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Sand’s electrical parameters vary with frequency 
 

Variación de los parámetros eléctricos de la arena con la frecuencia 
 

J. Montaña1, J. Candelo2, O. Duarte3 

 

ABSTRACT  
This paper presents the results of two types of test in one kind of sand to obtain resistivity and permittivity values for frequency ranging 

from Hz to MHz. One test involved wave generation at specific frequencies and the other an impulse generator (continuous fre-

quency spectrum). Tests were made for three humidity values. The results of both test revealed non-linear performance on test elec-

trode surface. Such non-linearity was modelled and eliminated to give the permittivity and resistivity values in frequency domain.  

Keywords: Soil measurement, impedance measurement, permittivity measurement, resistivity variation, impulse testing, transient 

response. 

 

RESUMEN 
Este artículo presenta los resultados de dos tipos de pruebas hechas a una clase de arena para obtener los valores de resistividad y 

permitividad eléctricas en el rango de los Hz hasta los MHz. Una de las pruebas fue realizada a frecuencias específicas con un ge-

nerador de señales, y la otra fue hecha con un generador de impulsos de tensión, con lo cual se trabajó un espectro continuo de 

frecuencias. Las pruebas se llevaron a cabo para tres valores de humedad, y los resultados de ambas mostraron un comportamien-

to no lineal presente en la superficie de los electrodos de prueba. Esta no linealidad fue modelada y considerada en el procedi-

miento de cálculo de los valores de permitividad y resistividad en el dominio de la frecuencia. Finalmente, se señalan los resultados, 

las conclusiones y el trabajo futuro.  

Palabras clave: mediciones del terreno, medición de impedancia, medición de permitividad, variación de resistividad, prueba 

de impulso, respuesta transitoria. 
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Introduction1 2 
When a grounding system is being designed, the values for soil’s 

electrical parameters must be known at the site where the sys-

tem will be built. Resistivity (), permittivity () and permeability 

(µ) values must be considered if a study is aimed at ascertaining a 

grounding system’s transient behaviour (Montaña, 2011; He et al., 

2005). 

Grcev (Grcev, 1993) classified soil as being wet or dry by means 

of constant values based on their humidity. Dry soil has high 

resistivity (10e3 m) and low relative permittivity (9) and wet 

soil has low resistivity (10e2 m) and high relative permittivity 
(36). These electrical parameters are assumed to be constant 

since they do not vary with frequency or position in soil (Vi-

sacro, 2007; Visacro et al., 2009). 
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Previous work has established that soil’s electrical parameters, 

permittivity and resistivity have variations regarding frequency 

and humidity (Visacro and Portela, 1988; Portela, 1997a; Portela 

1997b), (Scott and Smith, 1992; Visacro et al., 2011; Visacro and 

Alipio, 2012), whereas the relative permeability value is near to 

that of the vacuum. Some have used equations to represent such 

variation (Visacro, 1992; Visacro and Alipio, 2012); these studies 

were conducted in the 40 Hz to 2 MHz frequency range because 

the most representative lightning frequencies are in that range. 

These papers showed that relative permittivity can vary from 

10e4 up to 10 and that resistivity can vary from 8km up to 

1km in the range being studied. 

It can be concluded from previous work that frequency variation 

largely affects soil’s electrical parameters and therefore final 

results (Visacro and Rosado, 2009). This work was aimed at 

developing some tests for ascertaining soil’s electrical parameters 

via frequency. Two tests were carried out in a larger range than 

previous work; the results of both experiments are compared 

and shown in this paper. 

Test description 
A spherical configuration was used for measuring the electrical 

parameters of a type of sand. The setup consisted of a 0.25 m 

radius outer sphere (half sphere) and 0.035 m radius inner 

sphere. The spheres were built with copper foils and the space 

between both spheres was filled with the sand. This setup was 

fed with two kinds of signals, a sinusoidal signal at different fre-

quencies and an impulse voltage in the other one. 
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Sand humidity was changed using distilled water (5%, 10% and 

15%); the ratio between the volume of distilled water added to 

the sand and the volume of sand was represented as a percent-

age. The sand and distilled water were mixed for about 4 hours 

to ensure a homogeneous sample. The sand had been dried at 

350C for two days to eliminate any water. Distilled water was 

applied by means of a spray and the sample was continuously 

mixed. The sand used in the test had octagonal grains (0.23 mm 

average size). 

