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EIT Oedometer: An Advanced Cell to Monitor
Spatial and Time Variability in Soil with Electrical

and Seismic Measurements

ABSTRACT: The paper presents an innovative oedometer cell (EIT oedometer), accomplishing for monitoring the spatial and temporal evolution
of different physical quantities inside soil samples through seismic and electric non-destructive measurements. The technical solutions implemented
to perform correct electrical measurements are reported together with the results of benchmark tests demonstrating the potentialities and the limits of
the 3D electrical resistivity tomography in detecting both pre-existing and induced sample heterogeneities. It is shown that resistivity imaging can
offer a powerful tool for the investigation of soil heterogeneities not detected by external measurements. The relationship between electrical resis-
tivity and soil properties makes this application potentially useful for monitoring the evolution of transient processes as for instance those related to
the diffusion of chemical species in clay soils and associated coupled chemo-mechanical processes, whereas the information gathered by classical
oedometer measurements and by seismic waves propagation could be used to explore the associated macroscopic phenomena.
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Introduction

In traditional soil mechanics tests, stresses and strains are extrapo-
lated on the basis of measurements that are averaged over the whole
soil specimen (e.g., global measurements in triaxial tests using ex-
ternal transducers). The intrinsic limit of this approach consists in
the fact that specimens are represented as homogeneous both with
respect to their initial conditions and regarding their responses to
transitory processes.

The need for models and experiments incorporating heterogene-
ities in the representative volume of soils stems from a number of
phenomena of increasing interest in geotechnical engineering. Test-
ing induced heterogeneity can be of mechanical nature, for ex-
ample, the localization of deformations in shear bands, or due to
changes in hydraulic forces (pressure in saturated soils, suction in
unsaturated ones) or chemistry (variation of concentration of
chemical species, dissolution-precipitation); most of them induc-
ing both mechanical consequences (e.g., deformations of osmotic
nature) and hydraulic variations (e.g., preferential flow paths of the
liquid or gaseous phases). Indeed, many recent phenomenological
models for the study of processes in complex materials postulate
the existence of different scales of interaction (e.g., Gens and
Alonso 1992). In most cases available experimental equipment is,
however, not suitable for calibrating these models by means of si-
multaneous measurements of the processes at the postulated scales.

Manuscript received August 1, 2007; accepted for publication March 2, 2008;
published online April 2008.

'Research Associate, Dipartimento di Ingegneria Strutturale e Geotecnica,
Politecnico di Torino, 10129 Italy; e-mail: cesare.comina@polito.it

?Assistant Professor, Dipartimento di Ingegneria Strutturale e Geotecnica,
Politecnico di Torino, 10129 Italy; e-mail: sebastiano.foti@polito.it

3Assistant Professor, Dipartimento di Ingegneria Strutturale e Geotecnica,
Politecnico di Torino, 10129 Italy; e-mail: guido.musso@polito.it. Formerly Eni
E&P Division-TERA, Milano, Italy.

*Head of Geotechnical Laboratory, Universitat Politécnica de Catalunya,
08034 Barcelona, Spain, e-mail: enrique.romero-morales@upc.edu

To overcome this intrinsic limitation, different approaches have
been attempted by imaging soil specimens’ behavior with a variety
of techniques. In particular, to determine flow pathways in natural
soils, magnetic resonance imaging (Amin et al. 1993; Hedburg et
al. 1993), x-ray tomography and dual-energy gamma-ray methods
(Anderson et al. 1992; Peyton et al. 1992; Rolland et al. 2005; Van
Geet et al. 2005; Rodriguez-Rey et al. 2006) have been used. These
techniques provide small-scale resolution and are able to identify
tiny features such as small fissures and cracks but are very expen-
sive and not widely available.

In contrast, electric resistivity methods are relatively cost effec-
tive and fast in terms of data acquisition times; moreover, they may
also be applied to a wide range of scales. In this respect they are
widely used for in situ testing. Various relationships (see, e.g.,
Pfannkuch 1969; Mitchell 1993; Berryman 1995) can be found in
the literature relating the electrical resistivity of saturated soils to
the physico-chemical properties of the mixture (concentration of
ionic species, porosity, tortuosity, specific surface, cation exchange
capacity). Laboratory applications have been recently proposed to
estimate the evolution of the degree of saturation in column tests of
pollutant infiltration (Kamon et al. 2003), to monitor sedimentation
and consolidation processes (McCarter and Desmazes 1997;
Blewett et al. 2001), and to study soil liquefaction (Jinguuji et al.
2007). Such investigations were, however, limited to the study of
mono-dimensional problems and were not able to estimate the vari-
ability of the electric field across the specimens, associated with
local variations of soil characteristics.

More information can be obtained if the electrical measure-
ments are used for tomographic reconstruction of the resistivity
field, as widely done in geophysical prospecting (Reynolds 1997).
Electrical resistive tomography (ERT) is a technique that allows es-
timation of the spatial distribution of the electrical resistivity (or its
inverse, conductivity) within an object from impedance measure-
ments at its boundaries. Usually several electrodes are applied to
the surface of the object and known currents are imposed on some
of them. The voltages resulting from the application of such cur-
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rents are then measured on the remaining electrodes. Since the col-
lected measurements are linked to the object conductivity by
known physical laws, it is possible to estimate the distribution of
conductivity within the object by solving an inverse problem.

The application of such a technique to laboratory experiments is
quite new, although some preliminary studies can be found in the
literature (Binley et al. 1996; Olsen et al. 1999; and Sambuelli et al.
2002). Laboratory investigations of 2D imaging of soils specimens
with electric tomography have been very successful in locating
various types of heterogeneities (clay content, compaction charac-
teristics, and grain size distribution; Borsic et al. 2005) and in
monitoring the diffusion of saline solutions in sand samples
(Comina et al. 2005; Damasceno and Fratta 2006).

