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Characterization of subsurface contamination by an electrical immittance cone 

penetrometer

Caracterisation de la contamination souterraine avec un penetrometre a impedance electrique

Albert T.Yeung & Anwar Saeed Akhtar -  Dep artment o f C ivil Engineering, Texas A&M  University, College Station, Tex., USA

SYNOPSIS: Electrical measurements made by an electrical immittance cone penetrometer may be used to detect and 

delineate subsurface contaminants due to the significant contrast between the electrical properties o f  groundwater and 

contaminant. The technique may be able to detect non-aqueous phase liquid (NAPL) and locate the NAPL-groundwater 

interface precisely. This paper will present the results o f  an experimental study on this possibility. A  miniature electrical 

immittance cone penetrometer equipped with an array o f  four electrodes was used. The equivalent electrical properties o f  

the medium across any two electrodes can be measured at pre-selected frequencies as the cone penetrates the medium. The 

possibility o f  using these data to locate the NAPL-groundwater interface in the subsurface will be discussed. The plausible 

use of multiple-electrode configurations to increase the reliability o f  measurements will also be presented.

1. INTRODUCTION

Remediation o f  numerous waste sites contaminated by non- 

aqueous phase liquids (NAPL) in the U.S. is a major challenge 

facing the geo-environmental engineering professional. The 

extent and level o f  contamination have to be determined after 

the source o f  contamination has been identified and removed. 

Volume o f  contaminated soil and groundwater have to be 

quantified accurately so that an appropriate and effective 

remediation strategy can be formulated. The concentration 

distribution o f  the contaminant in the subsurface is a key factor 

afFecting the success o f  any formulated strategy. In some 

cases, these important data are used to prioritize contaminated 

sites so that an informed decision can be made on the action 

to be taken within budgetary constraints.

Conventional environmental site investigation primarily 

includes: (1) sampling o f  gases in the vadose zone; (2) drilling 

and sampling o f  the soil and groundwater around the site; 

and (3) installation o f  monitoring wells around the site to 

collect groundwater samples periodically for chemical 

analyses. The degree o f  contamination o f  soil and groundwa

ter are quantified by laboratory chemical analyses o f  these 

samples performed off-site after the sampling process. Thus, 

environmental site investigations are typically slow and may 

involve multiple cycles o f  drilling, sampling, and chemical 

analyses if  the contamination is more widespread or the 

transport and fate o f  the contaminants are less predictable 

than anticipated. The costs are high due to the stringent 

regulatory requirements for proper disposal o f  cuttings, 

prevention o f  cross-contamination, compliance with the 

painstaking procedures for handling and transport o f samples 

collected, proper protection o f  site personnel, etc. The 

quantification o f  the extent and level o f  soil/groundwater 

contamination finally obtained may be far from satisfactory 

due to limited time and budget available for sampling and

chemical analyses. The samples collected for laboratory 

analyses may not be representative o f  the in-situ conditions 

unless painstaking collection, storage, transport, and testing 

procedures are followed. Due to the time lag between 

sampling and laboratory chemical analyses, the results 

obtained can at best represent the situations at the time o f  

sampling. Thus, the results so obtained may be out-of-date 

and even misleading. Field decisions cannot be made to refine 

the investigation process as no subsurface contamination 

information is available until chemical analyses have been 

performed on the samples collected. Thus, a rapid, reliable, 

and economic in-situ technology to detect and delineate NAPL 

contamination is needed.

Applications o f  cone penetration technology (CPT) in 

geotechnical and geo-environmental engineering are increasing 

due to recent advances in miniaturization o f  electronics and 

sensors that can be installed on the cone (Advanced Sciences, 

Inc. 1994; Bowders & Daniel 1994; Akhtar 1995; U. S. EPA 

1995). Some advantages o f  CPT are: (1) the technique can 

provide a rapid and inexpensive means to study the physical 

and chemical characteristics o f  the subsurface o f  a hazardous 

waste site; (2) continuous subsurface profile information can 

be obtained; (3) the data collected can be processed in real 

time on site so that field decisions can be made to refine the 

investigation process and a thorough investigation can be 

completed in a single site visit; (4) in-situ measurements are 

made and there is no time lag between collection and chemical 

analyses o f  samples; (5) there is no direct contact between 

workers and contaminated materials; (6) the results obtained 

are almost operator independent; (7) no contaminated cuttings 

or samples have to be handled; (8) impact to the surrounding 

environment is kept at a minimum; and (9) relatively low  

cost (Horsnell 1988; Campanella & Weemees 1990; Woeller 

et al. 1991).

Due to the significant contrast between the electrical
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properties o f groundwater and NAPL, electrical measurements 

made by an electrical immittance cone penetrometer may 

be used to detect NAPL and locate the NAPL-groundwater 

interface in the subsurface precisely (Yong & Hoppe 1989). 

