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Abstract

The electrical conductivity (EC) of a medium invaded by TDR sensors can be estimated from the impedance of
a TDR reflectogram. Four categories of sensor were tested in salt solutions and the impedances of the TDR
pulse wave were correlated to the EC of the solution. The relation between the impedance and EC over a wide
range of conductivities is non-linear but stable. Second- to fourth-degree polynomials can extend the measure-
ment range to 44 dS m™ (equivalent to a NaCl concentration of 28 g 1! or 0.48 N) and result in better prediction
of the conductivities than linear relations. For automatic measurement of EC with a datalogger, the method of
Giese and Tiemann (1975, Adv. Mol. Rel. Processes, 7: 45—59) gives accurate measurement of conductivities lower
than 10 dS m™. Polynomial relations between EC and the datalogger’s record provide an accurate estimate of
the conductivity over a wide range. However, for both manual and automatic measurements, the sensors need to
be calibrated individually. In particular, in the non-linear region, the differences between sensors are larger.
Fortunately, the relation is sufficiently stable to eliminate significant error.

Introduction

Time-domain reflectometry (TDR) is an established
method for measuring the volumetric water content of
soils. It also has the potential to measure the electrical
conductivity (EC) of solutions-and soils. The electrical
conductivity of soils enables the calculation of the con-
centration of solute in soil water, which can be used to
construct  solute-breakthrough curves to determine
solute-transport parameters (Mallants ez al., 1994; Ward
et al., 1994, 1995; Vanclooster et a4l., 1995; Mojid, 1996;
Vogeler et al., 1996). The success or failure of the TDR
technique for these measurements depends on the accu-
racy of the calibration involved (Mallants ez al., 1996).
However, it is claimed that the electrical conductivity of
a bulk soil can only be measured for soil-water electrical
conductivity up to 8 or 10 dS m™ (Dalton, 1992; Van-
clooster et al., 1993) or up to 14 to 20 dS m™ (Dalton
and van Genuchten, 1986). Most references express the
electrical conductivity of bulk soil in relation to the elec-
trical conductivity of soil water, whereas TDR measures
the electrical conductivity of bulk soil, termed the bulk
electrical conductivity. Dalton and van Genuchten (1986)

claimed a proportional attenuation of the amplitude of
the reflected voltage pulse with EC. They found close
agreement between the electrical conductivities measured
by TDR and by four-probe techniques, both measuring
bulk EC. Kachanoski et al. (1992) developed a relation-
ship between the attenuation of the TDR signal and the
EC of the bulk soil. Dalton et al (1984), Topp et al.
(1988), Yanuka er al. (1988) and Zegelin et al. (1989)
independently suggested theoretical approaches (Table 1)
to determine electrical conductivities from the amplitudes
of the TDR wave. In these equations, G is the electrical
conductivity of the medium (S m™), € is the dielectric
constant of the medium, Lg is the length of the sensor
(m), and Vg, V1, V2 and Ff are the impedances (Q) of
the TDR trace (Fig. 1).

Unfortunately, the electrical conductivities estimated
in the present study by these methods deviate consider-
ably from each other (Nadler ez al., 1991) as illustrated
by an example in Table 1. These methods also do not
apply over a wide range of conductivities (Nadler ez al.,
1991). Dalton et 4l (1984) and Dalton and van
Genuchten (1986) ignored the effects of multiple
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Fig. 1 A typical display of the TDR reflectogram in water.

