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Abstract

Dielectric permittivity measurements in high surface area porous media are subject to a number of influences, in-

cluding water binding effects which often lead to erroneous water content estimates. Errors are primarily due to the

large disparity between the permittivity of bound (5) and free water (80). Water bound to solid surfaces exhibits a

‘thermodielectric’ effect involving temperature-dependent volume exchange between these two water phases. Particle

shape and phase configuration may also reduce permittivities of porous mixtures in addition to the influence of bound

water. Modeled predictions of these effects are presented and discussed and are based on a three-phase dielectric mixing

model. � 2002 Elsevier Science B.V. All rights reserved.

PACS: 77.22.)d; 77.22.Gm; 51.70.+f

1. Introduction

Electromagnetic measurement of the bulk di-
electric permittivity of porous media such as soils
or cereal grains is used to infer water content.
Measurements in high surface area materials, or in
particles of high aspect ratio are influenced by
bound water and dipole interactions due to parti-
cle geometry. Previous studies of thermal per-
turbations in wet soil samples revealed strong
interactions between bound and free water, termed
the ‘thermodielectric effect’ by Or and Wraith [1].
Models have been developed which combine the
dielectric permittivity of bound and free water
phases. Jones and Or [2] combined a surface area-

dependent bound water permittivity model with
a model describing the temperature-dependent
permittivity of free water to model the total water-
phase permittivity. Determination of the water
content of porous media (e.g., soil, cereal grains)
from measured bulk permittivity, eb, is based on
the dominance of the high dielectric permittivity of
liquid water relative to that of solids and air.
Water that is ‘bound’ to solid surfaces, is subject to
surface forces that hinder its response to an im-
posed electromagnetic field resulting in both a
lower relaxation frequency and lower eb relative to
free liquid water. The first mono-layer of bound
water, closest to the solid surface, is held most
tightly, and has the lowest measured eb. The bulk
permittivity of successive molecular water layers
increases with distance from the solid surface up
to that of free water at around three molecular
layers [3].
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The dielectric permittivity of wet, high surface
area materials (i.e., clays, starches and proteins)
exhibit reduced bulk dielectric permittivities com-
pared to materials with lower surface area at the
same water content. Dielectric mixing theory offers
physically based predictions of bulk permittivity
based on constituent permittivities and their vol-
umetric contributions to the mixture [4]. Particle
shape may also influence electromagnetic mea-
surements, depending on the particle aspect ratio
and particle orientation (random, aligned) with
respect to the applied electrical field [5] shown in
Fig. 1. The shape of soil particles or any portion of
cereal grains from the kernel itself, to the starch
granule, to the molecular components, may influ-
ence the dielectric measurement based on each
component’s respective dipole moment. Starch
makes up as much as 70% of the kernel of cereal
grains making its water retention/binding charac-
teristics important for modeling. Particle shape
effects have been measured on individual kernels
[6] and on mixtures of isotropic [7,8] and aniso-
tropic particles [5].

The objectives of this work were to evaluate
effects due to bound water, temperature, particle
shape, and phase configuration on the dielectric
permittivity of porous materials (e.g., wet soils and
cereal grains) and to model these effects using di-
electric mixing theory.

2. Theoretical considerations

2.1. Temperature dependence of bound and free
water

The temperature dependence of the dielectric
permittivity of porous materials can be attributed
largely to the effect of temperature on the water
phase. The temperature-dependent permittivity of
free water is described by the following expression
[9]:

efwðT Þ ¼ 78:54½1� 4:579� 10�3ðT � 298Þ
þ 1:19� 10�5ðT � 298Þ2

� 2:8� 10�8ðT � 298Þ3�; ð1Þ

where T (K) is the temperature. The temperature
dependence of the bound portion of water is more
complicated, especially since the boundary between
bound and free water is vague. Or and Wraith [1]
derived a temperature-dependent model describing
bound water content (Mbw), expressed in terms of
the bound water layer thickness, xðT Þ (m), the spe-
cific surface area, As (m