The sand was placed into the half sphere and pressed to elimi-

nate air gaps (Scott and Carroll, 1967), (Nor et al., 2006). The 

second sphere (inner sphere) was inserted and the setup was 

thus ready to start the tests immediately to avoid changing hu-

midity values. Figure 1 shows the final setup. 

Sand was chosen since it is easily wetted and dried without loss 

of physical properties. The hemispherical test setup was chosen 

because this type of geometry may provide a comparable config-

uration to that in commonly used earthing systems (Nor et al., 

2006; Liu et al, 2003). 

 

Figure 1. Photo of initial setup 

This setup has been widely adopted during laboratory testing to 

compute soil parameters. The results computed by means of this 

test could lead to up to 10% error, as mentioned by Nor Haddad 

and Griffiths (Nor et al., 2006). 

AC frequency response 

A wave generator (Wavetek, Model 166) was used, frequency 

ranging from 0.0001 Hz up to 50 MHz in 11 different ranges, 30 

V peak to peak output, 0.5% sine distortion for 10 Hz up to 100 

kHz and 30 dB down for 100 kHz up to 5 MHz. 

20 Hz up to 3 MHz sinusoidal waveforms were used; a resistance 

located in series with the setup was used to measure the cur-

rent. Resistance value was 94.2; it was built with eleven re-
sistances in a cylindrical configuration to reduce inductive effects. 

Source voltage Vs and voltage over resistance VR were meas-

ured with an oscilloscope (Figure 2). 

Impulse frequency response 

The impulse voltage source was obtained with a Schaffner gener-

ator (NSG-650) involving the following types of pulse: 1.2/50 s 

(open circuit) and 8/20 s (short circuit), 200 V up to 6.6 

kV10% voltage range, up to 3.3 kA at 6.6 kV, dynamic imped-

ance: low 12  – high 36. Three peak values were used: 1 kV, 

3kV and 6.6 kV. Voltage and current were measured by means of 

voltage and current probes, as shown in Figure 3. 

 

Figure 2. Setup for AC frequency response test 

 

Figure 3. Setup for impulse frequency response test 

A current probe (Tektronix P6021) was used to measure the 

circuit current (2mA/1mV sensitivity, 450 Hz to 60 MHz band-

width). 

A voltage probe (Lecroy PPE 5kV) was used to measure the 

impulse voltage. Table 2 shows this probe’s average characteris-

tics. 

Table 2. Voltage probe characteristics 

Characteristic Value 

Input R ohm 50 M 

Maximum voltage 5 kV 

Bandwidth 400 MHz 

Attenuation 100:1 

Input capacitance < 6 pF 

Data 

AC frequency response 

Voltages were recorded for 36 frequency values ranging from 20 

Hz up to 3MHz. This procedure was repeated for the three 

humidity values; Figure 4 shows 300 kHz voltages when the 

sample contained 5% distilled water. 

Table 3 compares values for frequency f(Hz), voltage over series 

resistance VRrms (rms values) and phase shift Deg(rad) between 

Vs and VR (see Figure 2) for 5% humidity (10% and 15% are not 

shown in this paper). Source voltage Vs was about 10.2 Vrms. 

 

R 

VR 

Vs 

 

I  

Vs 
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Figure 4. Source and resistance voltage at 300 kHz for 5% distilled 

water 

Table 3. Frequency, voltage over series resistance and phase shift 

data for 5% humidity 

f (Hz) 
VRrms 

(V) 
Deg (rad) 

 
f (Hz) 

VRrms 

(V) 
Deg (rad) 

