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A SELF-BORING ELECTRICAL RESISTIVITY PROBE FOR SANDS 

SONDE AUTOPERFORANTE DE MESURE DE RESISTIVITE DES SABLES
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SYNOPSIS: An electrical resistivity self-advancing probe designed to evaluate the porosity and fabric of sands in situ is described in this 

paper. Laboratory calibrations in terms of vertical and horizontal formation factors have been conducted on Ticino and Quiou sands and 

on glass balls using cubic cells. The scale and stress effects on the measurements of resistivities have also been investigated in a triaxial cell 

with a model probe and in the ENEL-CRIS calibration chamber with the full scale probe. The results show that the vertical and horizontal 

formation factors are stress independent and that the volume of soil involved in the measurements is about 12 times the diameter of the 

probe. A preliminary field testing program has been carried out in Po river sand and the results seem to indicate that this new probe is quite 

promising in evaluating porosity and fabric of sands in situ. However, a comprehensive testing program is necessary to better understand 

the effects of drilling fluids on the resistivity measurements and provide guidelines to avoid such contamination.
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INTRODUCTION

In situ evaluation of porosity of sand deposits is commonly 

assessed using penetration resistance from the standard 

penetration test (SPT) and/or the cone penetration test (CPT). 

These empirical techniques are used to crudly estimate the 

relative density of sands without consideration of the fabric of the 

deposit. The influence of particle orientation on the mechanical 

behavior and liquefaction resistance of sands has been well 

documented by several researchers (Ladd, 1974; Mitchell et al., 

1976; Mulisis et al., 1977). However, due to problems associated 

with undisturbed sampling of cohesionless soils, the assessment of 

in situ fabric is very difficult. Recently, methods based on 

measurements of the electrical properties of soils have been 

introduced to evaluate the porosity and fabric of sands. To date, 

laboratory tests have clearly demonstrated that, for each sand, a 

relationship exists between the electrical resistivity and porosity 

(Archie, 1942; Jackson, 1975; Windle, 1976; Arulmoli et al., 1985). 

Moreover, the electrical resistivity is also dependent on the shape, 

gradation and orientation of the particles within the sand deposit. 

To circumvent difficulties with sampling of sands and drawbacks 

from existing field methods, an in situ electrical resistivity probe 

has been developed at the Hydraulic and Structural Research 

Center (CRIS) of the Italian Electricity Agency (ENEL). The 

probe is equipped with a self-advancing system to minimize 

disturbance arising from the insertion process. The reliability of 

the probe has been ascertained through a series of preliminary 

tests conducted on Ticino sand in the calibration chamber (CC) 

and in situ at a Po river sand site. The results of these preliminary 

tests as well as details of the probe are presented in this paper.

BACKGROUND

When an electrical current passes through a saturated porous soil, 

the conduction takes place mostly via the pore fluid. Essentially,

the soil grains are electrically insulating particles while the pore 

water is electrically conductive. Based on the following empirical 

relationship known as Archie’s law (Archie, 1942), the porosity of 

sands can be evaluated from the knowledge of soil and water 

resistivities:

'’soil -  f  water0 m (1)

where: <>$£,¡1 = bulk resistivity of soil,

p water = resistivity o f water in pore space, 

n = porosity of soil and, 

m = constant dependent on soil type.

The influence of the resistivity of the pore fluid is eliminated using 

a normalized parameter known as the formation factor, F:

F = »soil h  water (2)

Furthermore, since the electrical paths of the current in the soil 

depend on the tortuosity of the interconnections of the pore 

spaces, the soil fabric can be assessed from directional resistivity 

measurements. For a given porosity, the greater the tortuosity, 

the larger the soil resistivity. Using this concept, the fabric 

anisotropy is evaluated by determining the formation factor along 

the vertical and horizontal directions. Consequently, the constant 

m in Eq. 1 needs to be determined for both directions. Arulmoli 

et al. (1985) define an average formation factor as follows:

Fav= (Fv + 2 F h)/3  (3)

where: Fv = vertical formation factor

Fh = horizontal formation factor
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From laboratory measurements of the electrical resistivity 

properties of various cohesionless materials, there appear to be a 

unique relationship for each soil between the average formation 

factor and porosity, as shown in Figure 1.
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Fig. 1. Log-log relationship» of average formation factor against 

porosity: 1-Revelstoke Dam, 2-Sierra Diamond, 3-Lucite 

Balls, 4-Niigata, 5-Monterey ’O’, 6-Quiou Sand, 7-Ottawa 

’C-109’, 8-Glass Balls, 9-Ticino Sand, 10-Monterey ’0-30’, 

11-Reid Bedford. (Adapted from Arulmoli et al., 1985)

In situ measurements of electrical properties at depth for the 

evaluation of the formation factor have been previously 

investigated with varying degrees of success. Vlasblom (1973) 

used a standard cone equipped with electrodes to measure the soil 

resistivity and a separate probe for pore water resistivity. This 

device required undisturbed sampling of soils to be recovered to 

calibrate the resistivity measurements from the cone.

