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SUMMARY

The dielectric permittivity was measured in the frequency range from 5 to 13 MHz for
artificial, laboratory-made solid samples of gypsum with different water contents. The
measurements were made on distilled water and three samples with different porosity
and structure. The two electrode method was used. Two kinds of electrodes were
employed, viz. blocking and non-blocking ones. Simple physical models of saturated
porous medium in electric field and the equivalent circuits are presented. The dielectric
permittivity of water can be estimated from the data by calculations based on the simple
model. Two types of dispersion were observed, associated with domain resonance and
apparent Debye resonance.
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1 INTRODUCT ION

For a long time, dielectric materials containing water have been

an object of interest for both practical and scientific reasons.

Such a material is very interesting from physical point of

view, as it is a solid dielectric with a liquid dipole dielectric in

the pores, cracks and other structural defects. There are good

prospects for practical use of the results in non-destructive

testing and in the measurement of water inside various

products and materials.

In geophysics, electrical properties of rocks, minerals and non-

consolidated materials containing water, oil and gas, are subject

to laboratory studies as well as field surveys. The fracturing of

rocks may generate electromagnetic fields (Nitsan 1977; Ogawa

et al. 1985; Ogawa 1992; Lockner et al. 1986). The knowledge

of the conditions under which electromagnetic waves generate

and propagate is important. The new sounding instruments

measure at very-high and ultra-high radio frequencies the

relative dielectric permittivity of a geological formation.

In mines, the impulse radar method is useful for mapping

stratigraphic features, detecting and mapping the extent of

stress-relief cracks. An estimate of the crack thickness can also

be obtained. Suitable monitoring could indicate the rate of

growth of a crack and dictate when the remedial action should

be taken (Annan et al. 1988).

However, neither the results nor their interpretation have

been thus far satisfactory. There is a lack of consistent inter-

pretation of the results obtained at low and high frequencies.

This follows from the measurement difficulty as well as from

the fact that we still do not fully understand the phenomena

in question. There is no particular difficulty in measuring the

dielectric constant of dry dielectric materials; when precautions

are taken to remove all moisture, values of dielectric constant

e /e0 are always quite low, typically 2–15, and show only a slight

frequency dependence (Tarkhov 1948; Keller & Licastro 1959;

Knight & Nur 1987; Rusiniak 1992, 1994, 1998). Laboratory

measurement of dielectric constant of a moist dielectric are

difficult to make and have been controversial for some time.

In low-frequency (5–10 kHz) measurements of wet materials,

very high values of dielectric permittivity have been obtained.

These were attributed to measurement errors (Howell & Licastro

1961; Valeev & Parthomenko 1965; Scott et al. 1967; Poley

et al. 1978). It appears that there is no controversy any more,

the high e seems to be accepted.

The interpretation of low and high-frequency measurement

(Freedman & Vogiatzis 1979; Sen et al. 1981; Lange 1983; Kenyon

1984; Shen et al. 1985; Stroud et al. 1986; Morimoto & Iwaki

1987; Gosh & Fuchs 1988; Ruffet et al. 1991; Haslund 1996) meets

difficulties due to the assumption of a constant value of dielectric

permittivity of water, ed=78, and the relaxation time, t=10x11s

(Hasted 1961). The existing theoretical models: Maxwell-Wagner-

Silers’ (Lysne 1983), Debye’s (Debye 1945; Chekowski 1972)

and Kirkwood’s (1939; 1946) show poor agreement with my

experimental data. Many works in this field have been directed to

obtaining bounds on dielectric permittivity of a two-component

composite (Bergman 1978, 1980, 1982; Milton 1981a,b).

The present work is a continuation of the study using

laboratory-made samples of known, homogenous composition.

The primary purpose of this paper is to present new experi-

mental data. The second purpose is to show how the data

should be interpreted using my new experimental data on

distilled water (Rusiniak 2000).
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2 PREL IMINAR IES

A porous solid body saturated by water is a two-component

composite medium, consisting of the solid matrix with complex

dielectric constant es* and water with complex dielectric constant

ew*; its the complex dielectric constant e*c satisfies the equation

e1c ¼ e1s þ e1w (1)

We can rewrite this equation in the form:

e1c ¼ e0c þ ie00c ¼ e0s þ e0D þ ie00D þ e0d þ ie00d þ i
p
e0u

(2)

where ekD and ekkD are the real and imaginary parts of the

dielectric constant of domain structure, ekd and edkk are the real

and imaginary parts of the dielectric constant of dipole structure,

e0 is the dielectric constant of free space, s is the conductance

of the sample and v is the angular frequency. Comparing the

left-hand and the right-hand sides of the equation we have

e0c ¼ e0s þ e0D þ e0d (3)

e00c ¼ e00D þ e00d þ
u
e0u

(4)