This paper will present the results o f a laboratory experimental 

study on this possibility. The use o f  multiple-electrode 

configurations to increase the reliability o f  measurements 

is also discussed.

2. EXPERIMENTAL INVESTIGATION PROGRAM

A laboratory experimental investigation was performed to 

investigate the feasibility o f  using electrical immittance 

measurements made by a cone penetrometer to detect a Light 

non-aqueous phase liquid (LNAPL) and to locate the LNAPL- 

groundwater interface in the subsurface. Data collected would 

also be used to evaluate the feasibility o f  using the circuit 

simulator SPICE to simulate the flow o f  electrical current 

through a two-phase medium taking into account the effects 

ofboundaries on laboratory cone penetrometer measurements 

o f electrical immittance (Yeung & Akhtar 1995). A  better 

understanding o f  electrical conduction phenomena in the 

subsurface will provide the basis for other applications o f  

electrokinetics in geotechnical and geo-environmental 

engineering (Yeung 1994).

The apparatuses designed, fabricated, and assembled for 

this project include a miniature cone, a test chamber, a 

hydraulic pushing system capable o f controlling the vertical 

displacement o f  the cone penetrometer precisely, and a Philips 

PM6304 programmable automatic RCL meter. The body 

o f the miniature cone is made o f  Teflon and the electrodes 

are made o f  stainless steel for chemical resistance. The tip 

o f  the cone is made o f  glass-filled Teflon to increase its 

abrasion resistance during penetration as shown in Fig. 1. 

The test chamber is a cylindrical container made o f  an 

electrically non-conducting material to provide known 

boundary conditions for numerical analyses. The diameter 

o f the test chamber was selected to be 280 mm so that effects 

o f the boundaries on electrical measurements made by the 

cone penetrometer are negligible and the amount o f  waste 

materials to be handled is kept at a minimum. Detailed 

numerical analyses o f  such boundary effects as a function 

o f the ratio o f  chamber diameter to cone diameter have been 

presented by Yeung & Akhtar (1995). The RCL meter can 

measure the equivalent electrical properties o f  the medium 

across any two electrodes selected directly so there is no 

need to separate the excitation electrodes and measurement 

electrodes. Moreover, this arrangement eliminates the need 

to make synchronized measurements o f  the voltage across 

the electrodes and the electrical current flowing through the 

medium. Since no current is flowing through the medium 

as a result o f  the bridge circuit design o f  the RCL meter, 

adverse effects associated with most electrical measurements 

such as polarization, electrochemical reactions, and buildup 

o f electrode potential, are also avoided. The meter allows 

measurements to be made at different excitation frequencies. 

The trigger mode was used to measure the electrical properties

o f  the medium to simulate field operations during which 

instantaneous measurements are made at regular intervals 

as the cone penetrates continuously. Moreover, side effects 

o f prolonged measurements are also avoided. The schematic 

o f the experimental setup is shown in Fig. 2. Details o f  each 

component are given by Akhtar (1995).

stainless steel push rod

Fig. 1. Details o f  the electrical immittance cone

The general experimental procedure is as follows. The 

test chamber is first placed concentrically underneath the 

cone penetrometer. Two immiscible liquids are selected for 

each experiment. The electrical properties o f  the liquids are 

measured independently. The denser liquid is poured into 

the test chamber and its depth is measured. A  known 

thickness o f  the lighter liquid is laid carefully on the surface 

o f the denser liquid. The cone penetrometer is pushed into 

the liquids and the equivalent electrical properties o f  the 

medium are measured at a pre-selected excitation frequency 

and at regular depths across different electrodes so that the 

effects o f  electrode spacing on the measurement can also 

be evaluated. The locations o f  the electrodes relative to the 

NAPL-water interface were also measured by a LVDT.
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Fig. 2. Schematic o f  the experiment

3. RESULTS A N D  DISCUSSION

A 0.04 M  sodium chloride solution was used to simulate 

groundwater and a 100 mm thick layer o f  vegetable oil o f  

very high electrical immittance was used to simulate a free 

product LNAPL atop water in the test chamber as shown 

in Fig. 2. A  1000 kHz excitation was used for the measure

ments. The equivalent electrical properties across electrode

1 (the bottom electrode) and the other electrodes were 

measured as the cone penetrated the medium. The measured 

immittances versus depth o f  penetration are presented in Fig.

3. The depth o f  penetration was measured from the surface 

of the LNAPL to the lower edge o f  electrode 1.