2 g�1), and the bulk density,
qb (gm

�3), of the porous medium, written as

Mbw ¼ xðT ÞAsqb; ð2Þ
where xðT Þ was derived from the viscosity profile of
water as a function of distance from a clay surface
coupled with the Debye [10] model predicting re-
laxation frequency of a polar liquid. Or andWraith
have used a cutoff frequency, f 	 (Hz), below which
bound water relaxes and thus practically does not
affect a time domain reflectometer (TDR) signal.
The resulting temperature-dependent bound water
layer thickness, xðT Þ (m), is computed as

xðT Þ ¼ a

�d þ T ln kT
8p2r3cf 	

� � ; ð3Þ

where the constants a ¼ 1621 �AAK, d ¼ 2:047� 103

K, c ¼ 9:5� 10�7 Pa s, k is the Boltzmann con-
stant (1:38062 � 10�23 JK�1) and r (m) is the
radius of the bound water molecule (
1.8–2.5 �AA).

2.2. Modeling the total water-phase permittivity

Separation of the water phase into bound and
free water necessitates the use of a four-phase

Fig. 1. Three-phase system described by a confocal oblate

spheroid (core, e2 and shell, e1) contained in a background

permittivity, e0. The resulting permittivity is referenced with

respect to the electrical field alignment, designated as either

normal (en) or parallel (ep) to the rotation axis, a.
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mixing model to accommodate two water phases
in addition to solid and air phases. Four-phase
mixing models either do not allow for modeling
of different particle shapes [11] or become too
cumbersome and complicated, having numerous
possible phase configurations [4]. Combining the
temperature-dependent water-phase permittivity
of bound and free water allows the use of a three-
phase mixing model with shape effects. Func-
tions describing the water-phase permittivity (i.e.,
bound and free water) were proposed by Friedman
[12] and Robinson [13] based on an exponential
function describing the permittivity increase with
increasing water film thickness approaching the
asymptotic maximum permittivity of free water.
The bound water temperature-dependent expres-
sion, xðT Þ (Eq. (3)), was coupled with Eq. (1),
to describe the increase in permittivity with water
layer thickness, resulting in the following expres-
sion:

ewðT Þ � efwðT Þ 1

�
� exp

�tw
X ðT Þ

� ��
; ð4Þ

where tw (m) is the thickness of water on the
solid surface, which can be calculated using Eq. (2)
and replacing Mbw with Mv, the total volumetric
water content, and replacing xðT Þ with tw (i.e.,
tw ¼ Mv=ðAsqbÞ).

2.3. A three-phase dielectric mixing model

Modeling the bulk permittivity, e, of a three-
phase system consisting of inclusions comprised of
a core and outer shell of confocal ellipsoids (Fig. 1)
allows for accounting of particle shape effects
via the depolarization factor in addition to phase
configuration effects. The core, e2, and the outer
shell, e1, are contained in a background host me-
dium of permittivity, e0. The permittivity of an
isotropic three-phase confocal system of ellipsoids
was derived by Sihvola and Lindell ([4], Eq. (48))
for any number of confocal ellipsoids, written as

e ¼ e0 þ

e0
3

X
i¼p;n;n

nvai

e0

� �

1� 1

3

X
i¼p;n;n

Ni
1

nvai

e0

� � ; ð5Þ

where the polarizability term in parenthesis is gi-
ven as a series expansion written here for the dual,
confocal ellipsoid system as

nvai

e0
¼ ð/1 þ /2Þ

�
ðe1 � e0Þ þ e1 þ Ni

1ðe0 � e1Þ
� 	 ðe2�e1Þ

/2
/1þ/2ð Þ

e1þNi
2

e2�e1ð Þ½ �

( )

e0 þ Ni
1ðe1 � e0Þ½ � þ Ni

1ð1� Ni
1Þðe1 � e0Þ

ðe2�e1Þ
/2

/1þ/2ð Þ
e1þNi

2
e2�e1ð Þ½ �

( ) ;

ð6Þ

where /1 and /2 are the volumetric fractions and
Ni
1 and Ni

2 are the depolarization factors of the
shell and core ellipsoids, respectively. Various
combinations of solid, liquid and gas phases may
be assigned to the core, shell and background. The
depolarization factor accounts for the dipole ef-
fect arising from the particle shape-field align-
ment, which influences the bulk permittivity. A
continuous empirical function describing the de-
polarization factor ranging from a disk- to a nee-
dle-shaped spheroid was fitted by Jones and
Friedman [5] as

Np ¼ 1

1þ 1:6 a
b

� 

þ 0:4 a

b

� 
2 ;
Nn ¼ 0:5ð1� NpÞ;

ð7Þ

where the depolarization factor for the electrical
field aligned parallel to the axis of symmetry (ro-
tation axis) is Np and is N n when normal to the
axis of symmetry and where a/b is the particle or
kernel aspect ratio (see Fig. 1).

