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Abstract— Measurement of dielectric permittivity of soil has been 

studied by many researchers. However, few studies have been 

conducted on contaminated soil. The motivation of the present 

study is to investigate the behavior of sandy soil contaminated by 

lubricant oil at microwave frequency. Two different artificially 

prepared soil samples are measured in the laboratory. The 

measurement of the complex permittivity of soil samples is reported 

in the frequency range 500 MHz – 4 GHz using open-ended coaxial 

probe technique. Measurements are carried out using a dielectric 

assessment system associated with an automatic network analyzer 

and a dielectric probe connected to a computer. The experimental 

set up is described and the system response is obtained. It is 

observed that the complex permittivity of the soil is associated with 

the contamination. The measurement results show that the change 

in the dielectric loss of dry sand before and after lubricant oil 

contamination is quite significant. Measuring these dielectric 

contrasts provide a basis for using ground-penetrating radar or 

other high-frequency electromagnetic sensors in the detection of 

soil contamination.  
  

Index Terms— Microwave frequency, dielectric properties, permittivity 

measurement, contaminated sandy soil.  

I. INTRODUCTION 

A leakage from oil-pipeline is dangerous for people and the environment. It contaminates soil and 

ground-water [1]. Old pipelines may be fractured or leaking due to a variety of reasons, including 

corrosion, cracking, material defects, and human interference. Soil contamination due to oil leakage is 

not always visible. It may spread over large areas and it is difficult to locate. In the case of buried 

pipelines, where an inspection is impossible, different techniques exist for determining if a soil is 

potentially contaminated [2]. Some are invasive techniques that require drilling, testing and sampling. 

The invasive way to monitor the contaminated soil is to collect samples for the physical and chemical 

analysis, however, this traditional method may consume much time and high cost [3]. Furthermore, it 

is difficult to achieve a thorough understanding of the pollution conditions and geological drilling 

could destroy the original pollutants distribution and concentration in the soil. Invasive techniques, 

although they may work well, are labor intensive and impractical for inspecting the vast network of 

pipes henceforth an effective monitoring method needs to be developed.  
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Non-invasive techniques offer rapid and relatively inexpensive characterization of contaminated 

soil without producing fractures [4]. The extent of contamination has a lot to do with the chemical 

composition of contaminant and the dielectric properties of the soil [5]. Soil contaminated by oil 

behaves differently and gives emission as well as scatters the energy at microwave frequencies [6]. 

Both emissivity and scattering coefficients are a function of the dielectric constant. The detection of 

contaminants can be done by the direct measurement of the dielectric permittivity of the contaminated 

area [7]. From the measured values of dielectric properties, one can estimate emissivity and scattering 

coefficient that will provide the tools for designing the microwave remote sensing sensors [8]. The 

underlying principle is based on sensing the change of dielectric characteristics that occurs in the soil 

when oil escapes from the pipe. The presence of oil provokes a local, detectable change of the 

dielectric characteristics of the soil [9].  

Ground Penetrating Radar (GPR) is one of the most relevant technologies that form part of non-

invasive techniques, which can detect and monitor oil leakage in underground environments [10]. In 

order to gain a better understanding of the radar signal returns from a contaminated area over a wide 

frequency band, the measurement of the dielectric properties of contaminated soil is therefore 

necessary. The detection of oil contamination in soils, by mean of the GPR, depends on the contrast of 

reflection coefficient between the dielectric permittivities of the clean and contaminated soil [11]. The 

higher the reflection coefficient, the higher the possibility for the detection of the contaminant [12]. 

The success of GPR in detecting the contaminant depends also on the penetration depth and frequency 

of GPR signal. 

The dielectric properties of contaminated and uncontaminated soils have been measured by 

Darayan et al using two independent techniques: the guarded-electrode method and the parallel-plate 

capacitor method. It is found that the dielectric constant increases with the addition of diesel oil [13]. 

This is attributed to the fact that diesel oil replaces air contained within the pore spaces of the soil 

samples and changes the path of electric current conduction. The dielectric properties of a sandy soil 

contaminated with non-aqueous phase liquids has been investigated by Francisco and Montoro [14]. 

The dielectric permittivity of the soil in their study is measured using a coaxial impedance dielectric 

reflectometry sensor. Two different tests were performed in the study to characterize the dielectric 

properties of the soil and to verify the displacement of organic liquids inside the soil pores. Results of 

the Francisco and Montoro study indicate that as the volumetric oily liquid content of the samples 

increase, the dielectric permittivity of the samples also increase.  

In the current study, laboratory measurements are carried out using a dielectric probe kit connected 

with a network analyzer to estimate the dielectric permittivity of samples of sandy soils in dry 

condition and saturated with oil. The measurements are performed in the frequency range usually 

adopted in GPR applications. In testing contaminated soil, contaminated samples were prepared by 

mixing the sand with oil to match field conditions. In the field a different situation may arise. 
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Contaminated sand may remain in place for months or even years before being excavated for use. 

