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Abstract

Capacitance probes are a fast, safe and relatively inexpensive means of measuring the relative permittivity of soils, which can
then be used to estimate soil water content. Initial experiments with capacitance probes used empirical calibrations between the
frequency response of the instrument and soil water content. This has the disadvantage that the calibrations are instrument-
dependent. A twofold calibration strategy is described in this paper; the instrument frequency is turned into relative permittiv-
ity (dielectric constant) which can then be calibrated against soil water content. This approach offers the advantages of making
the second calibration, from soil permittivity to soil water content, instrument-independent and allows comparison with other
dielectric methods, such as time domain reflectometry.

A physically based model, used to calibrate capacitance probes in terms of relative permittivity (€,) is presented. The model,
which was developed from circuit analysis, predicts, successfully, the frequency response of the instrument in liquids with dif-
ferent relative permittivities, using only measurements in air and water. It was used successfully to calibrate 10 prototype sur-
face capacitance insertion probes (SCIPs) and a depth capacitance probe. The findings demonstrate that the geometric properties
of the instrument electrodes were an important parameter in the model, the value of which could be fixed through measure-
ment.

The relationship between apparent soil permittivity and volumetric water content has been the subject of much research in
the last 30 years. Two lines of investigation have developed, time domain reflectometry (TDR) and capacitance. Both methods
claim to measure relative permittivity and should therefore be comparable. This paper demonstrates that the IH capacitance
probe overestimates relative permittivity as the ionic conductivity of the medium increases. Electrically conducting ionic solu-
tions were used to test the magnitude of this effect on the determination of relative permittivity. The response was modelled so
that the relative permittivity, independent of ionic conductivity, could be determined in solutions with an electrical conductiv-
ity of up to 0.25 S m™". It was found that a solution EC of less than 0.05 S m™! had little impact on the permittivity measure-

ment.

Introduction

Two independent lines of research have developed instru-
ments for measurement of the relative permittivity and
volumetric water content of soil: time domain reflectome-
ters and capacitance probes.

Time Domain Reflectometry (TDR) has been very suc-
cessful (Hoekstra and Delaney, 1974; Topp et al., 1980;
Zegelin et al., 1992; Roth et al.; 1992; Malicki ez al., 1996)
but proves expensive if only a small number of sensors is
required. The theoretical basis for measurement of per-
mittivity by TDR is well established (Felner-Feldegg,
1969; Heimovaara, 1994) and the effect of ionic conduc-
tivity on permittivity measurement can be neglected below
0.8 S m! (Dalton, 1992).

The improvement in quality of high frequency oscilla-
tors (50-150 MHz) and their reduction in cost has led to
a resurgence of interest in the use of adaptable capacitance
probes for soil water measurement (Dean et al., 1987;
Hilhorst ez al., 1993; Perdok ez 4l., 1996; Eller and Denoth,
1996, Nadler and Lapid, 1996, Ould Mohamed et al.,
1997; Paltineanu and Starr, 1997). They were developed to
meet the requirement for an inexpensive non-radioactive
field instrument which could give rapid measurements.
The capacitance probe is smaller, more adaptable, less
bulky and much cheaper to make than TDR instrumenta-
tion. The electrode arrangement is very adaptable, making
it possible to have a variety of configurations based on the
same basic circuitry.

Since both techniques utilise the relationship between

111



D.A. Robinson, C.M.K. Gardner, J. Evans, J.D. Cooper, M.G. Hodnett and J.P. Bell

relative permittivity and water content in approximately
the same frequency range (Paltineanu and Starr, 1997), the
two types of system should prove complementary in fur-
thering the understanding of the dielectric properties of
soils and providing a range of instrumentation with com-
patible calibration functions between soil permittivity and
volumetric water content.

An adaptable, lightweight, high frequency capacitance
sensor to measure volumetric soil water content was devel-
oped by Dean er al. (1987). The same basic circuitry
(Dean, 1994) has been used with a number of electrode
configurations to develop capacitance sensors for different
applications. One of these, a surface capacitance insertion
probe (SCIP), with 100 mm stainless steel electrodes, can
be used both as a hand-held field probe (Robinson & Dean,
1993) or as a buried sensor which links to a logger. It is
very portable and suited to the rapid acquisition of spa-
tially distributed measurements. This information may be
used, for instance, as ground truth for remotely sensed
data. Once the probe has been calibrated, it removes the
need for more destructive, time consuming, gravimetric
sampling. A depth probe was also developed by Dean et
al. (1987) which is inserted into the soil via a plastic access
tube and was commercially available in the early 1990s.
Whalley et al. (1992) tested a tine mounted sensor which
could be drawn behind a tractor.

These capacitance sensors share a need for calibration to
relate the instrument oscillation frequency to soil volu-
metric water content. In earlier research, field calibrations
were performed between sensor frequency output and soil
volumetric water content (Bell er al., 1987; Whalley ez al.,
1992; Robinson & Dean, 1993; Wu, 1998). The same
approach has been used for similar capacitance probes by
Tomer and Anderson (1995) and Evett and Steiner (1995).
This approach has two drawbacks; calibrations are sensor-
specific and they are not directly comparable with other
instruments (e.g. TDR). Robinson ez @l (1994) and
Gardner et al. (1998) overcame these by first converting
the frequency response of a SCIP to relative permittivity
(&) so that instrument-independent calibrations between &,
and water content could be established and compared with
TDR. Both these sets of workers used an empirical cali-
bration between probe frequency output and relative per-
mittivity derived from measurements in a series of organic
solvents with different permittivities. This worked well,
though proving time consuming, expensive and somewhat
hazardous as a result of the nature of the chemicals used.