3. Experimental

Moist mixtures of sand and glass beads with
18% montmorillonite were uniformly packed into
coaxial TDR cells [14]. After filling with the glass
bead–clay mixtures, the ends were sealed using
threaded PVC caps with silicone sealant. These
were immersed in circulating water baths to im-
pose multiple discrete levels of constant tempera-
ture over the range 5–50 �C. A coaxial cell filled
with distilled and deionized water was included to
serve as a control. Cells were maintained at a
given temperature for about 3 days. Bulk dielectric
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permittivity was measured using a Tektronix TDR
at 0.5-h increments, and the measured replicate cell
mean ebðT Þ were used in the model to infer specific
surface area of the coaxial cell contents. The
mixture specific surface areas were independently
measured using EGME adsorption [15]. Accuracy
of TDR-based measurements for water content are
on the order of 0.02–0.03 m3 m�3 for mineral soils.

Temperature response of corn starch permit-
tivity was measured in a similar manner in coaxial
cells by varying water content in a controlled tem-
perature circulating water bath. Time domain re-
flectometry (TDR) measurements of permittivity
were made using a Tektronix 1502B cable tester
interfaced to a computer using WINTDR99 anal-
ysis software. In addition, independent mea-
surements of permittivity were conducted at the
same water contents using a network analyzer
(HP8753C with 85070A dielectric probe) for com-
parison. Corn starch samples were packed into a
60 ml container which was sealed against the di-
electric probe and contained in a temperature
controlled cell. Samples were packed to a bulk
density of 0.5 g cm�3 at each moisture level.

4. Results

4.1. Thermal effects of bound water

The thermodielectric effect on the bulk permit-
tivity of water within soil was suggested by Or and
Wraith [1] to be the result of an interplay between
(1) the reduction in the permittivity of free water
with increasing temperature, and (2) the increased
permittivity brought about by the liberation of
bound water to a less hindered state (i.e., greater
permittivity). They modeled this effect using Eq.
(3) to represent the bound water influence on the
bulk dielectric constant of sand and clay mixtures
illustrated in Fig. 2. They found an apparent lag in
the temperature response and suggested a possible
correction for this effect. Surface area was also
back calculated by optimizing the thermodielectric
effect on permittivity measurements.

The thermodielectric effect is further illustrated
by bulk permittivity measurements in corn starch
shown in Fig. 3 and in other studies [16]. Network

analyzer measurements (Fig. 3(a)) reveal a cross-
over in the permittivity–temperature relationship
with increasing water content at about 40% (wet
basis) measured at a frequency of 500 MHz. TDR
measured permittivities (Fig. 3(b)) also demon-
strate the effect of bound water ‘release’ through-
out the measured water content range up to 50%.
The reversal in the temperature–permittivity trend
occurring at higher water contents occurs when
starch granules approach water saturation, leading
to a buildup of ‘free’ water within and eventually
between granules. Near saturation, temperature
increase leads to reduced permittivity of the starch,
similar to the reduction in free water permittivity
with increasing temperature (Eq. (1)). The large
permittivity differences at mid-range moisture
contents suggest an abundance of bound water

Fig. 2. Mean measured ebðT Þ for moist sand and glass bead–

clay mixtures. Dominance of bulk water (a) for low surface area

(sand at 15% mass water content), and bound water (b) for high

surface area (glass beads þ18% montmorillonite at 15% mass

water content) are illustrated.
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which is liberated upon heating and the non-linear
nature of the starch permittivity increase with
added water also suggests an evolution of the
surface area with wetting or drying. Configuration
of the water associated with solids combined with
surface area evolution leading to changes in bound
water fraction were suggested by Jones and Or [2]
to cause the distinct plateau in the permittivity-
water content curve shown in Fig. 3(b) for corn
starch and also noted in whole corn kernel mea-
surements [17].