reflections of the signal, caused by the discontinuities of
the impedance, from the entrance and end of the sensor.
To overcome these multi-reflection interferences, Topp
et al. (1988), Yanuka ez al. (1988), Zegelin ez al. (1989)
and Nadler ez a/. (1991) suggested using the impedance
at a longer distance on the horizontal axis of the TDR
reflectogram to determine the EC. Nadler er al. (1991)
proposed a linear relation between the bulk EC and the
impedance after multiple reflections. They included a
probe constant and defined it in terms of the length and
characteristic impedance of the sensor. Vanclooster ez al.
(1993) also claimed a linear relation between the bulk EC
of the soil and the ratio of the impedance of the ingoing
signal to the impedance of the signal after multiple
reflections. However, the actual relation between the
electrical conductivity, 6, and the impedance after multi-
ple reflections, V%, is non-linear (Heimovaara, 1993; Van-
clooster ¢t al, 1994; Ward e al, 1994). The
non-linearity increases with increasing conductivity. The
characteristics of the sensor. also influence. the non-

linearity. Heimovaara (1993) suggested subtracting the
combined series resistance, R (L2), of the cable, connec-
tors and TDR instrument, from the impedance after
multiple reflections to compensate for the non-linearity at
higher conductivities. The mathematical expression is:

G=Kc /(I/t"_Rcs) (1)

where G is the electrical conductivity (S m™) and K is a
probe constant (m™).

Recently, the components of the Campbell Scientific
TDR system have been designed to apply TDR for mea- -
suring the EC of bulk soils and solutions. The mathemat-
ical relation of Giese and Tiemann (1975), described in
the next section, is used in an EPROM-program. The
conductivity of the medium surrounding a TDR sensor
attenuates the signal rapidly, and limits the measurement
of electrical conductivity as well as soil-water 'content.
Dalton and van Genuchten (1986) and Dalton (1992)
could measure the bulk EC ofisoils for pore-water electri-
cal conductivities of less than 14-20 dS m™, depending
on the soil-water content. Zegelin ¢ al. (1989) noted
rapid attenuation of the TDR signal in highly conductive
media and observed a greater influence of the conductiv-
ity on two-wire sensors than on three-wire sensors. They
measured reflected signals at 20 °C in a series of aqueous
solutions of sodium chloride (NaCl) whose concentrations
varied from 0-2.9 g 1™, They observed a complete atten-
uation of the reflected signal at 1 dS m™ for the two-wire
sensors compared to 6 dS m™ for the three-wire sensors.
In both cases, the length of the sensor was 15 c¢cm. In
their experiments, the three-wire sensors and the coaxial
cell measured identical electrical conductivities but the
two-wire sensors measured substantially different values
for the same solutions. Zegelin et al. (1989) concluded
that three-wire sensors were superior to two-wire sensors.

Theory of measuring electrical
conductivity by TDR

The ordinate of a TDR reflectogram (Fig. 1) displays the
impedance of the pulse wave which is proportional to the

Table 1. Theoretical equations for determining bulk electrical conductivity from a ' TDR wave form with an example of their
performance (example has € = 86 (TDR-measured higher € in saline water), Ls = 0.15m, /=50 Q, 1" =122 Q, V> =194 Q

and V=173 Q)

Equation Source EC(dSm™)
Estimated Actual

o = (e / 120nL) In [V / (V2 - V)] Dalton et al., 1984 0.865

o = (Ve / 120nLy) In {2V — V)/[Vo(Va — VDR Topp et al., 1988 1.788 1724

o = (Ve / 120nLy) In {{M1V; — Vo(V1 + VOV IVo(V1 - VO Yanuka et al., 1988 2.625

o = (Ne / 120mLs) (V1 / Vi) [2Vo — V/(2Vy - V1)) chclin‘et al., 1989 1.089
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energy of the generated signal. The attenuation of this
energy depends on the conductivity of the medium
through which the wave propagates. At a very long dis-
tance along the TDR trace, all reflections are suppressed.
The impedance of the signal approaches a constant value
for a given EC of the medium. This is equivalent to the
impedance (resistance) of the direct-current component
only. This impedance is independent of the characteris-
tics of the transmission line, that is, the configuration,
transfer-efficiency of the pulse, or multiple reflections
(Nadler et al., 1991; Kraus, 1992, p. 529). The depen-
dency of the amplitude of the reflected signal on the
conductivity of the medium is the basis of measuring EC
by TDR. However, the exact interpretation of the signal
for this purpose still remains controversial and is a topic
of current research for many investigators. The method
of Giese and Tiemann (1975) is used for the automatic
measurement of the bulk EC with a datalogger. The
mathematical expression of this method is:

o=t Lt @)

where G is the bulk electrical conductivity (S m™), K
is a probe constant (m™) for the method of Giese and
Tiemann, Z is the impedance of the cable (50 € for a
coaxial cable), and p, is a voltage reflection coefficient
which is the ratio of the reflected voltage to the launched
voltage.