When electrodes 1 and 2 were used for measurements, 

the electrode spacing was 50 mm. When electrodes 1 and

2 were in the LNAPL and air, respectively, the immittance 

between the electrodes could not be recorded. When the 

penetration depth was 53.5 mm, electrode 2 was also 

immersed in the LNAPL layer and an equivalent immittance 

of approximately 6.25 M Q was measured across the 

electrodes. The measured immittance decreased gradually 

as electrode 1 penetrated into the NaCI solution. The 

immittance decreased drasticallytoapproximately78 Q when 

both electrodes were in the NaCI solution. The drastic 

decrease in the electrical immittance measured and the 

location o f  electrode 2 locate the LNAPL-water interface 

within 3.5 mm (thickness o f  the electrode).

When electrodes 1 and 3 were used for measurements, 

the electrode spacing was 100 mm. However, there was an 

unused electrode, i.e., electrode 2, in the middle o f  two 

electrodes. When the penetration depth was less than 100 

mm, no reading could be recorded as electrode 3 was still 

in the air. As electrode 1 penetrated into the NaCI solution, 

the measured electrical immittance decreased gradually. 

When electrode 2 penetrated into the NaCI solution, there

was a drastic decrease in the electrical immittance measured 

across electrodes 1 and 3. As the penetration continued, the 

electrical immittance decreased gradually again. When 

electrode 3 penetrated into the NaCI solution, there was a 

second drastic decrease in the electrical immittance measured. 

Both drastic decreases in the electrical immittance measured 

and the locations o f electrodes 2 and 3 locate the LNAPL- 

water interface within 3.5 mm.

Electrical impedance (MQ)

Fig. 3. Measured electrical immittance versus depth

When electrodes 1 and 4 were used for measurements, 

the electrode spacing was 150 mm and there were two m u sed  

electrodes, i.e., electrodes 2 and 3, installed at equal spacing 

between the two electrodes. When the penetration depth 

w as less than 150 mm, no reading could be recorded as 

electrode 4 was still in the air. A s electrode 1 penetrated 

50 mm into the NaCI solution and electrode 4 was in the 

LNAPL layer, an electrical immittance was measured. When 

electrode 2 penetrated into the NaCI solution, there was a 

drastic decrease in the electrical immittance measured across 

electrodes 1 and 4. The measured electrical immittance 

decreased gradually as penetration continued. When electrode

3 penetrated into the NaCI solution, there was a second drastic 

decrease in the electrical immittance measured. The measured 

electrical immittance decreased gradually again until electrode

4 penetrated into the NaCI solution. The penetration o f  

electrode 4 into the NaCI solution caused a third drastic 

decrease in the electrical immittance measured. Again, these 

drastic decreases in the electrical immittance measured and 

the locations o f  the electrodes locate the LNAPL-water 

interface within 3.5 mm.

When electrodes 1 and 3, and 1 and 4 were used for 

measurements, the electrodes in-between the measurement 

electrodes may be considered redundant. However, the results 

obtained indicate that these redundant electrodes have a 

profound effects on the electrical immittance measured. Three
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more series o f  experiments were performed to investigate 

such effects. Electrode 2 was masked by duct tape in the 

second series o f  experiments, electrode 3 was masked in the 

third series, and both electrodes 2 and 3 were masked in the 

fourth series. The results are presented in Fig. 4.

Electrical impedance (Mn)

Fig. 4. Effects o f  redundant electrodes

It can be observed in Fig. 4 that the drastic decrease in 

electrical immittance measured across electrodes 1 and 3 

as electrode 2 penetrated the NaCl solution in the previous 

experiment disappeared when electrode 2 was masked by 

duct tape. When electrodes 1 and 4 were used for measure

ments, the drastic decrease in electrical immittance measured 

as electrode 3 penetrated the NaCl solution disappeared when 

electrode 3 was masked. When both electrodes 2 and 3 were 

masked, there was only one drastic decrease in the electrical 

immittance measured. Results from these three additional 

series o f  experiments demonstrate that the inner unused  

electrodes provide a short circuit path for electrical current 

flow in the medium. Their existence can significantly reduce 

the electrical immittance measured across the outer electrodes. 

The drastic decrease in electrical immittance measured as 

an inner electrode penetrates a more conductive medium 

provides an additional indication o f  the location o f  the NAPL- 

groundwater interface. A  multiple-electrode configuration 

can thus increase the reliability o f  the location o f  the NAPL- 

groundwater interface determined by providing redundant 

measurements without any extra effort.

4. CONCLUSIONS

(1) When there is sufficient contrast in the electrical 

properties between the contaminant and groundwater, 

the contaminant can be detected and delineated rapidly 

by in-situ electrical measurements.

(2) An electrical immittance cone penetrometer with an array 

of four electrodes can detect NAPL and locate the NAPL- 

water interface precisely in the subsurface.

(3) The use o f multiple-electrode configurations can increase 

the reliability o f  the location o f  the NAPL-groundwater 

interface determined by providing redundant measure

ments without any extra effort.
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