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1 INTRODUCTION 

That a relationship between void ratio (or porosity) 
and electrical conductivity of pore fluid and bulk 
soils exists is well known (e.g Archie, 1942; Mitch-
ell, 1993; Grellier et al, 2007; Kim et al, 2011). 
Mitchell (1993) classifies these relationships into 
nonconductive particle models and conductive parti-
cle models.  Nonconductive models include Archie’s 
Law, capillary models and cluster models.  Conduc-
tive particle models include the Waxman and Smits 
two parallel resistor model and three element net-
work models. While the models have varying levels 
of complexity, Archie’s law is often used due to its 
simplicity and efficacy, mainly in granular soils (e.g. 
Atkins and Smith, 1961; Jackson et al, 1978; Cam-
panella and Weemees, 1990; Salem and Chilingari-
an, 1999). 

Archie’s law relates the conductivity of the pore 
fluid (w) to the bulk soil conductivity (T) and the 
porosity (n) in the form:𝐹𝐹 = 𝜎𝜎𝑊𝑊𝜎𝜎𝑇𝑇 = 𝑎𝑎𝑛𝑛−𝑚𝑚 (1) 

where  a and m are empirical constants, common-
ly related to tortuosity and cementation, respective-
ly. In Equation 1, F is known as the formation fac-
tor.  

The hydrostatic profile tool (HPT Geoprobe™) is 
an in-situ penetration test that measures resistivity of 
the bulk soil. The HPT is 44.5mm in diameter and is 
equipped with a 4 pin electrical conductivity array 
located on the shaft of the tool behind the probe tip. 
It can be used to estimate the porosity of the soil if 
the constants in Equation 1 can be obtained along 

with the conductivity of the pore fluid. Pineda et al
(2016) have measured bulk and pore fluid electrical 
conductivities as well as the porosity of soils at Aus-
tralia’s National Soft Soil Field Testing Facility in 
Ballina, northern NSW.  In situ resistivity measure-
ments have been carried out using the HPT probe. In 
situ and laboratory measurements are combined in 
this paper to assess the potential of the HPT to esti-
mate porosity of Ballina clay. 

2 LABORATORY AND FIELD TEST DATA 

Soil samples were obtained using an hydraulic 
fixed-piston Osterberg sampler (89 mm in external 
diameter) from borehole Inclo 2 (see Figure 1) 
drilled up to 13 m depth using a mounted rig. In the 
laboratory, bulk electrical conductivity (T) was 
measured by inserting an electrical conductivity 
probe into the soil mass. This soil was then com-
pressed, under very slow strain-controlled mode, to 
squeeze out 15 cm3 of pore fluid required to measure 
the pore fluid electrical conductivity (w). Four 
measurements per tube were obtained by using the 
soil from top and bottom ends.  

In the field, test HPT8 was performed approxi-
mately 100m north-west from borehole Inclo2 (see 
Figure 1), was pushed into the ground at 20mm/s us-
ing a conventional cone penetration rig and conduc-
tivity was recorded with depth.  

The soil stratigraphy is shown in Figure 2(a) su-
perimposed on cone penetrometer CPT8 which was 
performed next to HPT8. The stratigraphy com-
prised an upper clayey silty sand upper crust approx-
imately 1.5m thick underlain by estuarine clay to 
approximately 11m depth which is in turn underlain 
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ABSTRACT: In-situ resistivity data obtained using a hydrostatic profile tool are compared with 
resistivity measurements obtained from soil and water samples in the laboratory. Resistivity was then 
compared with porosity measurements to demonstrate that Archie's law can be used in natural soft clay 
deposits. Archie’s law is then used to convert in-situ bulk conductivity measurements made with a 
hydrostatic profile tool to po-rosity.  Porosities estimated using the hydrostatic profile tool were found to be 
similar to the measured porosi-ties. 
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by a clean sand layer. The groundwater table lay at 
about 0.5m below ground surface at the time of 
sampling. The mineralogical composition of the es-
tuarine deposits varies along the profile. In order of 
importance, the specimens are composed of amor-
phous minerals, kaolinite, illite, quartz, interstrati-
fied illite/smectite, plagioclase, pyrite, K-feldspar,
mica and calcite.

Bulk and fluid electrical conductivities measured 
in the laboratory and in the field are presented in 
Figure 2(b). Bulk electrical conductivity measure-
ments vary with depth from 4 mS/cm to 15 mS/cm. 
The reduction in bulk conductivity at about 11.1m 
depth confirms the change in soil composition. Bulk 
electrical conductivities measured in the laboratory 
are similar to those measured in the field.  Differ-
ences between the two data sets might be due to spa-
tial variation of soils or to subtleties of the different 
measurement techniques. Values of pore fluid elec-
trical conductivity are larger than bulk conductivity. 
Pore fluid electrical conductivity varied from 7 
mS/cm to 36 mS/cm (average below 5 m). Lower 
values measured at shallow depths may be due to di-
lution by fresh water from the ground surface. 

Laboratory bulk and pore fluid electrical conduc-
tivity measurements have been combined here to es-
timate the variation of the Formation Factor in 
Ballina clay. The variation of the Formation Factor 
with depth is shown in Figure 3. Values of soil po-
rosity estimated from laboratory test samples using 
mass and volume measurements as well as density 
of solid particles are also included in Figure 3. The 
Formation Factor shows an average value around 3 
for the soft clay and increases up to 6.5 in the sandy 
layer encountered below 11 m depth. Porosity rang-
es from 0.5 at shallow depths to 0.75 which is the 
average value for the soft clay.  