For a time-varying field, Debye obtained the equations for the

real and imaginary parts of the complex dielectric constant:

e0D ¼ e? þ
X

i

eDi � e?
1 þ u2q2

Di
, (5)

e00D ¼
X

i

eDi � e?
1 þ u2q2

Di
uqDi , (6)

e0d ¼ e? þ ed � e?
1 þ u2q2

d
, (7)

e00d ¼ ed � e?
1 þ u2q2

d
uqd (8)

where eDi and ed are the static dielectric constant for domain i

and dipole structure, respectively, e? is the residual dielectric con-

stant for frequencies so high that the domains or the dipoles

make no contribution to the dielectric constant, tD, td are the

relaxation times for domains and dipoles, respectively, v=2pn
is the angular frequency and n is the frequency.

The relaxation time can be find from the absorption peak

umaxq ¼ 1 (9)

3 EXPER IMENTAL SET -UP

The measurements was carried out on a Hewlett Packard

LF impedance analyser of type HP 4192 A in the frequency

range of 5 Hz to 13 MHz. The instrument was working under

PC computer control by GPIB. The measurements were made

in parallel mode. The two electrode method was used in the

present investigations (Scott et al. 1967, Knight & Nur 1987).

The sample holder was constructed of Plexiglas; it consists of

two parts connected by screw junction. Gold plated electrodes

with diameters of 43, 40 and 30 mm were used. The measure-

ments were made with blocking electrodes and non-blocking

electrodes. The former was covered with a 0.02 mm thick Mylar

film. A constant high pressure was applied to the sample-

electrode system to eliminate air gaps. The water content was

measured by weighting on an analytical balance.

4 SAMPLES

The main objects of our examination were artificial solid

samples made from gypsum in the laboratory at various levels

of water saturation. Gypsum samples were made from powder

in a mould under hydrostatic pressure or without pressure during

the bonding process. The samples obtained without pressure

have larger porosity. The samples to which pressure was

applied in the initial phase have smaller porosity. Samples to

which pressure was applied during the binding process have a

partially polycrystalline structure. Disk-shaped samples were

used with a diameter of 43.6 mm and a height of about 3 mm.

Sample G29 was made with no pressure and had the follow-

ing parameters: porosity W=0.35, height, h=3 mm, and mass

m0=7.1725 g. Sample G0T was made under pressure in the

initial phase and had: W=0.09, h=3.3 mm, and m0=10.688 g.

Sample G2.5T was made under pressure P=167 bar and had

W=0.15, h=2.3 mm, and m0=7.506 g.

Before the measurement, the samples were fully saturated by

initially evacuating them in a pressure vessel, and then allowing

distilled water to flow into the vessel, thus saturating the sample

under atmospheric pressure for some hours. Subsequently,

the samples were locked in a measurement chamber. After each

measurement the sample was weighed, and then left on a scale

to let a certain portion of water evaporate. When the necessary

weight was attained, the sample was locked in the measurement

chamber again. The samples designated as dry contain trace

amounts of water (not measurable on an analitycal balance)

due to the interaction with air. Mass of the water in the sample,

m, was calculated from

m ¼ M �m0 (10)

where m0 is the mass of the sample before saturation, M is the

mass of the sample before each measurement.

5 RESULTS

5.1 Dielectric measurement of distilled water with
blocking electrodes

Fig. 1 shows the capacity of dielectric cell filled by distilled water

measured at different frequencies with one electrode covered

with Mylar foil (1f) and with two electrodes covered with Mylar

foil (2f). The obtained curves show strong dispersion near

frequencies 30 kHz and 60 kHz, respectively. A similar result

was obtained using Mylar foil in the middle of the sample. To

explain this effect, Fig. 2 presents the equivalent circuit model

representing the measurement cell with the water sample. R1 is

the resistance of the water sample, C1 is the capacity associated

with dipole dielectric permittivity, and Cs is the series capacity

of Mylar foil.

For low frequency we can neglect the capacity C1 and the

resistance R1, so the measured effective capacity Ce is:

Ce,u?0&Cs ¼ S
eMe0

hM
, (11)

For high frequency we can neglect the resistance R1 and we

have:

Ce,u??&
CsC1

Cs þ C1
¼ SeMede0

eMhw þ edhM
(12)
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where v is the angular frequency, eM is the Mylar dielectric

constant, ed is the water dipole dielectric constant, e0 is the

permittivity of free space, hw is the thickness of water sample,

hM is the thickness of Mylar foil.

The dispersion looks like Debye resonance, so lets us call it

an apparent Debye resonance with resonance frequency nr.