Design and construction of TDR
Sensors

Parallel three-wire sensors were chosen in preference to
two-wire sensors because of their better performance,
especially under saline conditions. Four categories of sen-
sor were constructed. Their geometry is described in
Table 2. The design features of a parallel three-wire sen-
sor are depicted in Figure 2. The wires of the sensor are
connected to a coaxial cable of 50 Q impedance with a
quick transition, i.e. the transition between the coaxial
cable and the wires in contact with the soil is as short as
possible, to minimise any possible impedance mismatch

between the head of the sensor and the soil. Phenolic
Fabric (brand name Tufnol), a material with good
mechanical and electrical properties under dry and wet
conditions, is used for the transition between the coaxial
cable and the wires. Tufnol plate, 1 cm thick, keeps the
stainless-steel rods (the wires of the sensor) parallel. A 5-
mm groove is cut in the plate, through which the cable
is connected. Precise holes are drilled in the plates so
that only 5 mm of the wires are in the plate. The
designed length (0.15 m) remains outside and will be in
contact with the soil. A second plate is screwed onto the
first plate. The two plates are glued together to make the
head of the sensor waterproof. The grooves inside the
heads of the second-type sensors were filled with com-
mercial silicone sealant (usually semi-solid but becoming
solid after drying) to make them stable and watertight.
This. also allows easy repair and maintenance of the sen-
sors. The first and second types of sensor are virtually
the same except that the second type contains silicone
inside the head. The silicone dramatically changes the
characteristics of the second-type sensors. To confirm
the effects of the silicone, these sensors were tested agaih
after removing the silicone from the heads.

Test of sensors in salt solutions

The TDR sensors were tested in solutions of sodium
chloride. The objective was to correlate the impedances
of the TDR wave with the electrical conductivities of the
solutions. Three experiments (1, 2 & 3 in Table 3) were
conducted for manual measurements and one (4 in Table
3) for automatic measurement. The type and number of
the sensors used in each experiment are summarised in
Table 3.

A PVC cylinder, 20 ¢cm in diameter and 40 cm high
with the base closed, was filled with distilled water. One
sensor was. immersed vertically and centrally into the
water of the cylinder from a support at the top. The
coaxial cable of the sensor was connected to a TDR
(Tektronix 1502C). The TDR displays the reflected wave
(Fig. 1) on the monitor. The impedances of the reflected
wave were recorded at three locations (50, 100, and 624
m) on the reflectogram after multiple reflections. This

Table 2. Specifications and geometry of the four different types of sensor

Type of Length of Diameter of Spacing of Length of Impedance
sensor rod (mm) rod {mm) rod (mm) cable (m) of cable (£2)
1 150 6 25 5.00 50
2 150 6 25 5.00 50
3 150 6 25 2.15 50
4 300 6 25 250 50
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Fig. 2 A schematic diagram of the design of a parallel three-wire
sensor.

was necessary because the impedance of the pulse signal
increases rapidly over smaller distances and gradually
becomes constant and equal to the resistance of the
direct current after 6 to 7 bounces, that is, after 6 to 7
complete trips (Kraus, 1992, p. 527). This implies that,
beyond a distance of 6 to 7 times the length of the wires
of the sensor on the TDR trace, the impedance should
be constant. But, in practice with TDR, ‘the impedance
changes with distance (it increases at lower conductivities
but decreases at higher conductivities) gradually but
slowly beyond this distance on the horizontal axis. At
very high conductivities, an anomaly in the impedance is
observed in the furthest section of the wave form. Up to
a certain distance in the furthest section of the wave
form, the impedance remains higher than the previous
section. These anomalies depend on the characteristics of
the specific sensor. Ward er al. (1994) also observed this
type of anomaly. Therefore, the impedances at the three