Figure 1. Site Plan: vertical axis Northings, horizontal axis 
Eastings 

Figure 2.(a) CPTu results (b) bulk and fluid conductivities 

Figure 3. Formation Factor and Porosity 

3 CALIBRATION OF ARCHIE’S LAW

Archie’s Law can be re-written by taking logarithms 
of Equation 1, which is presented in Equation 2. log 𝜎𝜎𝑇𝑇 = 𝑚𝑚 log 𝑛𝑛 𝑛 log 𝜎𝜎𝑤𝑤 − log 𝑎𝑎 (2) 

The logarithm of bulk electrical conductivity is 
compared with the logarithm of porosity, for data 
pairs taken from all samples in Figure 4. The slope 
of the line shows that the constant m is equal to 3.19.  
The intercept value of 1.46 is equal to the logarithm 
of the average of the pore fluid electrical conductivi-
ty measurements which implies that the constant a
equals 1.0. 
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Figure 4. Calibration of Archie’s law 

 
The data set has been subdivided in Figure 5 to 

represent the different soil strata indicated previous-
ly in Figure 2(a). Here, the constant a is assumed to 
equal 1 and the fluid conductivity is assumed to 
equal the bulk conductivity when the logarithm of 
the porosity is zero (i.e., porosity = 1; implying no 
solids).  Linear trend lines have been fitted through 
data sets representing 1.86m depth, 2.3m to 4.9m 
depth and greater than 5m depth.  It can be seen that 
the slopes of the trend lines (constant m) vary with 
logarithm of the fluid conductivity. Average pore 
fluid electrical conductivity for the three data sets 
shown in Figure 5 are plotted against m values in 
Figure 6.  An exponential fit to the data results in 
Equation 3. 

 
 m = 1.19e0.033w          (3) 
 
It can be noted that m reduces with the pore fluid 

electrical conductivity and the soil composition. For 
w=0, m is equal to 1.19 which is similar to the val-
ues reported in the literature for sandy materials 
(e.g., Jackson et al, 1978; Campanella and 
Weemees, 1990; Salem and Chilingarian, 1999)   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Calibration by soil layer 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Relationship between w and m 

 
The data presented in Figures 4 and 5 have been 

used to correlate bulk conductivities measured by 
the HPT to porosity.  The correlations are shown in 
Figure 7.  The parameters adopted for the ‘average’ 
and ‘by layer’ series are presented in Table 1. 

 
Table 1 Parameters used to fit HPT data 

Parameter Average By layer 

A 1.0 1.0, 1.0, 1.0 
M 3.19 1.96, 2.41, 3.61 
w (mS/cm) 34.4 14.8, 21.9 33.1 

 
The ‘average’ series fits the measured porosities 

reasonably well below about 5m depth and to a first 
approximation between 2m and 5m depth.  The ‘by 
layer’ series improves the correlation between 3m 
and 5m depth but fits the data less well between 8m 
and 11m depth.  There ‘by layer’ approach does not 
provide enough improvement in the correlation be-
tween the HPT measured bulk conductivity and po-
rosity to warrant the additional effort required to de-
fine the parameters for Ballina clay. 

Use of Archie’s law to interpret HPT data in 
practice requires knowledge of the a and m constants 
along with the pore fluid electrical conductivity. 
While a can be assumed equal to 1.0, constant m and 
the pore fluid electrical conductivity will not be 
known in general. However, the observations that 
the Formation Factor for Ballina clay is about 3 and 
m is related to fluid conductivity through Equation 3 
can be used to as a first approximation in Ballina 
clay. Using this approach, porosities have been es-
timated from HPT data. The results are shown in 
Figure 7 where data inferred from the average pa-
rameter set and the parameter set with F=3 are simi-
lar. Therefore, it is possible to assume a value (or 
values) for the Formation Factor without any prior 
knowledge, calculate the corresponding m value 
through Equation 3 and obtain a reasonable estimate 
for porosity. 
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Figure 7. HPT and laboratory porosity with Depth 

4 CONCLUSIONS 

Laboratory measurements of bulk soil conductivity, 
fluid conductivity and porosity have been found to 
be related in accordance with Archie’s law.  
Archie’s law is a non-conductive particle model and 
the highly conductive saline pore fluid may domi-
nate the bulk conductivity such that the contribution 
of the surface conductance of the clay particles is 
small (Mitchell, 1992).  Values of a=1 and m=3.2 
for Ballina clay are consistent with literature report-
ed by Kim et al (2011), albeit with m=3.2 lying 
slightly above the upper end of the range of reported 
values. 

Porosities interpreted from HPT data using 
Archie’s law has been shown to represent measured 
values reasonably well to a first approximation.   

Archie’s law can be used with HPT data in prac-
tice by assuming a=1.0, assuming the Formation 
Factor, F=3 and adopting Equation 3 for Ballina 
clay. 

Further work is required to assess whether Equa-
tion 3 can be used with other clays and to assess 
whether in-situ resistivity measurements can be used 
to estimate values of soil parameters depending on 
porosity, such as permeability. 
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