 
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Appendix B -Step TDT MATLAB Code: Written by Eleanor Burke 

clear all 

close all 

%input air file 

airin='transm _airOO. txt'~ 

68 

%input measurement files - best to have the filenames all the same length 

measin=['transm _ sOOOO. txt'~ 'transm _sO 100. txt'~ 'transm _ s0200. txt'~ 'transm _ s0299. txt'~ 'tran 

sm _ s040 1. txt'; ... 

'transm _ s0500. txt'~ 'transm _ s060 1. txt'~ 'transm _ s070 1. txt'~ 'transm _ s0800. txt'; 'transm _ s088 

4.txt']~ 

tot_ count=size(measin, 1 )~ 

vwc=str2num(measin(:,9: 12))/(pi*5*5*31 )*100; 

%input parameters 

pow_ fft=14~ 

fft_ size=2Apow _ fft~ 

freq_ tot=40 1 ~ 

freq_ min=O. 0003 ~ 

freq_ max= 1. 5; 

len=0.31; 

spdlgt=2.99e8; 

%size of fft - try not to change ! 

%total number of requencies measured 

%minimum frequency 

%maximum frequency 

%length of rods 

%speed of light 

%assign arrays to write output to 

ptp=zeros( tot_ count, 1 )~ 

%assigning frequency and travel time 

freq=zeros( freq_ tot, 1 )~ 



df=( freq_ max-freq_ min)/( freq_ tot-1 ); 

tot_time=1.0/df; 

for i= 1 :fft size 

time_ ns(i, 1 )=tot_time/fft _size*i; 

end 

for i=l :freq_tot 

freq(i)=freq_ min+(i-1 )*df; 

end 

freq_ center=freq_ min+( freq_ tot -1 )/2 *df; 

%creating windows function 

windows=zeros( freq_ tot, 1 ); 

for i=1 :freq_tot 

windows(i)=0.05+0.95*sin(i*pi/freq_tot); 

end 

%reading reference data 

data=load( airin ); 

data=fli pud( rot90( data)); 

ref _line=zeros(freq_ tot, 1); 

ref_line=complex( data(1 :freq_tot, 1 ),data(1 :freq_tot,2)); 

clear data 

%process reference line data 

unshifted=zeros( freq_ tot, 1 ); 

for i= 1 :freq__ tot 

unshifted(i)=ref_line(i)*windows(i); 

end 
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%transform to the time domain to check on shift 

fft _ unshifted _ ref=zeros( fft _size, 1); 

for i=1 :freq_tot 

fft _ unshifted _ref( i )=unshifted( i); 

end 

fft_ unshifted _ref=fft_ shef( fft_ unshifted _ref, pow_ fft, -1 ); 

%loop through the measurements 

for count= 1 :tot count 

%reading measurement data 

data=load(num2str(measin(count,:))); 

data=fli pud( rot90( data)); 

meas _ data=zeros( freq_ tot, 1 ); 

meas_data=complex(data(1:freq_tot,1),data(1:freq_tot,2)); 

clear data; 

%shifting measurement data 

unshifted=zeros( freq_ tot, 1 ); 

for i=1:freq_tot 

unshifted( i)=meas _data( i)*windows( i); 

end 

%transform to the time domain to check on shift 

fft_ unshifted _ meas=zeros( fft _size, 1 ); 

for i=l :freq_tot 

fft_ unshifted _ meas( i)=unshifted( i); 

end 
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fft _ unshifted _ meas=fft _ shef( fft_ unshifted _ meas,pow _ fft, -1 ); 

%figure no shift in time domain 

end 

plot( time_ ns,( abs( fft_ unshifted _ref)), 'r'); 

hold on 

plot( time_ ns,( abs( fft_ unshifted _ meas) ), 'k'); 

ylim([O 0.02]) 

xlim([138 150]) 

title('Time domain') 

legend('ref, 'measure') 

xlabel('Time ( ns )') 

ylabel('Transmission coefficient'); 

[ val_ref, idx _refJ=max( abs( fft _ unshifted _ref)); 

[val_ meas, idx _ meas ]=max(abs(fft_ unshifted_ meas )); 

ptp( count, 1 )=time_ ns(idx _ meas )-time_ ns(idx _ref)+len/spdlgt* 1 e9; 

figure 

plot( vwc,ptp, 'kp'); 

hold on 

y=ptp; 

x=ones( size(y, 1 ),2) 

x(:,1)=vwc 

[B,BINT,R,RINT,STATS] = regress(y,x); 

STATS(1) 

ynew=B( 1 )*x( :, 1 )+ B(2)~ 

plot(x(:, 1 ),ynew,'b') 

syn _travel=linspace(1.5,5, 11 ); 
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plot(12.56*(spdlgt* le-9*syn _travel/len-t. 756),syn _travel,'k')~ 

xlim([O 40]) 

xlabel('VWC (% )') 

ylabel('Travel time (ns )') 

legend('measurements', 'best fit', 'literature' ,2) 

B(l) 

B(2) 

fid=fopen('slope _intercept_r2.dat','w')~ 

fprintf(fid,'%f%f%f\n',B(l),B(2),STATS(l))~ 

fclose( fid); 
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