20 0.084  0  4,963 0.085  0 

30 0.084  0  6,142 0.079  0 

39 0.084  0  8,278 0.082  0 

50 0.084  0 
 10,081 0.085 0.025 

61 0.079  0 
 30,306 0.085 0.048 

83 0.082  0 
 49,617 0.086 0.078 

100 0.085  0 
 62,640 0.081 0.063 

202 0.085  0 
 83,503 0.084 0.105 

301 0.085  0 
 100,205 0.088 0.113 

393 0.085  0 
 201,216 0.091 0.215 

494 0.085  0 
 299,847 0.095 0.264 

608 0.080  0 
 392,149 0.099 0.345 

822 0.082  0 
 492,616 0.103 0.387 

1,008 0.086  0 
 621,809 0.105 0.469 

2,032 0.085  0 
 827,972 0.115 0.531 

3,031 0.085  0 
 1,028,775 0.130 0.582 

3,026 0.085  0 
 2,066,116 0.192 0.779 

3,968 0.085  0 
 3,048,502 0.256 0.804 

Impulse frequency response 

Voltage and current were recorded for three impulses (1kV, 3 

kV and 6,6 kV) and for three humidity values (5%, 10% and 15%) 

to provide enough information for analysis. 

Figures 5, 6 and 7 show voltage and current waveforms when 

Schaffner generator output voltage was fixed at 1kV for the 

three aforementioned humidity values. 

Data analysis 
A series resistance was used in the AC frequency response test 

for computing the current. Figure 8 shows the equivalent circuit 

representing the setup used here.  

V1 was the wave generator, R2 the series resistance used to 

calculate the current and C2 capacitance between the outer  

 

Figure 5. Voltage and current waveforms for 5% humidity 

 

Figure 6. Voltage and current waveforms for 10% humidity 

 

 
Figure 7. Voltage and current waveforms for 15% humidity 

 

sphere and earth. 

The C2 value was computed using ANSYS finite-element soft-

ware; capacitance value was 34 pF.  

Current and voltage in the impulse frequency response test were 

measured directly through current and voltage probes (described  
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Figure 8. Equivalent circuit for AC frequency response test, including 

measurement branch 

above). The outer sphere was directly connected to earth; the 

previous R2/C2 branch was thus not considered in the test. 

AC frequency response 

Once the data had been recorded, the current from the voltage 

measured in the R2/C2 parallel branch was computed. Imped-

ance was calculated from the current and voltage over the sam-

ple. 

Impulse frequency response 

Impedance could be computed immediately due to the current 

and voltage being recorded directly. Voltage and current fre-

quency spectrums were obtained using the fast Fourier trans-

form (FFT) technique. 

Figure 9 shows the impedance amplitude found by means of two 

tests; one was developed at low voltages and specific frequencies 

and the other at medium voltage involving infinite frequencies. 

 

Figure 9. Sand impedance amplitude for both tests 

As linearity and superposition were not satisfied in both tests, it 

was concluded that nonlinear behaviour had taken place during 

the tests. Nonlinearity was attributed to ionic polarisation on the 
surface of the test electrodes, as described by Scott and Carroll 

(Scott and Carroll, 1967) and Nor, Haddad and Griffiths (Nor et 

al., 2006). 

An under peak was seen from current waveforms shown in 

Figures 5,  6 and 7 which could not be represented by parallel 

branch C1/R1 in Figure 10; after some simulations it was thus 

concluded that this under peak could be represented by adding 

series capacitance. 

From the differences shown in Figure 9 and the under peak in 

the current waveforms, it was concluded that ionisation could be 

modelled by means of capacitance Cp. The circuit used for com-

puting polarisation and sand parameters is shown in Figure 10. It 

is very important that capacitance Cp is computed to calculate 

the correct sand impedance. This model was similar to that 

presented in Nor, Haddad and Griffiths (Nor et al., 2006). 

Matlab toolbox system identification was used to find a transfer 

function F(s) for each voltage (V) and current (I) couple to com-

pute R1, C1 and Cp parameters. Table 2 presents the results for 

three peak voltage values and three humidity values. The item 

“Adjust” in this table means how transfer function response fit 

experimental result in terms of percentage. 