Table 3. Type and number of sensors used in calibration tests

Experiment no. Type 1 Type’2 Type3 Type 4
1 2 - 2 1
2 1 7 - -
3 3 4 - -
4 3 5 - -
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different locations were used to evaluate the effects of the
change of impedance with distance on the measurement of
EC. All sensors were scanned in the same way one after
another in the same cylinder of water. A sample of water
was collected from the cylinder. Salt solution (NaCl) was
added stepwise to the water in the cylinder and mixed
thoroughly to increase its conductivity. All measurements
and sampling were repeated. In this way, the conductivity
was gradually increased up to 44 dSm™ (i.e. up to a cor-
responding NaCl concentration of approximately 28 g 1
= 0.48 N) over 36 steps. For each conductivity level, the
impedances of the signal were recorded for all sensors and
a sample of solution was' collected. However, for sensor
type 4, the whole of the reflected signal was attenuated at
about 22dSm™ (14 g1™). The temperature of the salt
solution was also recorded at each step. The electrical
conductivities of the solution samples were measured by a
conductivity bridge at a reference temperature of 25 °C.
These were converted to the corresponding temperature at
which the impedances were measured. The conversion is
based on an increase (or decrease) of the conductivity by
2% of its measured value per degree increase (or decrease)
in temperature.

The test for automatic measurement of the EC was
similar to that described above except that no
impedances were recorded manually here. Instead, a
computer program, using option 3 in the programming
instruction 100 of the P208 software of the Campbell
Scientific, was downloaded to a datalogger (Campbell
Scientific CR10). The value of the probe constant, Kp,
was taken as unity in the program so that the datalogger
recorded the value of (1 — p,)/[Z(1 + p;)] in Equation 2.

"The conductivity of the solution was increased step-wise

up to 28 dS m™ (18 g I'"). The samples of solution were
collected and the temperatures were also recorded at each
step. Three sensors of type 1 and five of type 2 (Table 3)
were used in this test.

Calibration of the sensors for bulk
EC

The constant impedances of the TDR reflectogram after
multiple reflections are highly correlated to the electrical
conductivities of the solutions. The plot of the reciprocal
of the impedances, V¢, against the bulk electrical con-
ductivities, ©, of the solutions is non-linear (Fig. 3). This
non-linearity increases with increasing conductivity. All
sensors of a particular type show almost the same charac-
teristics except for the second type which contains sili-
cone. The characteristics differ for each sensor of this
type (Fig. 3). The measured impedances for all the sen-
sors were interpreted with different non-linear equations.
The equations were compared by their coefficients of
determination, R’. Extra parameters yielding a small
increase in R? were not retained.
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Fig. 3 Relation between impedance of TDR signal and electrical
conductivity of salt solution for different sensors.

The electrical conductivities of the solutions and the
reciprocal of the impedances are more easily related by
polynomial equations of the form:

O=Ay+ AV + AV AVT + AVTY ()

where ¢ is the electrical conductivity of solutions
(S m™), V¢ is the impedance of the TDR signal after
multiple reflections (2, Fig. 1), and Ay to A4 are arbi-
trary parameters which depend on the characteristics of a
specific sensor. Third- and fourth-degree polynomials
with zero intercept (49 = 0) fit the observations very
well for all sensors of the first and second type. How-
ever, a second-degree polynomial is sufficient to fit the
data of the third- and fourth-type sensors. There are no
differences among replicate experiments for the same
sensor. The polynomial equation (Eq. 3) was fitted sepa-
rately for the individual sensors of the second type.
However, the equation was fitted for all the sensors of
the first and third type as a whole since their individual
behaviours were almost the same. The impedances mea-
sured at 50, 100 and 624 m on the wave form were used
separately for all sensors. They showed virtually the
same results.