Previous studies showed that the dielectric constant of sand increases almost linearly with temperature 

[15]-[16]. At low temperatures, change in the dielectric constant is small, while rapid increase in the 

dielectric constant was observed at temperatures above 40 ºC. Under high temperature in the desert, 

volatile compounds will evaporate, leaving the heavier residues. Up to this point, the aging effect on 

measured soil is ignored and will be examined in a separate study. It is anticipated that a cohesion 

intercept may develop with time, particularly if the material is compacted to very high relative 

densities [17]. 

II. EXPERIMENTAL SETUP  

At microwave frequencies, different measurement techniques can be used for the measurement of 

the dielectric permittivity. These include transmission line techniques (free-space, waveguide and 

coaxial), impedance and cavity methods [18]. In the current study, the complex dielectric permittivity 

of different soil samples before and after contamination is measured using Dielectric Assessment Kit 

(DAK). DAK system is based on the open-ended coaxial probe technique which uses advanced 

algorithms and novel hardware for all applications where high-precision dielectric measurements 

(permittivity, conductivity and loss tangent) are required. The open ended coaxial probe is a cut off 

section of 50 Ohm transmission line used for contact the measured sample either by touching the 

probe to the surface of a solid/semi-solid media or by immersing it into a liquid media. The 

electromagnetic fields at the probe end fringe into the material to be measured and its parameters are 

determined from the change of the scattering parameter S11.  

 

Fig. 1. DAK measurement system setup 

Dielectric probe used for measurements is designed for fast, precise and non-destructive 

measurements in the microwave range. The probe is connected with a phase and amplitude stable 

cable to a vector network analyzer (VNA) which is then calibrated with open (air), short and liquids 

with well-known parameters. All calibrations and measurements have been conducted in the closed 

laboratory facility, environment temperature 25°C and humidity < 70%. DAK interfaces with a VNA 
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to measure the scattering parameters seen at the end of the open-ended coaxial probe, while DAK 

software on an external computer calculates the dielectric constant from the measurement. The 

measured sample volume is large enough to ensure that reflections at the sample boundaries do not 

significantly influence the measurements. The minimum sample volume depends on the frequency, 

probe size and dielectric parameters. DAK system setup is shown in Fig. 1.  

III. MEASUREMENT PROCEDURE  

All samples are prepared in the chemical laboratory at Fayoum University. The soil samples consist 

of commercially available sands. The sand was fine grained, and the sample was kept in a tight plastic 

bottle until the dielectric measurements were made in the laboratory. Oil was added to the sandy soil, 

allowed to saturate for 24 hours, and stored at room temperature. Table I shows the physical and 

chemical properties of soil samples. Prior to the measurement, the system imperfections are 

completely avoided by calibrating the system. The calibration procedure of the probe involves the 

measurement of air (open), a circuit connection (short). Additionally, the dielectric permittivity of 

deionized water was measured and stored in memory as a known material reference. Once calibration 

is completed, then soil samples are measured. The calibration performance was then controlled before 

and after testing each sample.  Finally, the Dielectric Probe Kit software assists in data acquisition and 

permittivity calculations  

TABLE I. PHYSICAL AND CHEMICAL PROPERTIES OF SOIL SAMPLES 

Soil Test Uncontaminated sandy soil Contaminated sandy soil 

Specific Weight (Ton/m3) 1.42 1.66 

Water Content (%) 6.7 % 4.54 % 

Max Dry Density (Ton/m3) 1.739 1.912 

Soil porosity (%) 35.5 % 28.1 % 

Chlorides salts (%) 0.072 % 0.085 % 

Sulphates salts (%) 0.35 % 0.35 % 

IV. MODELING OF EXPERIMENTAL DATA  

Propagation of electromagnetic waves in materials is determined by their electrical parameters, 

chief amongst these is the permittivity. Permittivity describes the interaction of a material with the 

electric field and it can be seen as an ability to store electric energy due to changes in the relative 

positions of electric charge displacements formed by internal positive and negative charges. The 

orientation of polar molecules changes in sympathy with an applied electric field [19]. This 

phenomenon has a significant effect in determining the permittivity of the material. The ability of the 

polar molecules to align with the applied E-field at microwave frequencies is determined by the 

kinematics of the molecular structure and is described by relaxation theory. Relaxation models have 

been widely used by researchers to extrapolate the measured permittivity to higher frequencies [20]. 

With an appropriate choice of model parameter, relaxation model could be used to predict the 

dielectric properties over the desired frequency range [21].  
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It is common to use relaxation models that estimate the soil dielectric properties. Although a wide 

variety of models, each with its own characteristics, has been proposed no complete model is 

available that can describe the dielectric properties of a soil for all its variables. This makes it a 

challenge to select the best model for each occasion [22]. The dielectric permittivity of the dry sand 

can be represented by single relaxation Debye equation [23]-[24]: 
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where εs is static permittivity, ε∞ is the extrapolated high frequency permittivity, fo   is the relaxation 

frequency, and a"  is an estimated imaginary part assumed to be due to losses in sand. The dielectric 

characteristics of many dielectrics deviate from the Debye theory, which assumes the existence of one 

single relaxation time and ignores the conductive loss. 