 

Figure 10. Circuit model used to find sand electrical parameters 

Table 3. Impulse test circuit model values  

Humidity 5% 10% 15% 

Impulse (kV) 1 3 6 1 3 6 1 3 6 

Cp (nF) 61 49 44 76 89 78 133 108 189 

R1 (k) 11.8 12 11 6.2 6.4 6.3 4.2 3.9 4.5 

C1 (pF) 3.3 3.3 3.5 6.3 6.2 6.3 9.4 10 8.8 

Adjust (%) 74 89 93 93 90 94 86 97 78 

 

Once the Cp vales had been found, voltage over this capacitance 

was computed to subtract it from the measured voltage. Polari-
sation was eliminated from the measurements to compute sand 

impedance and thus resistivity and permittivity values. Sand 

impedance magnitude without polarisation is shown in Figure 11 

and the phase in Figure 12. 

Resistivity and permittivity values 

Sand electrical parameters were computed from the results of 

Figures 11 and 12. Impedance was represented as Re+jIm and 

10
1

10
2

10
3

10
4

10
5

10
6

0

2000

4000

6000

8000

10000

12000

Frequency (Hz)

Im
p
e
d
a
n
c
e
 A

m
p
lit

u
d
e
 (

O
h
m

s
)

 

 

Wave G. 5%

Wave G. 10%

Wave G. 15%

Impulse G. 5%

Impulse G. 10%

Impulse G. 15%



SAND’S ELECTRICAL PARAMETERS VARY WITH FREQUENCY 

             INGENIERÍA E INVESTIGACIÓN VOL. 32 No. 2, AUGUST 2012 (34-39) 38    

 

Figure 11. Impulse test sand impedance magnitude 

 
Figure 12.  Impulse test sand impedance phase 

the equivalent resistance and capacitance were calculated using 

(1) and (2): 

2Im
1 Re ( )

Re
R     (1) 

3

2

2

Im
Im

Re1 ( )C F
R 



   

(2) 

Electrical parameters for sphere-sphere setup were computed 

using (3) and (4): 
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where ri and re were the inner and outer radius, respectively. 

Figures 13 and 14 show impulse test resistivity and permittivity 

variation, respectively.  

 

Figures 13 and 14 show sand frequency variation; variations in 

resistivity values took place for frequencies higher than 100 kHz. 

The higher the frequency, the lower the resistivity whereas 

permittivity behaved differently because it became reduced con-

stantly with frequency. Figure 14 shows that permittivity values 

at low frequency (1 kHz) were higher than values reported in 

previous work by Grcev (Grcev, 1993) (up to 80) and high fre-

quency  (3 MHz) values (around 10). 

Although polarisation results have not been presented, it was 

found that permittivity values for low frequencies were 10 times 

higher and resistivity values twice higher when polarisation was 

not eliminated. 

AC frequency test permittivity and resistivity values have not 

been presented because polarisation effects could be eliminated 

in that experiment. This task is thus proposed for future work. 

 

Figure 13. Sand resistivity 

 

Figure 14. Sand permittivity 

Conclusion  
Recent work has demonstrated that soils’ electrical parameters 

have large variations regarding frequency. This paper has shown 

the results of two tests for computing resistivity and permittivity 

values for one type of sand.  
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Non-linear impedance of sand was found due to ionic polarisa-

tion on the surface of test electrodes. This conclusion was 

reached due to the differences between results from wave gen-

erator and impulse generator tests. 

Nonlinearity was modelled by means of series capacitance. Ca-

pacitance values representing polarisation phenomenon were 

found for one kind of sand, voltage ranging from 1kV to 6 kV for 

5%, 10% and 15% humidity values. Such values have not been 

presented in previous work and thus represent a contribution to 

this topic. 

After computing capacitance values Cp, the effect of polarisation 

(voltage over Cp) was eliminated from impedance and resistivity 

and permittivity were computed. The results showed that resis-

tivity and permittivity  depended strongly on frequency and 

humidity.  

Future work can use the methodology proposed by Montaña et 

al., (Montaña et al., 2005), (Montaña, 2006) and Nor, Haddad and 

Griffiths (Nor et al., 2006) for studying others types of soil and 

other voltage levels. 
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