A theoretical model was developed by Dean (1994)
describing the instrument frequency response to a dielec-
tric but it has not been extensively tested. The aims of this
work are: to test the model of Dean (1994) to determine if
it can be used routinely to determine relative permittivity
from the instrument frequency output; to simplify the cal-
ibration of capacitance sensors, avoiding the need for
empirical calibrations in hazardous and expensive organic
liquids by using only two measurements, one in air and
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one in de-mineralised water; to investigate the effect of
conductivity of the medium in which the probe is embed-
ded on the readings, and to provide a means to correct for
this effect.

Soil is not a perfect dielectric because the soil solution
is an electrical conductor and its conductivity is dependent
on its ionic strength. In the past, the development of
capacitance methods has been inhibited by the influence of
ionic conductivity (Wobschall, 1978). More recently,
Mead et al. (1995) using the EnviroSCAN (Sentek Pty
Ltd, 69 King William Street, Kent Town, SA 5067,
Australia) capacitance probe demonstrated that water con-
tent is overestimated in electrically conducting soil. If
capacitance methods are to be successful, the impact of
ionic conductivity must be understood and accounted for.

Design and theory
CAPACITANCE PROBE DESIGN

The SCIP and depth capacitance probe are illustrated in
Fig. 1. The SCIP has two 100 mm stainless steel elec-
trodes secured in a 30 mm plastic housing at the base of
the probe body. The 100 mm electrodes can be shortened
to 50 mm using a plastic spacer. The circuitry is contained
above the electrodes inside the main body. The oscillation
frequency of the instrument is displayed on an LCD at the
top of the instrument. The whole instrument weighs
under 1.5 kg and is housed in a robust, water resistant,
plastic casing (Fig. 1). For the experiments described here,
continuity was provided by using a single experimental
SCIP with detachable electrodes. The 30 mm plastic elec-
trode mounting block of this experimental SCIP was cut
in half and the main body was fitted with two male con-
nectors which could be inserted into female connectors in
detachable electrodes of 50, 100 and 150 mm length with
a 25 mm centre spacing. The depth probe has the same
basic circuitry, but has a pair of annular electrodes situated
one above the other and bonded to the inside of the probe
casing (Fig. 1).

THEORY OF OPERATION

The capacitance of a pair of electrodes is a function of the
permittivity of the material surrounding the electrodes and
their geometric configuration:

C = ggs, 0y

where C is capacitance, &, is relative permittivity, g is a
geometric constant and g, = 8.854 pF m™! is the electric
constant. The principle of operation of the probe used
here is to include the capacitor in the tuned circuit of an
oscillator and note the frequency of oscillation. The Clapp
(Amos, 1965) oscillator circuit was chosen for its temper-
ature stability (Dean et al., 1987). The oscillation fre-
quency (F) of a resonant circuit is given by (Kraus, 1984):
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Fig. 1. Schematic drawing of the surface capacitance insertion probe (SCIP) left, and depth probe right. The electrode and circuit configura~

tion are highlighted.
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where the circuit inductance and capacitance are L and C
respectively. In the instrument used here, the oscillation
frequency drops from about 150 MHz in air (relative per-
mittivity 1) to about 70 MHz in water (relative permittiv-
ity ~ 80) using 100 mm electrodes.

Oscillation frequency response model

Dean (1994) developed a model to describe the capacitance
probe’s circuitry and its oscillation frequency response to
changes in electrode capacitance:

. (1 1 1
F= ((2.;:)2.L)'(cl +C, * 03) )

where L is the total inductance of the circuit, composed of
a component inductor and stray inductance associated with
the circuit board tracks, Cj is the electrode capacitance
(&.4.€,), C; is the stray parallel capacitance and Cj is the
circuit board capacitance. C; is associated with the circuit

board and connections between the board and the probe.
Dean (1994) demonstrated from measurements in several
dielectric fluids that the probe frequency response was
consistent with Eqn. (3) and that values of the .various
parameters were close to those expected from theoretical
considerations.

To use the model for calibration of probes, values of all
the parameters in Eqn. (3) are needed. L and C; are
expected to vary between probes, whilst the other para-
meters should remain constant between different examples
of the same design of probe (Dean, 1994). Dean (1994)
found, from analysis of the circuit, that a value for the
board capacitance, C3; of 15 pF would be expected. This
value accorded well with a value of 16 pF obtained by least -
squares fitting of the frequency readings from one probe
against known values of permittivity in various dielectric
liquids. The value of the geometric constant is obtained
empirically through measurement, as described below.

Values of L and C; can be obtained from the probe’s
oscillation frequency in two known dielectrics, water (Fy)
and air (F,) by substitution in Eqn. (3):

F} - F}

2 2
\/(ew _ I)ZC,,Z + 2(8w - 1)'(E + FW

) ¢.C,+C —[(e, +1)C, + Ci]

Cz =

Q)

113






