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Abstract

Besides conventional time domain reflectometry (TDR) probe having parallel electrodes,
various types of downsized TDR probes, such as coil probe and noninvasive surface probe,
have been designed to measure soil-water content @). We also designed a column-attaching
TDR probe (CA probe) to minimize disturbance of soil matrix by the presence of TDR probe.
The CA probe was consisted of a couple of copper foils (length = 15 cm and width = 2 mm)
adhered along inner wall of acrylic plastic ring, and was calibrated with sand for various water
contents. Relative dielectric constants for sand increased with water content and reached to 12.7
at saturated condition @ = 0.43). Compared with the referential relative dielectric constant
measured by conventional probe, measured values for the CA probe were smaller for almost all
g range. The relative dielectric constant measured by the CA probe should be composite
dielectric constant (1) of 2 components, medium € ) and acrylic part €4). To evauate the
effect of acrylic part on er, €t was measured with several fluid media, and held in 2 phase
dielectric mixing model €1 = (Wwe 2 +(1-w) e,%)"2 ; where w and a are fitting parameters).
Combined model, by substituting €, in the Topp equation by the estimate of €, from the
mixing model (w = 0.412 and a = 1.07), generally agreed with measured . The determination
of the fitting parameters (w and a) with fluid media could make it easier to calibrate relative
didectric congtant vs. g than that with oil.
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Introduction

Time domain reflectometry (TDR) is widely used as nondestructive method to measure
soil-water content (). TDR determines relative dielectric constant (€m) of soil by measuring
the propagation velocity of an electromagnetic wave guided aong electrodes. Empirical
relationship proposed by Topp et d. (1980)14:



q=43 10°¢ °- 55 10*e, > +2.92 10°e - 53" 10 (1)

provides adequate description for many soils in the range g < 0.5 with an error of 0.013 nf m®
(Topp et[gl.,198d1]), except for organic soil and clayey soil (Bridge et al., 19962; Miyamoto et
al., 200113).

Parallel TDR probes, consisting of 2 or 3 parallel electrodes, are conventional in previous
studies. TDR probes have been downsized for practical use in situ and laboratory experiments.
In case of 2-wire probes, probe length can be shortened to 2.5 cm using a high bandwidth TDR
instrument (Kelly et al., 1995!4). In addition to the short probe, various types of downsized
TDR probes, having unique shapes, such as coil probe and noninvasive surface probe, have also
been designed (Nissen et ., 1998°!; Selker et d., 1993!%).

Adequate size of soil sampleisrequired to install TDR probe. For laboratory experiments using
cylindrical soil-column, internal diameter of cylindrical container should be larger than the
length of TDR probe; the size of soil-column depends on the length of TDR probe. However,
such limitation is not practical to conduct small-scaled laboratory experiment. Furthermore, the
presence of TDR probe embedded in soil may disturb soil matrix, and affect flow condition of
soil-water, regardless of its length and shape. Especialy in laboratory experiment using
cylindrical soil column, even small-scale disturbance of soil matrix may result in causing error
for the experimental result. Although installing TDR probe with simultaneous soil packing
could reduce such disturbance, the existence of embedded el ectrodes often complicates packing
il uniformly.

To conduct nondestructive and small-scaled g measurement, a column-attaching TDR probe
(CA probe), adhered aong inner wall of acrylic ring, was designed. The CA probe was
calibrated for sand at various water contents, and applicability of Topp equation (Eqg. 1) to the
observed data was investigated. Dielectric characteristics of the CA probe were examined by
measuring relative dielectric constant of ethanol having different concentrations, and were
compared with those of standard TDR probe. To reduce the additional efforts due to calibration
experiment under specific condition, the Topp equation was improved by considering the
dielectric characteristics of the CA probe, and the efficiency of the modified equation was
investigated.

M ethods
Probe char acterization with fluid media

Figure 1 shows schematic diagram of the CA probe. The CA probe is consisted of a couple of
long and thin copper foils (length = 15 cm, width = 0.2 cm, and thickness= 0.008 cm), adhered
along inner wall of acrylic plasticring (internal diameter = 5 cm) at the intermediate height. To
evaluate the dielectric characteristics of the probe, relative dielectric constants for several fluid
media, such as air, distilled water (DW), and ethanol solutions having different concentrations
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Fig.1 Schematic diagram of a CA probe.

(0.2, 0.4, 0.6, 0.8, and 1.0 kg kg™), were measured by using Tektronix 1502C cable tester.
Calibration with sand

A calibration experiment of the CA probe was carried out with Hakozaki sand, sampled from
Fukuoka city, Japan. Air-dried sand (@ = 0.002 nt m®) was segmented, and mixed with distilled
water (DW) in plastic bags. The g of sands was adjusted to 0.002, 0.04, 0.09, 0.14, 0.18, 0.23,
0.27, 0.29, 0.33, 0.34, 0.37, 0.39, 0.40, and 0.43 mi m* by changing the mixing ratio of the
volume of distilled water. These soil samples were packed into the column with the CA probe
uniformly (bulk density = 1.5 Mg m®), and relative dielectric constants for each sample were
measured. Relative dielectric constants for the same media were also measured with the 3-wire
probe (Ilength = 10 cm), which consgts of parald stainless sted rods.

