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Abstract

Researchers have attempted to determine the dielectric constants of soil-water mixtures in order to es-
tablish relationships between dielectric constant and soil properties such as porosity. However, the suggested
formulations were too complex to use for practical purposes. In order to effectively use the dielectric con-
stant of soil-water mixtures, there is a need for a simple but well-defined formulation. In the first stage
of this study, the dielectric constants of a natural sand and glass bead in two sizes at various porosities
were determined at 13 MHz. Then the test results were compared with the independent data obtained on a
wide range of soils, the second stage of the study. A linear relationship between the dielectric constant and
porosity of soil-water mixtures was observed for both cases with coefficient of correlation values over 0.97.
Based on the obtained results, it is suggested that the porosity of a soil-water mixture can be obtained using
n = 0.0136ε + 0.02.
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Introduction

Several researchers have measured and evaluated the
dielectric constant of soil-water mixtures to deter-
mine soil properties such as moisture content and
porosity. Many empirical and semi-empirical re-
lationships between porosity and measured dielec-
tric constant have been developed. Excellent sum-
maries of these studies are provided by Selig and
Mansukhani (1975), Wobschall (1977), Arulanan-
dan, (1991), and Teveyanagam, (1993). One of
the purposes of the cited studies was to determine
the porosity of granular soils from the measured di-
electric constants; the porosity would then be used
to evaluate possible liquefaction of granular soils.
Knowledge of the porosity of granular soils is invalu-
able in order to evaluate the liquefaction potential
during an earthquake. While methods are available
to determine the in situ porosity of granular soils,
they are usually difficult if not impossible to employ

(Arulanandan, 1991; Tevenayagam, 1993; Arulanan-
dan et al., 2000). In addition, the developed relation-
ships are either too complex for practical purposes or
soil-type dependent. Thus, the purpose of this paper
is (i) to determine the dielectric constant of two sizes
of glass bead-water and natural sand-water mixtures
to see if there is a unique relationship between poros-
ity and dielectric constant, (ii) to compare the find-
ings with the existing data in the literature, and (iii)
to develop a simple relationship between the mea-
sured dielectric constant and the porosity of satu-
rated soils for geotechnical applications.

Dielectric properties of soil and water

The dielectric constant is a measure of the relative
ability of a material to store a charge for a given ap-
plied electric field, while dielectric loss is a measure
of the proportion of the charge transferred in con-
duction and stored in polarization. The separation
of the charge in simple materials can be explained
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by: (i) a shift of the center of charge in electron
motion relative to the nuclei (electron polarization);
(ii) a shift of positively charged nuclei with respect
to negatively charged ones (molecular polarization);
(iii) rotation of dipolar molecules (orientation polar-
ization); or (iv) ions drifting against barriers (interfa-
cial polarization) (Kaya and Fang, 1997; Saarenketo,
1998).

The dielectric constant, ε, is a complex number
and is a function of frequency. The relative dielectric
constant, ε∗(ω), is the ratio of the complex dielectric
constant, ε, to the dielectric constant of free space,
εo. The real part of the dielectric constant of soil par-
ticles is between 3 and 6 depending on the orientation
of the particles, whereas that of water is 80 at 20◦C
(Arulanandan, 1991; Thevanayagam, 1993). Thus,
the dielectric constant of a soil-water mixture is be-
tween 4 and 80 depending on the proportion of each.
This gives the opportunity to obtain the porosity of
a soil-water mixture since the dielectric constant of
the mixture can be readily measured. Considering
the porosity of granular soils is the key to evaluate
liquefaction potential during an earthquake; there-
fore, the importance of readily determined porosity
is invaluable.

Experimental Study

Glass beads of two sizes, and a natural sand were
used. The glass beads were 0.2 and 0.6 mm in diam-
eter, manufactured by Potter Industry, INC, Brown-
wood, TX. The sand was clean and well graded.

The details of the experimental procedure for ob-
taining capacitance measurements used in determin-
ing the dielectric constants can be found in Kaya
and Fang (1997). However, the test procedure is de-
scribed briefly as follows. The measurements were
obtained using a 4192A LF Impedance Analyzer
(Hewlett Packard). This instrument is capable of ob-
taining capacitance measurements in the frequency
range from 0.1 kHz to 40 MHz. The measurements
for this study were obtained at 13 MHz. The soil-
water mixture was confined in a U-shaped plexiglass
cell, and the capacitance measurements were taken.
To eliminate the impurities, the conductive areas
(4.8 x 7.6-cm) were covered by silver plates. The sep-
aration distance between the conductive areas was
4.9 cm. The cell was sealed with a silicone sealant
to avoid leakage during measurements.