Windle (1976) used a self-boring pressuremeter with a fiberglass 

protective sheath equipped with electrodes. He concluded that 

the resistivity of the pore water could not be measured accurately 

enough to evaluate the initial void ratio due to temperature 

effects and varying amounts of silt or clay in the pore water. 

However, as resistivity measurements were made during the 

expansion phase of the pressuremeter test, assessment of changes 

in void ratio were more reliable.

Arulmoli et al. (1985) devised a probe which resembles a thin- 

walled sampling tube. The tube is pushed a short distance into 

the soil from the bottom of a borehole. The tube is equipped with 

electrodes for both horizontal and vertical measurements which 

are carried out on the soil within the tube. The vertical 

measurements are made at an angle such that the authors use a 

Mohr circle transposition to calculate the vertical formation 

factor. The probe is also equipped with a porous stone from 

which pore water on the outside of the probe is sampled for 

resistivity measurements.

The methods previously described either suffer from soil 

disturbance from cone penetration, borehole preparation or 

pushing of a thin-walled tube. For the last method, the 

measurements are performed on a relatively small body of soil

and require the evaluation of the vertical formation factor to be 

inferred from non-vertical measurements.

ENEL-CRIS ELECTRICAL RESISTIVITY PROBE

With the increased understanding of the self-boring process 

acquired in the last fifteen years, an electrical resistivity probe, 

equipped with a self-advancing system, was designed at the 

ENEL-CRIS Laboratories. A  sketch of the probe is shown in 

Figure 2.
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Fig. 2. Sketch of the self- advancing electrical resistivity probe.

The probe is 100 mm in diameter with a length of 1300 mm. As 

illustrated, an array of external electrodes in contact with the soil 

have been designed to perform the measurement of soil electrical 

resistivity both in vertical and horizontal directions. Also shown 

are two small cells located at the upper part within the probe 

which allow the determination of the electrical resistivity of water. 

The two cells are diametrically opposed and each consists of an 

array of ring shaped platinum electrodes mounted on a cylindrical 

glass support, 10 mm in diameter and 50 mm in length. Each cell 

covers a different range of conductivity for increased accuracy in 

the measurements. The cells are connected by a tube to porous 

stones to collect the pore water.

The array of external electrodes has been designed to perform 

measurements of soil electrical resistance using a four electrodes 

configuration. Two electrodes are used to supply a constant 

current while the other two are used to measure the voltage. This 

configuration prevents errors rising from the contact resistances 

between soil and current electrodes. The electrodes are fabricated 

with titanium and are insulated from each other by Delrin, a 

plastic material having a high resistance to abrasion. The entire 

system is mounted and sealed on a stainless steel shaft supporting
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the self-boring components.
Calibration of the probe is necessary to assess the soil resistivity 
from the field resistance measurements. The relationship 
between resistance and resistivity is given by:

I = R C (4)

where: p = resistivity [n • m],
R =  resistance [fl],
C =  constant [m].

The coefTicient C is dependent on the two different vertical and 
horizontal geometries of the voltage and current electrodes. 
Consequently, the probe must be calibrated for each configuration 
to obtain the respective coefficients Cv and Q,- The calibration 
consists of immersing the probe in a large body of water, such as a 
lake, and measuring the electrical resistance for each 
configuration as well as the water resistivity.

Scale Effect

The volume of soil material involved in the measurements of 
resistivity is a function of the distance between the current 
electrodes. The greater the distance, the greater the penetration 
of electrical flow into the soil. To understand the extent of this 
penetration, calibrations were performed with a model probe 
scaled 1 to 10. With the model probe, measurements were 
performed in water samples of various dimensions for a range of 
resistivities. The results indicate that very little flow occurs 
beyond a diameter approximately 12 times that of the probe. 
Finite element analyses also showed good agreement with the 
laboratory measurements.