Result and Discussion
Probe characteristics

Table 1 shows relative dielectric constants of distilled water (DW), ethanol solutions, and air,
measured by the 3wire probe and the CA probe. For the 3wire probe, measured relative
dielectric constant decreased with increase in ethanol concentration. Although similar tendency
for ethanol concentration was observed for the CA probe, the measured values for the CA probe
for each media were almost half of those for the 3-wire probe due to the presence of a
low- permittivity backing acrylic plastic.

Assuming the relative dielectric constants of fluid media by measuring with the 3-wire probe
(Table 1) are generally close to the real relative dielectric constant of the media (€ ), we can
directly relate e m with relative dielectric constant measured by the CA probe (€1) as shown in
Fig. 2. Except for ar, the measured € 1 vaues were lowered below thelineof e = € .

Composite dielectric constant of multiphase mixture can be functionally related to the relative



Tablel Reaive didectric constantsof distilled water (DW), ethanol having different
concentratiors (0.2, 0.4, 0.6, 0.8, 1.0 kg kg*), and air, measured by 3-wire probe

and CA probe.
Measured relative dielectric constant
C (kgkgh™  3-wireprobe CA probe
0 (DW™) 81.0 36.4
0.2 67.3 30.5
0.4 56.3 25.8
0.6 41.6 19.6
0.8 29.6 14.5
1.0 19.0 10.0
Air 15 3.1

* Ethanol / (ethanol + water) [kg kg™], ** Distilled water
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Fig. 2 Rdative dielectric constant measured by the CA probe (€;) for reldive
dielectric congtant of flud media(e,,).

dielectric constant and volumetric fractions of materials around TDR probe according to
dielectric mixing model (Roth et al., 1990'")). Since the backing acrylic plastic had enough
thickness, air part outside the plastic did not affect on the measured relative dielectric constant.
Assuming et should be the integration of 2 components, that is inner medium (€m) and acrylic

part (€, = 2.7), we can express the €1 by the following equation, based on 2-phase dielectric
mixing modd:



er ={wep +(1- wez}” @
where w is weighting factor, and a is geometry exponent. Both w and a depend on the
dielectric characteristics of the CA probe. For the determination of both parameters, non linear
least square method was applied to fit Eq. 2 with the data sets of measured €+ corresponding to
em of ethanol solutions. The optimized w and a were 0.412 and 1.07, respectively (EQ. 2). The
weighting factor for €, was smaller than that for € 5 (0.588). This indicates that the presence of
acrylic part largely affects on er, and thus the CA probe become less sensitive to the change in
€ , than the 3-wire probe.

Probe performance with sand

Figure 3 shows TDR waveforns for distilled water and sand (q = 0.002, 0.09, 0.23, 0.33, and
043 nt m®) using the CA probe. Apparent distance (L), and thus the relative dielectric
congtant, for the CA probe increased with g aswell as the 3-wire probe (dataiis not shown).

The observed €, vs. g for the 3-wire probe, and €1 vs. q for the CA probe are shown in Fig. 4.
The €, vs. g estimated by Topp equation (Eq. 1) is aso drawn in Fig. 4. For the CA probe,
sengtivity of € 1+ to q was high at wet condition, but less at low ¢ range.

Good agreement was obtained between Topp equation and measured values for the 3wire
probe, while observed values for the CA probe disagreed with Topp equation due to the
presence of backing acrylic plastic. This result coincided with the result for noninvasive surface
probe Gelker et al., 1993!). The dscrepancy between Topp equationand observed data was
presumed as a common characterigtic of unique shaped TDR probe.

Substituting € i, from Eq. 2 for Topp equation (Eq. 1), we can combine Topp equation with
didectric mixing modd as

- <¥a _ ..2[a
q=4310°Fet - 1 %2 0 55 1048 er - 7 Wer 0
- Jfa
+2.92 :I.O'zf?leil - 1_We:cg - 5.3 102 ©)
ew g

The estimated €+ vs. g according to combined model (Eq. 3) is aso drawn with broken line in
Fig. 4. The combined model agreed with observed et vs. g for the CA probe This indicates that
the estimation based on the combined model has enough adaptability in the calibration for
particular shaped TDR probe.

Equation 2 expresses the relationship between measured relative dielectric constant using the
TDR cable tester for the CA probe (€1) and the relative dielectric constant of medium (€ ). In
this case, medium is independent of material, that is Eg. 2 and Eq. 3 should be also allowed as
calibration equations for sand as well as ethanol solutions. The calibration procedure may be
easier for using ethanol solutions than for using soil. This suggests that calibration curve
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obtained by using ethanol solutions could be easily utilized for the curve for different soil

materids.

Conclusion

To conduct non-destructive soil-water measurement, a column-attaching TDR probe (CA probe)



was calibrated with sand having different soil-water contents (q), and tested with several fluid
media. The CA probe is less sensitive to the change in g at relatively dry condition due to the
presence of backing acrylic plastic. The probe has, however, enough sensitivity to evaluate q of
packed soil samples adequately, especialy at relatively high q range. Although Topp equation
cannot be directly applied for the CA probe, the modified equation (Eg. 3) could be effective for
edimating g from measured composite dielectric constant € .
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