Before conducting the capacitance measurement
of soil water-mixtures, the accuracy of the system

was checked by measuring the dielectric constant of
air and the dielectric constant of water at various salt
concentrations between 1MHz and 13 MHz (Fig. 1).
As can be seen in Fig. 1, the variations in the dielec-
tric constant values are negligible for the frequency
and salt concentration at which measurements were
carried out. The dielectric constant of air was found
to be approximately equal to one.
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Figure 1. Dielectric constant of water at various salt con-
centrations as a function of frequency. As seen,
for practical applications, the dielectric con-
stant varies neither with frequency nor with
salt concentrations.

After establishing the accuracy of the system, the
sample cell was first filled with de-ionized water; then
the soil was poured very slowly into the cell using the
dry pulverization technique to avoid any air bubbles.
Afterwards, the cell was connected to the impedance
analyzer, and measured capacitance was converted
to the dielectric constant using the following formu-
lation.

Capacitance, C, of a material between two plates
is given as

C =
εεoA

d
(1)

where ε = dielectric permittivity of the medium, εo
= permittivity of vacuum (8.854e-12 C N−1), A =
area of the plates, d = distance between the plates.

Knowing the geometric configuration (A and d),
and measuring the capacitance, (C) the dielectric
constant of the soil-water systems was computed by:

C =
Cd

εoA
(2)
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The measured dielectric constant and porosity
(n = Vv/VT ; volume of void/total volume) of sev-
eral soil-water mixtures are presented in Figure 2.
There is a strong linear relationship between the di-
electric constant and the porosity of the mixtures,
which is independent of the type of solid particles.
As can be seen from Fig. 2, the regression analy-
sis of the measured data relates the porosity of the
soil particles in terms of the measured dielectric con-
stant n = 0.014− 0.025ε with R2 = 0.97, where n is
porosity and ε is the dielectric constant of the mix-
ture. This result indicates that the measured dielec-
tric constant can be used in determining the poros-
ity of the granular soils with a high degree of con-
fidence. However, regardless of the high correlation
coefficient, it is better to be cautious at this point
and compare the data with the data in the literature
for further evidence of this statement.

n =0.014ε   -0.025
R2 = 0.97
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Figure 2. Dielectric constants of glass beads and a natu-
ral sand at various porosity values.

Comparison of data

We chose Arulanandan’s (1991) data for comparison
for the following reasons: (i) the frequency in Aru-
lanandan’s research (50 MHz) was within the same
range considered in this study (13 MHz); (ii) in his
study, he used a large range of soil types, and (iii)
his data was considered high quality and was used
in formulations by Thevanayagam (1993). Table 1
gives Arulanandan’s (1991) data along with those
obtained in this study.

Arulanandan (1991) measured the dielectric con-
stant of soil-water mixtures in the horizontal and
vertical directions; however, the dielectric constant
measurements reflect the average dielectric constant
in this study. Thus, to directly compare the results
of this study, we averaged Arulanandan’s (1991) data
in the following manner:

Table 1. Dielectric constants of soils at various porosity
values (Arulanandan, 1991; and this study).

Soil Type n εv εh εavrg
Arulanandan (1991)
Snow cal (kaolinite+Illite) 0.56 34 43.2 40.1

0.55 32.8 42.7 39.4
0.52 31.4 40.1 37.2
0.5 30.4 35.3 33.7
0.47 29.5 38 35.2
0.44 28.7 33.7 32.0
0.42 27.5 33.1 31.2
0.65 42.9 47.4 45.9
0.61 41 45.2 43.8

Snow cal (kaolinite+ 0.58 37.5 42.7 41.0
5% Montmorillonite) 0.54 35.6 39.9 38.5

0.51 33.7 38.1 36.6
0.47 31.2 36.5 34.7
0.44 28.9 35 33.0
0.42 25.4 33.9 31.1
0.54 39.8 40.3 40.1
0.52 36.7 39.8 38.8

Yolo loam 0.49 34.3 38.3 37.0
0.47 33.5 37.4 36.1
0.56 38.8 41.1 40.3
0.55 34.7 41 38.9

Marysville red soil 0.52 33.9 40.1 38.0
0.51 33 39.7 37.5
0.86 60 70.6 67.1
0.85 55 69 64.3

