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ABSTRACT: The complex dielectric permittivity or electrical conductivity of saturated and
unsaturated soils was examined in the frequency range from 1 MHz up to 20 GHz at room
temperature and under atmospheric pressure. Three soil-specific relaxation processes are
assumed to act in the investigated frequency-temperature-pressure range. The dielectric
relaxation behaviour is parameterised with the use of a simple fractional relaxation model as
a function of moisture. The chosen approach provide an estimate of the frequency depended
dielectric permittivity based on a parameterisation of each relaxation processes as a function
of water content and porosity.
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1 Introduction

High frequency electromagnetic determination of moisture in porous media, e.g. soil, is based
on the strong relationship between volumetric water content and relative dielectric
permittivity. However, various factors affect this relationship such as measurement frequency,
temperature, mineralogical composition, structure, texture, bulk density and chemical
composition of the pore fluid [1, 2, 4, 6, 8, 16, 22, 24]. In particular, knowledge of the spatial
and temporal variability of water saturation in soils is important to obtain improved estimates
of water flow through structures of flood protecting and subsurface disposal as well as the
vadose zone [7, 8, 11, 17, 22]. Therefore, the objective of numerous experimental, numerical
and theoretical investigations is the development of general calibration rules for a broad class
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Figure 1: Simplified schematic illustration of unsaturated soil structure with the contribution
to the dielectric properties due to several relaxation processes.

Mostly these models are based on the assumption of a constant dielectric permittivity in a
narrow frequency range around 1GHz as a function of volumetric water content [10, 21, 25].
However, the strong frequency dependence in the dielectric relaxation behaviour below 1
GHz due to a certain amount of clay minerals in nearly each real soil is considered only
insufficiently [16, 18, 29]. The type of multi-scale structure renders the analysis of dynamic
data in soils rather complex (c.f. Fig.1). The problem has been addressed both by
experimental and modelling techniques [4, 12, 18, 19, 20]. Previous results suggest that clay-



water systems have multiple relaxation processes, such as interfacial polarizations around the
clay particles and rotational relaxation of bound and free water, therefore, the dielectric
behaviour is expect to be complicated and poor understood [9, 12, 20]. Useful and precise
dielectric information may be obtained only when each relaxation process is extracted from
the complicated overall behaviour based on the measurement over as wide as possible
frequency and temperature ranges and at high resolutions [12].

2 Dielectric relaxation behaviour of moist soil

Based on Maxwell's equations of electrodynamics, an effective current density J. = J. +J, is
separated in a conduction current density jc =oE (Ohm’s Law) and a displacement current
density J, = &,¢, 9E/at with electrical conductivity o, absolute permittivity of free space &,
and relative dielectric permittivity ¢ . Considering a time varying electrical field strength
E = E, exp(—joot) with angular frequency o = 2xf this leads to

Je(@)=cE(), Jp(@)=joee E(w) (1)
The ratio of the absolute values of (1) is defined as the loss factor tan
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The critical frequency f, = = ¢ (2m) ™ is given by tan 8 =1. In the low frequency range f << f.,
tand becomes >>1, and J is negligible against J . This condition defines the boundary
between steady and quasi-steady state and wave phenomena. The material acts in this case as
a conductor. For the case tand <<1 at which jc is negligible against J,, the material acts as
an insulator (see Fig. 2, [15]).

Under these circumstances the broadband electromagnetic transfer functions &€ (w) or
G () of a soil sample can be characterise by the dependence of the absolute complex
dielectric permittivity £(m) =¢g.€, (0) =€'(0) — je"(w) and the complex electrical conductivity
6(w) =o'(w)+ jo"(w) on frequency f as well as on thermodynamic state parameters like
temperature, pressure and water content [3, 13]. Then under consideration of (1) the effective
current density jE(w) becomes:
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From these relations follows that the real part of G acts as an ohmic conductance and
therefore ¢’ and ¢ are linked to a movement of charges. Otherwise the real part of &, acts
as a capacitive susceptance and a charge displacement is linked to ¢/ and o”. Based on these
circumstances it is reasonable to define a real effective relative permittivity ¢ . and a real
effective conductivity o (c.f. Fig. 2):
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Figure 2: Relative complex dielectric permittivity € . and real part of the complex electrical

conductivity G, of the silty clay loam sample (dike at river Unstrut/germany).