The method proposed by Heimovaara (Eq. 1) was also
tested with the experimental data of the second-type sen-
sors. The probe constant, K}, and the combined series
resistance, R, in Equation 1 were optimised from the
observed data. The electrical conductivities of the solu-
tions were cortelated to the quantities recorded by the
datalogger. The relation is non-linear and the degree of
non-linearity depends on the characteristics of the sensor.
However, over the lower range of EC (<10 dS m™), the

relation appears to be linear. In this linear region, the
probe constant, K, was determined for the different sen-
sors by linear regression.

Results and discussion

The seven sensors of the second type containing silicone
behaved differently. Over the lower electrical conductivi-
ties, the data points followed a linear relation (Fig. 3).
But, as the EC increased, the relation became non-
linear and the different sensors followed different curves
(Fig. 3). Similar results were also observed by Retherford
et al. (1992) and Heimovaara (1993). However, the struc-
ture of the equation (Eq. 3) remained the same for all
the sensors and only the parameters (Ay, A1, A2, A3 &
Ags) changed. Separate calibration of individual sensors
fitted the observations over the whole range (0-44 dS
m™") of the conductivities used in the experiments. The
calibration procedure of Heimovaara (1993) also provided
a good fit to the measurements. Figure 4 compares the
measured and predicted electrical conductivities by the
polynomial relation (Eq. 3) and by the method of
Heimovaara (Eq. 1) for sensor 2.1 as an example. The
method of Heimovaara sometimes overestimated the con-
ductivity over the lower range. The accuracy and degree
of fit by the two methods were compared by their
coefficients of determination (R”). Table 4 shows R
combined series resistance, R., and probe constant, K,
estimated by Equation 1. The values of R* were very
high in both methods and for all sensors. It is evident
that the polynomial relations always resulted in higher

a measured EC
+ Heimovaara estimate

E 50

— polynomial estimate

&
(]

30
20

10

measured and estimated EC [dS/m

0 . I i L M Il N L
0 01 02 03 04 05

reciprocal of impedance [Q ']

Fig. 4 Fitting of measured electrical conductivity (EC) to calibra-
tion functions (Eqs 1 and 3) for sensor 2.1.
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Table 4. Coefficient of determination, R, combined series resistance, R, and probe constant, K. , for the seven sensors of type 2

Method Parameter Sensor Sensor Sensor Sensor Sensor Sensor Sensor
2.1 2.2 2.3 2.4 2.5 2.6 2.7

Polynomial (Eq. 3) R 0.998 0.999 1.000 0.999 0.999 1.000 0.999

Heimovaara (Eq. 1) R? 0.997 0.998 0.999 0.996 0.998 0.998 0.998

R (Q) 1.064 1.620 1.778 1.623 1.904 1.629 1.760

K. (m™) 4.267 3.547 3.744 3.995 3.607 3.881 3.778

values of R* (Table 4) than the method of Heimovaara.
Because the sensors were tested over a wide range of
conductivity (0 — 44 dS m™), a small variation in R®
caused considerable. variations in the prediction of the
conductivities over the lower range because of smaller
conductivities. However, the evidence of higher R* by
the polynomial equations confirmed the superiority of
this method over the other. Although the geometry and
the construction materials were the same for the seven
sensors, K. and R were governed by the characteristics
of the individual sensors (Table 4).

After removing the silicone, the sensors of the second
type behaved essentially in the same manner as the first
type. The third experiment confirmed this by giving the
same calibration equation for sensor types 1 and 2. The
estimated ECs for all sensors of the first and second type
(after removing the silicone) fitted .the observations very
well (Fig. 5) with an excellent coefficient of determina-

a measured EC — estimated EC

- = NN W W
O W O W O W

W

measured and estimated EC [dS/m]

0
00 0.1 02 03 04 05 0.6 0.7

reciprocal of impedance [Q Y]

Fig. 5 Fitting of measured elecirical conductivity (EC) to calibra-
tion function (Eq. 3) for sensors of types 1 and 2 afier removing
silicone.
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tion (0.999). This fact implies that the characteristics of
the head of the sensor must be taken into account in cal-
ibrating sensors to measure EC. Separate calibration of
individual sensors overcame the effect of the characteris-
tics of the head of the sensors. A single calibration equa-
tion fitted the observed electrical conductivities for the
two sensors of the third type with a very high coefficient
of determination (0.997). Figure 6 demonstrates the
fitting of the observed and estimated ECs for these sen-
sors. The same relation for the data of the fourth-type
sensor is shown in Figure 7. The coefficient of deter-
mination is again very high (R* = 0.998).