Snow cal (Kaolinite+ 0.82 54 67.3 62.9
30% Montmorillonite) 0.74 49 57.5 54.7

0.68 43.2 57.2 52.5
0.45 28.3 33 31.4
0.54 33 40.6 38.1

Illite kaolin MP 0.52 30.9 40.2 37.1
0.51 30 37.3 34.9
0.32 23.2 24.5 24.1

Sand 0.34 24 25.5 25.0
0.36 25 29 27.7
0.4 28 30 29.3
0.4 27.5 29.6 28.9
0.44 30.5 32.3 31.7
0.51 30.4 37.1 34.9

Natural soils 0.52 34 38 36.7
0.52 34 39.7 37.8
0.56 33.4 42.7 39.6
0.76 50 57.5 55.0

This Study
Coarse glass beads 0.41 30.0

0.48 33
0.54 40
0.64 46

Fine glass beads 0.43 32
0.49 36.4
0.57 41
0.68 50
0.74 56

Mixed sand 0.27 23
0.36 30
0.39 29
0.48 39
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εavrg =
(
εver + 2εhorz

3

)
. (3)

Figure 3 gives Arulanandan’s data, whereas Fig-
ure 4 compares it with the results of this study. Both
data sets are in good agreement. Regression analy-
sis on Arulnandan’s data gives n = 0.0127ε+ 0.038
with R2 = 0.98. Note that the data in Arulanan-
dan (1991) ranges from those for montmorillonite to
sand. The regression analysis on overall data gives
n = 0.013ε+ 0.02 with R2 = 0.97. Analysis of two
independent data sets, obtained from a wide range of
soils, gives a linear relationship between the porosity
and the dielectric constant of soil-water mixtures at
low MHz frequency range.

The state of water in soil-water mixture

In soil-water mixtures, water may exist in either
free or bound (adsorbed) forms. Both states of wa-
ter have significantly different properties (Mitchell,
1993). Hence, when a soil-water mixture is formu-
lated, the effects of these states should be taken into
consideration. In 1955, Gasmann also stated that
elastic wave velocities of rock-water could not sim-
ply take measurements from a dry rock, but a wet-
ted rock (King and Nur, 1987). Taking Gasmann’s
(1955) statement as a basis, it may be said that the
dielectric constant of a soil-water mixture cannot be
predicted solely based on dielectric constants of dry
soil and free water separately. Thus, the effect of the
bound water should be taken into account in soil-
water mixture formulations. Unfortunately, many
researchers have ignored this fact; for example, to ob-
tain a reasonable relationship between the observed
and the predicted data, Thevanayagam (1995) had
to use a dielectric constant value of 10 for kaolinite
and 40 for montmorillonite, although both dry soil
particles have an average dielectric constant of 4.5.

Based on electrical conductivity measurements,
Knight and Dvorkin (1992) reported that the av-
erage thickness of bound water was about 3.5 ◦A,
which is in agreement with the findings of Sposito
(1989). However, Low (1987) stated that the thick-
ness of bound water could be as high as 5 ◦A. Fur-
thermore, Mitchell (1993) reported that the thick-
ness of the bound water is between 5 and 10 ◦A de-
pending on the type of soils. Figure 5 shows the
dielectric permittivity of bound water vs. distance
from the surface of soils (adapted from Conway et
al., 1952). From Fig. 5, it can be seen that the

corresponding dielectric constants are 24.8 and 56.4
for 5 and 10 ◦A, respectively, away from the sur-
face. However, the dielectric constant of free water
is 80. This result indicates that the effect of the
bound water on dielectric formulation of soil-water
mixture should never be neglected. As shown in the
following sections, when the effects of bound water
are taken into account, the modeling of soil-water
mixture is straightforward.

ε = 76.954n - 2.133

R2 = 0.98
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Figure 3. Dielectric constant of tested soils at different
porosities (Arulanandan, 1991).
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Figure 4. Comparison of dielectric constants of soils of
this study and those of Arulanandan (1991).

Formulation of Dielectric Constant of Soil-
Water Mixtures

The simplest mixture rule for any given properties
of a mixture is

P = p1φ1 + p2φ2 (4)

where P stands for the given property, p1 and p2 are
the corresponding property of the components 1 and
2 of the mixtures, and φ1 and φ2 are the concentra-
tions of the components in the mixture.
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Figure 5. The dielectric constant of bound water with
distance from the surface of the solid surface
(data from Conway et al., 1952). The dielec-
tric constant of free water is affected from the
surface until about 18 ◦A away.