From the condition:

R1 ¼ 1

urðCs þ C1Þ
, (13)

we obtain the expresion for the value of resonance frequency nr:

lr&
1

2nR1ðCs þ C1Þ
: (14)

5.2 Dielectric measurement of distilled water with non-
blocking electrodes

The dielectric permittivity of distilled water was mesured in the

frequency range of 5 Hz to 13 MHz with different thicknesses

of the sample and for various oscillator levels (Rusiniak 2000).

To give an exemple, in Fig. 3 we present the dielectric permittivity

of water measured with non-blocking electrodes. Based on these

results, a simple model composed of a dipole liquid with domain

structure is described. Possible mechanisms of polarization were

shown based on this model. This paper presents conclusions

relating to dielectric properties of water which result from the

model. A new conductivity model has been proposed for a

dipole liquid with domain structure. It was shown that experi-

mental dielectric permittivity curves are a superposition of two

Debye curves with different relaxation times and two different

values of static dielectric constant. The Debye resonance for

lower frequency is associated with oxygen’s domain structure

and for higher frequency with hydrogen’s domain structure.

e0 ¼
X

i

e0Di

where ekDi is the domain dielectric permittivity of domain i.

5.3 Dielectric measurement of water saturated gypsum
with blocking electrodes

In Figs 4 and 7 the capacity of water saturated gypsum samples

measured with blocking electrodes is plotted against the fre-

quency. As it was shown in Section 5.1, we cannot be simply

calculate the dielectric permittivity values from such a measure-

ment. For instance, in Fig. 4 two dispersion areas can be seen

for the greatest saturation curve (m=0.44 g). To explain this

effect, Fig. 5 presents a simple 2-D model of a fully saturated

porous sample with blocking electrodes containing one Mylar

foil. Rock 1 represents a solid material. Water 1 represents

water in long, connected pores and a crack extending from one

sample surface to the other. Rock 2 represents a porous

material, water 2 represents water in the pores. S1, S2, S3 are

surface areas.

Fig. 6 shows an equivalent circuit model representing a

fully saturated porous sample in the measurement cell with

blockig electrodes. C1 repressents the capacity of rock 1, Cs2 is

the capacity of Mylar foil with surface S2, C2 is the capacity

of water 1, R2 is the resistance of water 1, Cs3 is the capacity of

rock 2, C3 is the capacity of water 2, and R3 is the resistance

of water 2.

Figure 1. Capacity of measurement cell filled by distilled water,

measured at different frequencies with blocking electrodes (thickness

h=2.78 mm, diameter d=29 mm). One electrode is covered by Mylar

foil (circles). Two electrodes are covered by Mylar foil (triangles).

Figure 2. Equivalent circuit representing the measurement cell with

blocking electrodes filled by water.

Figure 3. Relative dielectric permittivity of water measured at differ-

ent frequencies with non-bloking electrodes. Sample with thickness

h=2.78 mm and diameter d=29 mm.
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For full saturation we have the folowing expresions for

measured values of effective capacity. For low frequency:

Ce1 ¼ S1ere0

h
þ S2eMe0

hM
þ S3ere0

hr
(16)

For middle frequency, after the first apparent Debye resonance:

Ce2 ¼ S1ere0

h
þ S2edeMe0

edhM þ eMh
þ S3ere0

hr
(17)

For high frequency, after the second apparent Debye resonance:

Ce3 ¼ S1ere0

h
þ S2edeMe0

edhM þ eMh
þ S3edere0

edhr þ erhw
(18)

the apparent Debye resonance frequencies are:

lr1 ¼ 1

2nR2ðCe1 þ C2Þ
(19)

lr2 ¼ 1

2nR3ðCe2 þ C3Þ
(20)

where S=S1+S2+S3 is the electrode surface area, h=hw+ h is

the sample thickness, hw is Water 1 thickness, h is Rock 1

thickness, er is relative dielectric constant of rock material, eM is

the relative dielectric constant of Mylar foil, ed is the relative

dipole dielectric constant of water, R1 is the resistance of Water

1, and R2 is the resistance of Water 2.

In Fig. 7 the effective capacity of gypsum sample (G29)

measured with blocking electrodes is plotted as a function of

frequency. Here, the first apparent Debye resonance is masked

by domain Debye resonance as a result of slight damage to the

Mylar foil.