The calibration functions for all sensors of the four
types have been compared in Figure 8. The first- and
third-type sensors showed nearly similar behaviour in
their performance but the seven sensors of the second
type performed differently. The differences were most
evident at higher ECs. The first- and second-type sen-
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Fig. 6 Fitting of measured electrical conductivity (EC) to calibra-
tion function (Eq. 3) for sensors of type 3.
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a measured EC — estimated EC
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Fig. 7 Fitting of measured electrical conductivity (EC) to calibra-
tion function (Eq. 3) for sensors of type 4.

sors had virtually the same geometry. The difference
between them was only in the head of the sensor. In the
first type, the inside was filled with air ; in the second
type, it was filled with silicone which is a good insulator.
The energy loss inside the heads of the second-type sen-
sors was less than in the first type. This was demon-
strated by the upward shifting of the curves for the
second-type sensors (Fig. 8). This energy loss in a TDR
sensor, which is proportional to the conductivity of the
surrounding medium, is a very important factor in the
estimation of ECs from the measurements of impedances.
The TDR sends a voltage wave through the coaxial cable
connected to the sensor. It measures internally a voltage
reflection coefficient, p;, which is the ratio of the voltage
reflected from the sensor to that launched through the
sensor. The Tektronix 1502C translates the vertical ordi-
nate of the reflected voltage into an equivalent impedance
of the signal for a lossless cable. The -equivalent
impedance, Z. (Q2), which is proportional to the conduc-
tivity of the medium (Eq. 2), is (Anonymous, 1983):

Ze = Z(1 + pr)/(1 - py) “

where Z is the impedance of the cable (2). For a per-
fectly lossless cable, the absolute value of the voltage
reflection coefficient, py, is unity. In a short-circuited
cable, p; is —1 and the equivalent impedance, Z, is zero
according to Equation 4. But, in an open circuit, p; is 1
and Z, is infinite,

The equivalent impedance (Z.), displayed as ¥y, V7,
V2 and Vr on the TDR screen (Fig. 1), is a semi-

quantitative measure of the impedance of the coaxial
cable and/or sensor connected to the cable. This is
partly because commercial TDR instruments calculate
equivalent impedance compared to a reference impedance
of a lossless cable. In addition to the simplification by
Equation 4 for lossless cables, the attenuation of the trav-
elling pulse is also enhanced by the length of the cable
because of its resistance. The Tektronix application note
(Anonymous, 1983) clearly warns of this attenuation
along the length of the cable: ‘Pulse amplitude reduction
does not create major problems in locating and identify-
ing cable faults but does make it difficult to measure
absolute reflection coefficient at a point some distance
down a cable’ The problems of energy loss with the
length of the cable, and the fact that Equation 4 is valid
only for a lossless medium, are important complications
for the measurement of EC by TDR. The sensor in a
salt solution or saline soil resembles a wave guide in a
lossy medium and is certainly not lossless. Therefore, the
measurement of EC by TDR is an approximation.