4.2. Modeling total water-phase permittivity

Measured and computed permittivities of water
bound to different solid materials are shown in
Fig. 4 as a function of water thickness on the
solid surface. The thermodielectric effect is mod-
eled using the water-phase permittivity relation-

ship (Eq. (4)), plotted as a function of water layer
thickness (Fig. 4). For a temperature increase, this
function shows both the tendency of the water-
phase permittivity of the bound water fraction
to increase, and also demonstrates the free water
permittivity (greater than three layers) decrease
with increasing temperature. Predicted permittivi-
ties for bound water are generally correlated to
measured and modeled ‘bound water’ permittivi-
ties in silica gel, metal powder, and DNA.

4.3. Modeled effects on porous media bulk permit-
tivity

4.3.1. Surface area-bound water effects
The specific surface area of a porous medium is

directly related to the water binding capacity
which influences the dielectric permittivity mea-
surement. Surface areas of coarse porous media
are typically orders of magnitude lower than fine
textured media such as clays, proteins, or starches,
whose bound water content is sufficient to produce
a reduced dielectric signature. Using a solid–wa-
ter–air (SWA) phase configuration, permittivities
were computed using Eq. (5) where the water
phase (Eq. (4)) is spread over surface areas of 0.2,
500 and 1000 m2 g�1 (Fig. 5(a)). While the general
trend of reduced permittivity with increasing

Fig. 3. Measured permittivity of corn starch as a function of

water content (wet basis) using (a) a network analyzer at 0.5

GHz and (b) a TDR with temperature variations shown. Per-

cent error relative to an average of three measurements (25 �C
and 25% moisture) for the network analyzer was 7.4% and for

the TDR was 3.7%.

Fig. 4. Measured and modeled water-phase permittivity as a

function of distance from the center of DNA [18] or distance

from the surface of silica gel [19] and metal [20]. Computed

temperature-dependent permittivities based on free water per-

mittivity and on bound water radius (r ¼ 2:5� 10�10), surface

area (As ¼ 400 m2 g�1) and relaxation frequency (f 	 ¼ 1 GHz).
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surface area is produced, further work is needed to
validate these predictions, which are also a func-
tion of the location of the water phase within the
phase configuration where water as background
has a maximum contribution on the resulting per-
mittivity while water in the inner core plays a
minimal role in the computed bulk permittivity.

Jones and Or [2] attempted to model per-
mittivity measurements in whole kernel corn using

bound water estimates coupled with a combina-
tion of phase configurations of SWA and water–
solid–air (WSA). The sigmoidal shape of the
permittivity measured in corn, also noted in corn
starch (Fig. (3)), suggested an evolving surface
area which they attempted to model by increasing
the initial surface area, As, with increasing water
content, which required an order of magnitude
increase in As. Predictions followed only the first
few measurements, after which the permittivity
was over predicted. It appeared from their results
that surface area and evolution of such alone does
not explain the reduction in permittivity in high
surface area corn and corn starch. Other potential
factors include constituent geometry and configu-
ration.

4.3.2. Geometrical effects
Geometrical effects may be accounted for using

Eq. (7), which are described as a function of par-
ticle aspect ratio. Permittivity predictions using
Eq. (5) are plotted in Fig. 5(b) for three different
aspect ratios of a disk (a=b ¼ 0:1), a sphere (a=
b ¼ 1) and a needle (a=b ¼ 10). Particle shape ef-
fects influencing the dielectric permittivity of cereal
grains occur throughout a hierarchy of shapes and
scales, from the kernel to the starch grains and
their internal structure, down to the long chain
and clustered polymers of amylose and amylo-
pectin. These complex structures are also high in
surface area and potentially bind a significant
fraction of water. This combined effect is also a
problem in clays. Jones and Friedman [5] at-
tempted to reduce the surface area effect by mea-
suring and modeling only particle shape effects
(Fig. 6) in low surface area anisotropic packings of
mica flakes. Measured permittivities in three dif-
ferent size fractions of mica particles (i.e., 0.25, 0.5,
and 1 mm) confirmed model predictions based on
particle aspect ratio (geometry) and electrical
field alignment as determined by probe orienta-
tion. Using Eq. (5) and a combination of phase
configurations they modeled the wet mica permit-
tivity using an average aspect ratio of 1/25 and two
different porosities of 0.7–0.8 to capture the po-
rosity range of mica. At mid-range water contents,
measured data of ep is approximately half of the
en measurements. Reduced permittivity measure-