The critical frequency f. is perhaps the most important parameter when considering the
electrical mechanisms of moist soil. Especially in time domain reflectometry (TDR)
applications with flat bad cable sensors the effective sensor length is restricted by f. [17]. At
frequencies above f., € . (w) is the most effective parameter, which determines the general
dielectric relaxation characteristics of soil. Below f., o (®) is the most effective parameter
and common mixing models fail ([15]). In order to analyse the frequency range that includes
more than 12 orders (ImHz - 3GHz) of frequency, a simple broad band transfer function is
suggested by Borner [3] (Combined Conductivity and Permittivity Model - CCPM) for moist
rocks:

Eor (0) =02, +80¢,, (jor)"" — joo ! (GDC + Gl(j(mr)lfp) (8)

with high frequency limit of permittivity €_, angular frequency ®, direct current electrical
conductivity o,., a frequency independent conductivity o, as well as relative dielectric
permittivity ¢, relaxation time t and stretching exponents 0<p,n<1. The frequency
dependence of relative permittivity and conductivity of subsoil can be calculated with this
model in the frequency range up to ~1GHz. However, the relaxation behaviour can not be
described completely in the frequency range above 1 GHz. For this purpose in comparison to
(8) the dielectric relaxation behaviour of each expected process is described by a fractional
relaxation model according to Wagner et al. [28]. In order to parameterise the measured
spectra as a function of water content w and bulk density p a generalized dielectric response
(GDR) was used under assumption of three relaxation processes:
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with relaxation strength Ae;, relaxation time t; and stretching exponents 0 <o, ; of the i-th
process.

3 Experiments

The complex dielectric permittivity of saturated and unsaturated soil was examined in the
frequency range 1 MHz to 20 GHz at room temperature and under atmospheric pressure with
a Rohde & Schwarz ZVR (1 MHz - 4 GHz), with a PNA E8363B (10 MHz - 40 GHz) and
with a HP8720D (50 MHz to 20 GHz) network analyser. This was performed using a
combination of open-ended coaxial-line (HP85070B) and coaxial transmission line technique
(sample holder (7x16x100)mm?®) ([29]). In addition, selected soil-samples were examined in
the frequency range 1 Hz - 1 MHz with a Solartron Si 1260 - impedance analyser (see Fig. 2).
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Figure 3: Complex effective relative dielectric permittivity £ . and complex effective
electrical conductivity 6 as a function of frequency of the silty clay loam sample for selected
gravimetric water contents w and dry bulk densities p .

Fig. 3 represents our results of a silty clay loam from a dike at the river Unstrut, Thuringia,
Germany: 29.7% clay, 49.8% silt, 19.9% sand and an effective cation exchange capacity CEC
= 65.6 mmol(eq)/100g. The samples were selected from a larger data set of up to 40
measurements representative for the investigated broad frequency range and a narrow porosity
range (see Tab. 1). The soil samples were incrementally wetted from air dry up to saturation
with natural water and equilibrated 12h. From the prepared sample a subsample was taken. A
retaining ring was used as the sample holder for the HP85070B probe. Care was taken to pack
the soil in the transmission line to a homogeneous bulk density and to a defined volume.
After each dielectric measurement bulk density p as well as gravimetric water content w
were determined. The complex permittivity was calculated in the frequency range 50 MHz to
8 or 20 GHz with the HP 85070/71C Materials Measurement Software. In addition the



measured complex S-parameter values were used to compute € (w) in the frequency range
1 MHz to 4 GHz after full to port calibration of the coaxial transmission line with different
methods: Nicolson-Ross-Weir technique and propagation matrix method [5].

4 Discussion

Three relaxation processes are assumed to act in the investigated frequency-temperature-
pressure range: one primary a-process (main water relaxation) and two secondary (a',)-
processes due to clay-water-ion interactions (bound water relaxation and the Maxwell-
Wagner effect respectively). A Shuffled Complex Evolution Metropolis (SCEM-UA)
algorithm ([8]) is used to find best GDR or CCPM fitting parameters (Tab. 1, Fig. 3). This
algorithm is an adaptive evolutionary Monte Carlo Markov Chain method and combines the
strengths of the Metropolis algorithm, controlled random search, competitive evolution, and
complex shuffling ([8]) to obtain an efficient estimate of the most optimal parameter set, and
its underlying posterior distribution, within a single optimisation run. The resulting relative
error of each parameter is less than 3\%.
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Figure 3: Complex relative dielectric permittivity & and conductivity G as a function of
frequency of the sample v-10 with the result of the SCEM-UA optimisation (Tab. 1).

Beside the data obtained in the SCEM-UA optimisation, the relative dielectric permittivity at
a measurement frequency of 1 GHz, ¢ 5, and the critical frequency f. according to (2) for
the spectra in Fig. 3 are summarised in Tab. 1. Relative dielectric permittivity ¢ ., follows
Topp’s calibration function [26]: ¢, =3.03+9.39+1469% - 76.79°. f. increases to a
maximum value of 127 MHz at a volumetric water content of 3=19.71% with increasing
water content and then decreases to 70 MHz at 3=37.33%. The relaxation parameters
obtained from GDR-fit are presented in Tab. 1 and Fig. 4. Relaxation strength Ag, of each
process as well as apparent direct current electrical conductivity o,. and the stretch
exponents o.. depend strongly on moisture content.