For low electrical conductivities (<10 dS m™), the
relation between the ECs and the reciprocal of the
impedances appears to be linear (Fig. 3), but the linear
relation underestimates electrical conductivities over the
lowest range (<0.5 dS m™). However, the polynomial
relation (Eq. 3) results in an accurate estimation. In addi-
tion to this, the correlation improves when the two vari-
ables (electrical conductivity and impedance) are
correlated by Equation 3. Over higher conductivities, the
curvilinearity becomes very distinct and increases with
increasing EC (Eq. 3).

o S:1 ¢8:21—8:224a 8:23+ S:24
e S:250 8:26 S:27—S:3 = 8S:4

2000

4

[a—y
(¥, ]
S
(=]
O«
0t
[n]

estimated EC [dS/m]
w o
8 &8

(=]

00 02 04 06 08 1.0
reciprocal of impedance [Q ]

Fig. 8 Comparison of calibration equations for all four types of
sensor.
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Table 5. Coefficient of determination, R%, and probe constant, K, for automatic measurement

Method

Parameter Sensor Sensor Sensor Sensor Sensor Sensor Sensor Sensor

1.1 1.2 1.3 2.2 2.3 2.4 2.5 2.6
Polynomial(Eq. 3) R? 0.990 1.000 0.998 1.000 0.999 0.999 0.993 0.997
Giese and R? — 0.996 0.992 0.996 0.996 0.997 / 0.993 0.997
Tiemann (Eq. 2) K, (m™) — 3.325 3.607 3.343 3.381 3.394 3.604 3472

In the case of automatic measurement by a datalogger,
the relation between electrical conductivity, ©, and the
quantity (the reciprocal - of equivalent impedance),
[A - po)/[Z(1 + py)] in Equation 2, measured by the
datalogger, is found to be non-linear (Fig.9). Therefore,
the method of Giese and Tiemann (Eq. 2) cannot predict
the observed conductivities in the non-linear region. This
is because © is linearly related to [(1 — p;)/[Z(1 + p,)] in
Equation 2. However, a second-degree polynomial fits ¢
and [(1- py)/[Z(1 + p,)] for all sensors. But, for low val-
ues of EC (<10 dS m™), a linear relation holds and the
equation of Giese and Tiemann (Eq..2) fits the measured
data well. Table 5 summarises the coefficients of deter-
mination, R, and the probe constant, K,, for the poly-
nomial and Giese and Tiemann methods. The values of
R? are reasonably high and indicate the good fitting of
the predicted and measured conductivities. The value of
K, varies slightly among the sensors (3.45 £0.12 m™).

The calibration procedures presented here can be used

v S:1.1 & S:1.2 = S:1.3 + S:2.2
o S:i23 ¢ S:24 a S:25 v S:2.6
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Fig. 9 Relation between (1 — p,)/ [Z(] + p,)] from datalogger
records and electrical conductivity, ©, of solution for semsors of
types | and 2.
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successfully to measure a wide range of EC. The highest
and lowest values of the impedance measured by TDR
are 1000 €2 and 1 €, respectively, and consequently the
lowest and highest ECs are obtained at 1000 Q and 1 Q,
respectively. The geometry of the sensors (especially the
length of the wire) and the materials used in the head of
the sensor affect the attenuation of the TDR signal, and
thus determine the range of the measurements. The pro-
posed calibration procedures (polynomial functions) can
measure much higher conductivities than those reported
by Zegelin er al. (1989). However, at very high concen-
trations of salt (>19gI™ = 0.33 N NaCl), that is, for
conductivities greater than 30 dS m™, the impedance of
the TDR wave becomes less sensitive to ©. The
impedance decreases non-linearly at a diminished rate
with increasing concentration of salt. At this stage, addi-
tion of a small quantity of salt increases G of the solution,
but does not cause any change in the impedance. This
affects the accuracy of the measurement at higher ECs
(when impedance is less than about 3 Q). However, these
higher conductivities are seldom encountered in practice.

TDR is, thus, able to measure a wide range of EC
using a parallel three-wire sensor. This can measure ECs
of a solution and also of a soil-water system. The sensor
needs to be calibrated first in salt solution to establish
the governing equation. The equation is simple and
needs only one measurement of the impedance on the
TDR trace for the manual measurement. The automatic
measurement is much simpler than manual measure-
ffnents. This calibration technique opens a new perspec-
tive to measure electrical conductivity by TDR.
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