5.4 Dielectric measurement of water saturated gypsum
with non-blocking electrodes

In Fig. 8 the effective capacity of water saturated gypsum

sample (G2.5T) measured with non-blocking electrodes is plotted

against the frequency. To explain the results, Fig. 9 presents a

simple 2-D model of fully saturated porous sample with non-

blocking electrodes. Now, we have a mixed case. Measurement

was made partly with non-blocking electrodes and partly with

blocking electrodes. S2 represents the non-blocking surface

electrodes, S3 is the surface electrode which is blocked by

Rock 2. Fig. 10 shows the equivalent circuit model represent-

ing a fully saturated porous sample in the measurement cell

Figure 4. Capacity of measurement cell with gypsum (sample G2.5T)

measured with different water contents as a function of frequency with

blocking electrodes.

Figure 5. Simple 2-D model of fully saturated porous sample with

blocking electrodes.

Figure 6. Equivalent circuit representing the measurement cell with

blocking electrodes and a saturated porous sample.

Figure 7. Capacity of measurement cell with gypsum (sample G29)

measured with different water contents as a function of frequency (with

blocking electrodes).
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with non-blocking electrodes. For full saturation we have

the folowing expresions for the measured values of effective

capacity.

For low frequency:

Ce4 ¼ S1ere0

h
þ S2e0e0

h
þ S3ere0

hr
(21)

For middle frequency, after domain Debye resonances and

before the apparent Debye resonance:

Ce5 ¼ S1ere0

h
þ S2ede0

h
þ S3ere0

hr
(22)

For high frequency, after the apparent Debye resonance:

Ce6 ¼ S1ere0

h
þ S2ede0

h
þ S3edere0

edhr þ erhw
(23)

The apparent Debye resonance frequency is

lr ¼
1

2nR1ðCe5 þ C3Þ
(24)

We have an additional expresion for porosity:

� ¼ Vp

V
¼ S2hþ S3hw

Sh
(25)

where V is the sample volume, Vp is the pore volume, S=
S1+S2+S3, h=h+hw, S is the electrode surface, S2 is the non-

blocking surface, S3 is the blocking surface, h is the sample

thickness, h is the average thickness rock 2, and hw is the

average thickness of Water 2.

In Fig. 11 the effective capacity of sample G29 saturated by

water measured with non-blocking electrodes is plotted against

frequency.

Fig. 12 shows capacity as a function of water content for

5Hz. The linear dependence can be seen in this plot. For small

values of saturation we observe a fast increase of capacity,

while for greater saturations the increase of capacity is slower.

Fig. 13 present the reciprocal relaxation time of apparent Debye

resonance as a function of water content for three samples. As

can be seen form this figure, the reciprocal relaxation time

increases with increasing amount of water in the samples.

Figure 8. Capacity of measurement cell with gypsum (sample G2.5T)

measured with different water contents as a function of frequency (with

non-blocking electrodes).

Figure 9. Simple 2-D model of a fuly, saturated porous sample with

non-blocking electrodes.

Figure 10. Equivalent circuit representing the measurement cell with

non-blocking electrodes and a saturated porous sample.

Figure 11. Capacity of measurement cell with gypsum (sample G29)

measured with different water contents as a function of frequency (with

non-blocking electrodes).
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6 D I SCUSS ION

When we compare dispersion curves of clean water (Fig. 3) and

water-saturated samples (Figs 7 and 8) we clearly see differ-

ences in shape and magnitude. The dispersion curves in rocks

are shifted toward higher frequencies. For water-saturated

samples we are dealing with a smaller non-blocking area of the

electrodes, while the effective dielectric constant is comparable

for sample G2.5T and by an order of magnitude greater for

sample G29. This may be a result of the rock structure as well

as the change in chemical composition of the water. Further

detailed studies are indispensible for determining whether

the increase in the dispersion curve value results only form the

displacement of dispersion curve to higher frequencies and

what is the cause of the change in shape. When we reduce the

amount of water in the sample, Water 1 and Water 2 can

be replaced by air. In the first case this causes a decrease in

non-blocking electrode surface and gives rise to an in-series

capacitor with a dielectric constant e=1. In the other case,

an additional in-series capacitor of a dielectric constant e=1 is

being formed. This leads to a decrease of capacity at lower

frequencies as a result of an increase of Water 2 resistance and

a small drop of in-series capacitance. The width of apparent

resonance may be a measure of inhomogeneity of water

saturation in direction perpendicular to the field direction.

7 CONCLUS IONS

In the electric field, water in solid body defects may behave in

two ways: as a liquid of domain structure if the fields are strong

(the case of non-blocking electrodes) and as a dipole liquid

of dielectric constant ed=78 if the fields are weak (the case of

blocking electrodes). Comparing the capacity values for low

frequencies for different samples we can draw conclusions

about percolational abilities of the material. The differences in

dispersion curves obtained for water and water in gypsum may

be a consequence of both the chemical composition (water in

gypsum contains Ca ions) and the geometry.
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