Table 1: Parameters determined in the SCEM-UA optimisation with GDR as well as CCPM,;
gravimetric water contentw , dry bulk density p, porosity ¢ and volumetric water content 9
of the selected silty clay loam samples.

v-1 v-2 v-3 v-4 V-5 V-6 v-7 v-8 v-9 v-10

w [%] 256 342 371 615 895 1400 1352 2053 2401 26.03
p [g/cm?] 135 134 133 136 127 111 146 127 149 143
d 050 050 050 049 053 057 046 051 045 047
9 [%] 347 457 495 837 1134 1561 1971 2605 3574 37.33
fo [MHz] <1 <1 15 1359 3434 467 1273 699 8323  70.0
E1ers 347 370 411 462 569 627 10.64 1486 2522 2549
GDR-Parameter

e, 138 093 082 228 250 260 318 396 192 229
Ae, 195 209 264 206 229 301 698 983 2197 2431
T, [ps] 031 025 059 311 491 5113 491 88 508 590
o, (fixed) 000 000 000 000 000 000 000 000 000  0.00
1-B 049 030 019 008 003 000 004 009 002 005
Ae. 525 7.76 974 1581 1460 1439 2038 2516 2370  22.06
T, [ns] 989 986 969 997 994 940 452 946 228 212
o, (fixed) 000 000 000 000 000 000 000 000 000  0.00
1-B., 044 047 044 038 043 040 036 039 033 026
Ag, 361 646 1010 4833 5679 4493 5894 10518 16449  83.90
T, [ns] 6332 4947 3738 6746 2847 3679 5621 9281 5295 36.60
a, (fixed) 100 100 100 100 100 100 100 100 100  1.00
1-B, 074 074 065 046 040 037 050 041 036  0.40

Gpe [S/M] 53E-5 6.26-5 7.8E-4 3.0E-3 4.0E-3 0.01 0.07  0.048 0.11 0,11

CCPM-Parameter

€, 2.36 2.01 2.74 2.83 2.16 4.24 3.89 4.01 4.93 1.38
g 1.14 0.27 0.02 3.19 3.35 2.74 9.12 1195 28.84 29.26
7, [ns] 173.1 4965 4299 4114 0.9 0.96 0.2 0.64 2.0 0.3
n 0.84 1.00 0.86 0.84 0.92 0.82 0.77 0.91 0.89 0.88

Gpe [S/M] 3.0E-06 7.1E-09 0.001 0.004 0.005 0.001 0023 0027 0116 0.061
o, [S/m] 9.1E-04 4.7E-04 0.001 0.003 0.003 0.007 0.044 0020 0.010 0.056
7, [ns] 56.3 3558 2619 133.6 8490 89216 988.2 28342 1616  783.7
p 0.31 0.34 0.39 0.47 0.65 0.78 0.99 0,83 0.77 0.97

Relative high frequency permittivity ¢_ determined in the SCEM-UA optimisation with GDR
(2.241) as well as CCPM (3.16+1.2) varies within a small range. Relaxation time of main
water relaxationt_ is lower than the expected relaxation time of pure water at 20°C and under
atmospheric pressure with .. =9.37ps ([14]). However, t, slightly increases with
increasing volumetric water content to t_= 5.9 ps. Relaxation time t,., which is referred to as
bound water, decreases with increasing volumetric water content from 9.9 ns to 2.12 ns. The
current understanding of bound water relaxation suggests that the closer the water layer is to
the particle the more distorted is its structure compared to the structure of free water t,, or ice



T, with 1, <71, <7, [2]. Hilhorst et al. [9] conclude based on literature data a bound water
relaxation time t,, >16ns. In contrast Boyarskii et al. [2] suggest a decrease of the mean
relaxation time of bound water from ~0.5 ns to 7.7 ps at 27°C due to an increasing number of
molecular water layers with increasing volumetric water content.

The determined relaxation time <, is referred to as relaxation mechanism involving strong
clay—water-ion interactions, e.g. the Maxwell-Wagner effect. In the investigated frequency-
temperature-pressure range t, shows no systematic dependence on moisture. Ishida et al. [12]
reported a relaxation time at about 160 ns in clay suspensions using TDR. In addition, Dudley
et al. [4] found relaxation times based on impedance spectroscopy measurements of about 22
ns for Na-montmorrillonite and 160 ns for Ca-montmorrillonite suspensions. The obtained
values from GDR-fit 7, = (51+19) ns are within this range.
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Figure 4: (left) Relaxation strength Ae; of the i-th process in comparison to the relative high
frequency permittivity e, (right) apparent direct current electrical conductivity o,.and
(inset) distribution parameter of the i-th process as a function volumetric water content 9.

5 Conclusion

The results show the potential of the chosen approach but a detailed explanation of this
complex behaviour is beyond the scope of this paper. In general, there is a need of further
systematic investigations by broadband dielectric spectroscopy of saturated and unsaturated
soils under controlled hydraulic and mechanical conditions and with an utilisation of
microscopic modelling.
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