LABORATORY CALIBRATION OF FORMATION FACTOR

In order to establish relationships between porosity and vertical 
and horizontal formation factors, it is necessary to perform 
laboratory calibrations on reconstituted saturated samples of 
sand. For that purpose, two cubic calibration cells were 
constructed using a design similar to that used by Jackson (1975). 
The cells are made of plexiglass, 15 cm per side, with 2 electrode 
plates on opposite faces. The electrode plates consist of a matrix 
of current and voltage electrodes which produces a very uniform 
electrical flow through the saturated soil specimen.
The cubic sand samples are prepared by dry pluviation as 
described in Lo Presti et al. (1992). After deposition, the cell is 
closed and the sand is saturated. For the evaluation of the 
horizontal formation factor, the measurements are performed 
along a direction orthogonal to the pluviation while for the 
vertical formation factor, the measurements are made along the 
direction of deposition.
Figure 3 shows calibration results for Ticino sand (TS), Quiou 
sand (QS) and uniform glass balls (GB) with a diameter equal to 1 
mm. The relationships oetween formation factor and porosity for 
the Ticino and Quiou sands clearly demonstrate the difference 
between the measured vertical and horizontal resistivities.
The validity of the measurements is verified from the results for 
the glass balls which exhibit no difference between vertical and 
horizontal formation factors. However, for larger diameter lucite 
balls (dia.= 3.2 mm), Arulmoli et al. (1985) observed differences 
between vertical and horizontal formation factors.

Stress Effect
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Fig. 3. Vertical and horizontal formation factors for Ticino sand 
(TS), Quiou sand (QS) and glass balls (GB) in cubic cells.

dry sand is pluviated around it. After saturation, the soil samples 
are isotropically loaded and unloaded in increments of 100 kPa 
from 0 to 900 kPa. For each increment, measurements of 
electrical resistivity as well as volume changes are recorded. 
Figure 4 shows the results on samples of Ticino sand pluviated at 
various initial relative densities. The results clearly indicate that 
as volume changes of the sand occur during loading and 
unloading, the formation factor still remains along the formation 
factor and porosity trend for Ticino sand. Consequently, there 
appear to be no stress effect on the formation factor.
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The influence of stress on the resistivity measurements was 
investigated in a triaxial cell using the model probe. The probe is 
mounted on a pedestal at the bottom of the cell and a sample of
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Fig. 4. Vertical formation factor for Ticino sand during isotropic 
loading-unloading cycles in triaxial cell.
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CALIBRATION CHAMBER TEST

The reliability of the electrical resistivity probe has been 
preliminary investigated in the ENEL-CRIS calibration chamber. 
The chamber has a diameter of 1.2 m with a height o f l i m  (for 
details see Bellotti et al.;1982). Before pluvial deposition of the 
sand in the chamber, the probe was ideally installed along the 
vertical axis. The test was carried out on a Ticino sand sample 
having an initial relative density of 86 %. Due to a sealing 
problem, full saturation of the chamber could not be obtained or 
maintained during this test. Despite the lack of complete 
saturation, the results for isotropic confining pressures of 200 and 
500 kPa shown in Figure 5 are in good agreement with those from 
the cubic cells.
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drilling fluids of various resistivities, 3) different soil types and 
particle shapes, 4) thin soil layers within the test zone, 5) soil 
cementation and, 6) dip of soil layers.
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Fig. 5. Calibration chamber test on Ticino sand under isotropic 
confining stress

IN SITU MEASUREMENTS

A preliminary field testing program was undertaken at the San 
Prospero test site in northeast Italy. The soil profile at the site 
consists of approximately 9 m of mixed layers of clay with varying 
amounts of silt and sand. Below this layer is a thick deposit of Po 
river sand. The sand varies from Tine to coarse with occasional 
thin layers of fine gravel. Tests with the electrical resistivity probe 
equipped with a self-boring system were conducted from a depth 
of 7.5 m. The results in terms of resistivity are presented in Figure 
6 for one of the boreholes as well as penetration resistance, qc 
and pore pressure, u from an adjacent piezocone profile. To 
obtain porosity, the resistivities need to be calibrated for Po river 
sand. The results clearly show the differences between clay and 
sand and the increase in resistivity seems to indicate a decrease in 
porosity with the depth. A comprehensive testing program is 
underway in order to evaluate a possible effect of contamination 
of drilling fluids.

CONCLUSIONS

The measurement of the formation factor in the field appears to 
be very promising in assessing the in situ porosity and sand fabric. 
Despite encouraging results, it is evident that comprehensive field 
testing is necessary to better understand the effects of 1) different 
methods of insertion such as jetting, cutting and push-in, 2) use of
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Fig. 6. CPTU and electrical resistivity results in San Prospero.
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