If the simplest mixture rule is written for the di-
electric constant of soil-water mixture

ε = εwatern+ εsoil(1 − n) (5)

where n is the porosity of the mixture and εsoil is the
dielectric constant of soil and εwater is the dielectric
constant of pore water.

As mentioned before, some of the pore water is
adsorbed by soil particles resulting in a decrease in
the dielectric constant of the pore water but an in-
crease in the dielectric constant of the soil. Consid-
ering this fact, the dielectric constant of soil-water
for simple mixture rule can be written as

ε = (εwater − dε1)(εsoil + dε2) (1− n) (6)

In Eq. 6, the values of dε1 and dε2 need to be
determined and the equation is called the modified
simplest mixture rule (MSMR).

The values of dε1 and dε2 in Eq. 6, were deter-
mined by trial and error. Figure 6 presents the pre-
dictions of the dielectric values of dε1 and dε2. The
MSMR fits the data when dε1 = 10 and dε2 = 2,
implying that in Eq. 3 εwater = 70 and εsoil = 6.5.
The values of dε1 and dε2 give support to the idea of
existing bound water, which increases the dielectric
constant of soil particles but decreases that of wa-
ter. However, the effect of the bound water remains
almost constant at low MHz frequency range.
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Figure 6. The prediction of dielectric constants of soil
water mixtures for different dε1 and dε2 values.
The measured data fit best when dε1=10 and
dε2=2, indicating that εwater = 70andεsoil =
6.5.

Warthon et al. (1980) proposed the Complex
Refraction Index Model (CRIM) to compute the di-
electric constant of soil-water mixtures. Researchers
(Knoll and Knight, 1994; Robert, 1998) have shown
the CRIM model to predict the dielectric constant
of soil-water mixtures reasonably well; thus, it was
decided to apply the CRIM model to the existing
data.

For saturated soils the CRIM model is given as

√
ε = (1− n)

√
εsoil + n

√
εwater (7)

As seen in Eq. 7, the CRIM model also does not
take the effect of bound water into account; thus, the
model cannot directly be used. The values of εwater
and εsoil need to be determined. For this reason, by
trial and error, εwater and εsoil were determined in
order to take into account the effect of bound wa-
ter. After a few trials, it was determined that when
εwater = 80 and εsoil = 10 in Eq. 7, the CRIM model
predicts the measured data extremely well. The pre-
dictions are given in Figure 7.

It may seem a contradiction that in MSMR
εwater = 70 and εsoil = 6.5 whereas these values are
80 and 10 for the CRIM model. However, it should
be kept in mind that both models are quite differ-
ent in nature; thus, the empirical models only give
approximate values.
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Figure 7. The CRIM prediction of the dielectric constant
of soil-water mixtures. The original CRIM
model underestimates the dielectric constant
of the mixture; however, when εsoil = 10, the
model fits the measured data extremely well.

Practical Implications

Determination of the in situ porosity of granular soil
is one of the key parameters for evaluating the liq-
uefaction potential of granular soils (Figueroa et al.,
1994). However, with the existing technology it is
difficult, if not impossible, to determine the in situ
porosity of granular soils. It is quite apparent that
the results of this study show a strong linear relation-
ship between dielectric constant of a soil-water mix-
ture and its porosity. This is important considering
the fact that relationship between dielectric constant
and porosity is independent from soil type at llow
MHz frequency range. Therefore, the capacitance
technique can be used to predict the in situ poros-
ity of soils using a probe suggested by Arulanandan
and Arulanandan (1985) or can be employed in CPT
(Cone Penetration Test) similar to one suggested by
Campanalle and Weemees (1990) to determine sub-
surface contamination.

Conclusions

Based on the discussion presented above the follow-
ing conclusions may be drawn:

(1) At lower MHz frequency range (13-50), there
is a unique relationship between the dielectric con-
stant of a soil-water mixture and its porosity. The
porosity of granular soils can be estimated using
n = 0.0136ε+ 0.02.

(2) The existence of bound water in soil-water
mixtures significantly affects the dielectric constant
of the mixtures. Thus, in formulations the effect of
bound water should be taken into account.

Nomenclature

εo dielectric constant of free space
ε dielectric constant
ε∗(ω) ratio of complex dielectric constant
εsoil dielectric constant of soil
εwater dielectric constant of water
εver dielectric constant in vertical direction
εhor dielectric constant in horizontal direc-

tion
εaver average dielectric constant
φ1,2 concentrations of components in the

mixtures
p1,2 corresponding property of components

1 and 2
A area of plates
C capacitance
d distance between plates
n porosity
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