Fig. 5. Modeled permittivity using Eq. (5) with a phase con-

figuration of SWA, demonstrating effects due to (a) surface area

(As), (b) particle shape or aspect ratio (a=b, see Fig. 1) and (c))

phase configurations comparing SWA with ASW and WSA.
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ments in high surface area materials (e.g., clays)
have been typically attributed to bound water
effects. The reduction in permittivity in mica
which have a very low specific surface area (As <
0:06 m2 g�1), can be attributed primarily to geo-
metrical effects arising from the depolarizing in-
fluence of these high aspect ratio (a=b ¼ 1=25)
particles.

4.3.3. Phase configuration effects
The influence of phase configuration within a

given mixing model will be dependent upon the
assumptions used in deriving the formula. For the
three-phase mixing model described here (Eq. (5)),
phase configuration has a substantial impact on
permittivity prediction as demonstrated in Fig.
5(c). As the water phase moves from outside to
inside, the resulting bulk permittivity is reduced
significantly owing to the large dielectric of water
compared to those of solids and air. The configu-
ration of water, solids and air within a porous
medium is of a complex and highly variable nature
and a likely scenario is that a combination of phase
configurations exists. Averaging the computed
permittivities from a set of phase configurations
has been employed in soils and cereal grains. This
approach was used successfully to model the three-

phase system of moist soil combining configura-
tions of air–solid–water (ASW) and SWA using an
effective medium approximation coupled with
bound water predictions [12]. Adding particle
shape effects to Friedman’s approach, Jones and
Friedman [5] found an over-prediction of particle
shape effects on permittivity measurements citing
particle-field misalignment and configurational
effects as possible causes (Fig. 6). Jones and Or [2]
combined SWA and WSA configurations to de-
scribe the permittivity of cereal grains. After ap-
plying a sigmoidal weighting function to the
fractional content of SWA and WSA configura-
tions, they found an improved fit to permittivity
measurements of field corn. The justification for
their approach was linked to kernel swelling or
shrinking that occurs throughout the hierarchy of
geometries contained in the starch grain, which
comprises about 70% of the kernel. Kernel con-
stituents may expand, unfold and relax during
kernel desiccation which is accompanied by a
change in kernel shape and volume. Leopold [21]
demonstrated volume increases in soybean with
hydration which were substantially greater than
the weight of water imbibed suggesting that poly-
meric seed constituents unfold with hydration
which they suggested is a mechanism for increased
surface area or evolving water-phase configura-
tion. Further efforts to identify and separate
these competing and perhaps confounding effects
of bound water, particle shape and water-phase
configuration is recommended for future research.

5. Conclusions

Several effects which influence dielectric permit-
tivity measurements have been identified through
measurements and as suggested in the analysis of
results. The thermodielectric effect was observed in
high surface area media of clays and corn starch
(major constituent of cereal grains). This mecha-
nism has been identified as a source for deter-
mining surface area and bound water content.
Particle shape effects which have been measured in
low-surface area media are a function of particle
geometry and electrical field alignment. Bound
water and geometrical effects, including phase

Fig. 6. Measured geometrical effect on bulk permittivity of

layered mica flakes [5] (diameters of 0.25,0.5, and 1 mm) for

electrical field alignment normal (en ¼ empty symbols) and

parallel (ep ¼ filled symbols) to the mica’s rotation axis (see Fig.

1). Modeled predictions based on Eq. (5) are depicted by lines

using porosities (n) of 0.7 and 0.8.
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configuration, may be incorporated into three-
phase dielectric mixing models for predicting the
bulk permittivity of wet porous media. Any one of
these effects and combinations thereof appear to
contribute to reduced dielectric signatures in po-
rous media, which without properly accounting
for will lead to errors in water content estimation.
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