V. RESULTS AND DISCUSSIONS  

The dielectric permittivity of contaminated and uncontaminated sandy soil was measured at room 

temperature (25
o
 C) as a function of frequency. For the modeling of the measured data, a Debye 

relaxation spectrum is chosen.  A curve fitting routine is implemented using MATLAB based on the 

least square method to search for the most appropriate values of fitting Cole-Cole model parameters. 

The goal of data fitting is to find the parameter values that most closely match the measured data. The 

best Debye fitting parameters for both samples are tabulated in Table II. The tabulated data indicate 

that the addition of lubricant oil can potentially translate into differences in the effective complex 

permittivity. These changes in turn reflect on the Debye parameters. The higher value of relaxation 

frequency for contaminated soil as compared to that of uncontaminated soil may be due to oil 

molecules. 

TABLE II. DEBYE PARAMETERS FOR DIFFERENT SANDY SOILS 

Soil Type Uncontaminated sandy soil Contaminated sandy soil 

εs 2.51 5.68 

ε∞ 2.82 5.99 

        fo (GHz) 0.249 0.412 

a" 0.003 0.285 

 

For the convenience of illustration, the spectra of the dielectric sand data at room temperature are 

shown in Fig. 2. The real permittivity of dry sand is fairly constant, showing only a slight tendency 

toward decreasing values with increasing frequency. A comparison with dielectric data of dry sand 

from previous study done by Matzler [25] shows a qualitative agreement with the measured data of 

the current study. 
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   (a)       (b) 

Fig. 2. Comparison of the fitted permittivity of sandy soil versus frequency (a) dielectric constant (b) dielectric loss factor 

In order to reproduce a typical leak-contamination condition, commercial lubricant oil is diffused in 

the soil using a syringe to spread it uniformly over the top of the sample caused the soil polluted. The 

dielectric permittivity of the contaminated sample was then measured. This procedure was repeated 

until the soil sample was completely saturated. As microwaves penetrate into soil the wavelength is 

shortened and the amplitude rapidly attenuated. The depth at which the amplitude of the wave is 

reduced to 1/e (about 0.37) compared to the amplitude at the surface is called the "penetration depth". 

Penetration depth and wavelength will depend on frequency, soil permittivity, and soil conductivity. 

The power penetration depth δ is given by the inverse of the absorption coefficient α = 2k0n'', where k0 

is the wave number in vacuum and n'' is the imaginary part of the complex refractive index n = √ε. 

Using equation (1), δ was computed over the frequency range from 0.5–10 GHz. The result for both 

type of soil is shown in a logarithmic representation in Fig. 3.  

 

Fig. 3. Penetration depth of contaminated and uncontaminated soil versus frequency, according to the fitted permittivity 

In general for the design of antenna ground systems we are interested in the soil characteristics 

down to a penetration depth. The penetration of microwaves into sand soils is thus quite large, many 

wavelengths. As shown in Fig. 3, oil contaminants are easily detected in dry sand, yet detection 

becomes very difficult in wet sand. 
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Figure 4 shows the graph of experimentally extrapolated measured values of the dielectric constant 

ε' and the dielectric loss ε'' for both type of soil at microwave frequency band. From the analysis of 

measured data from both the uncontaminated sandy soil and the soil impregnated with lubricant oil, it 

is anticipated that both the dielectric constant and the dielectric loss increase with the addition of oil. 

This can be attributed to the fact that the oil penetrates deep into soil, replaces the air in the pore space 

and block air spaces. As a result, the soil becomes more compact, its physical and chemical properties 

alter; finally its characteristics become more similar to characteristics of lubricant oil and 

consequently cause the changes in its dielectric permittivity. After the addition of lubricant oil in soil, 

the amount of change in the dielectric constant of compound seems to be significant. Thus the GPR 

and other high frequency electromagnetic sensors should be able to sense the signal for soils with and 

without oil contaminations. The results show that oil contaminants are easily detected in dry sand, yet 

detection becomes very difficult in wet sand. 

       

   (a)       (b) 

Fig. 4. Measured and curve-fitted permittivity of sandy soil versus frequency before and after oil was added  

(a) dielectric constant (b) dielectric loss factor 

VI. CONCLUSION 

The complex dielectric permittivities of an artificially prepared contaminated and uncontaminated 

sandy soil are measured in a wide microwave range of frequency. Using the vector microwave 

network analyzer, the effect of addition of lubricant oil on the dielectric properties of sandy soil is 

analyzed. Our measurements are in very good agreement with literature reference data for 

uncontaminated sandy soil. From the analysis of measured data of soil samples, it is observed that the 

addition of oil content in the soil gives rise to a large variation in the dielectric constant as well as the 

dielectric loss. The experimental results indicate the technical feasibility of the microwave technology 

for remote and fast inspection of soil contamination. However, it still need plenty of practical 

researches, especially experiments with various soil types. A good understanding of the electrical 

properties of soil is vital to extract useful information needed in soil monitoring and management for 

sustained agricultural production. 
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