On a complementary side, seismic wave velocity measurement
using piezoceramic elements has become of common application
in most geotechnical laboratories (Brignoli et al. 1996; Jovicic et al.
1996; Lee and Santamarina 2006) and can provide important infor-
mation about the mechanical properties of the soil skeleton. The
mutual relationships among electrical, seismic, and mechanical
properties of clay soils undergoing chemical diffusion has been
shown in one-dimensional conditions for instance by Santamarina
and Fam (1995).

The present paper presents a new advanced oedometer cell,
which allows for 3D electric tomography and seismic wave velocity
measurements. In the first part of the paper, the cell itself and the
associated tools for resistivity measurements and tomographic
analyses are described, with special emphasis on the design issues
necessary for running electrical measurements. Successively, some
benchmark tests are reported to illustrate the capability of tomog-
raphic imaging. Finally, the results of an oedometer test on a sand
specimen are reported to show the performance of the apparatus.

EIT Oedometer

Implementing electrical measurements in laboratory equipment is
a rather challenging task because all the possible electrical short-
cuts within the cell structure must be prevented to measure the elec-
trical resistivity of the sample. In this respect, the presence of the
pore fluid requires special attention in the design process of the ap-
paratus. Other requirements are related to the correct location of
seismic sensors for wave propagation measurements and to the ne-
cessity of having a stiff structure with respect to oedometer condi-
tions. These issues have been accomplished by adopting specific
design and construction techniques as described in the following
sections.

Cell Description

The loading scheme of the cell is the classical one of oedometers, in
which a vertical load is applied to the sample under lateral confine-
ment. Moreover, by adopting concepts already developed for an ex-
isting controlled suction oedometer (Romero et al. 1995), different
paths in terms of stresses, hydraulic pressure, and relative humidity
can be imposed on the specimen.

Geometrical dimensions have been chosen to limit the influence
of side boundaries, which can cause wave reflections and refrac-
tions (Lee and Santamarina 2006; Comina 2005). An internal diam-
eter of 130 mm has therefore been adopted. Consequently, to en-
sure proper one-dimensional conditions, hosted samples shall have
heights ranging from 20 to 60 mm (Fig. 1).

The inner walls of the oedometer are completely covered by an
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FIG. 1—Cross section of the EIT oedometer cell.

insulating and stiff polyamide plastic material (commercial de-
nomination SODER-OL with resistivity of approximately
10" Odm) to ensure the correct measurement of the electrical po-
tential. The insulating polyamide also ensures a reduced ring fric-
tion effect. The external structure of the cell is instead constituted
by steel to guarantee the adequate overall stiffness. In Fig. 2 some
pictures of the cell are reported.

To avoid the presence of conductive elements that would cause
electrical bridges on the cell top and bottom caps, and in order to
allow for the placement of electrodes, drainage is obtained by con-
centric rings having a tolerance of few micrometers between each
of them (Fig. 3). The permeability of these caps has been evaluated
by performing flow tests under constant gradient conditions, induc-
ing flows towards both the interior and the exterior of the cell. The
measured equivalent permeability was about 6 X 107% m/s for both
caps.

For ERT measurements, 42 electrodes are hosted on the internal
boundary of the cell (16 electrodes equally spaced on the sidewall
at a height of 20 mm from the bottom cap and 13 on each cap). The
presence of electrodes on the bases increases the amount of infor-
mation related to the central portion of the sample, where typically
the resolution of the inverse problem is poor. To further increase the
sensitivity of the electrical inversion, electrodes on the caps are not

FIG. 2—FIT oedometer cell: (a) external view of the cell and loading system
and (b) particulars of metallic confining ring and insulating internal material.
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FIG. 3—EIT oedometer cell. Bottom base with P S wave transducers and elec-
trode disposition. Drainage paths are created through the tolerance between
concentric rings.

equally spaced but concentrated near the center (Fig. 3). The elec-
trodes are thin brass threads with a head of 2 mm diameter. Since
fluids in the cell can be back-pressurized, leakage has been pre-
vented by waterproofing the electrode ports using connections for
each electrode with pressed o-rings that are screwed against the
inner non-conductive cell wall (Fig. 4).

A fundamental requirement for execution of electric tomogra-
phies is to avoid the contact between the interstitial water of
samples and the external steel structure of the cell. Hence, all the
water paths have been covered by plastic insulators and two o-rings
have been placed around the bottom and top cap of the cell (Fig. 1).
The top o-ring is expected to develop some friction during loading
so that the externally applied load has to be adjusted to account for
this effect. A calibration in this respect has been performed by ap-
plying mechanical load on the empty cell against a load cell. The
effect of friction has been estimated to be of few kPa, so that it can
be easily taken into consideration in the interpretation of tests.

Sensors for the measurement of P and S wave velocity have been
allocated on top and bottom caps of the cell. For S wave measure-
ments cantilever mounted PZT-5A Bimorphs by Morgan Electro
Ceramics (10 by 20 by 0.5 mm?) with a parallel connection have
been used. These elements are tied up at their extremity for ap-
proximately 1/3 of the length and protrude in the sample for about
5 mm. In order to separate them from the base (avoiding generating
a wave in the structure of the cell), a silicon injection is made
around the elements.

Electrode screwer I Plastic Insulator | Electrode l

Electrode screwer

FIG. 4—FElectrode connection: (a) Overall view of the circumferential ring and
(b) detail of a single electrode.

FIG. 5—Measurement setup: 1. Complex impedance tomograph. 2. Multiplex-
ers and connection to the cell. 3. EIT oedometer cell.

The transducers used to generate and receive P waves are a lead
zirconate titanate ceramic PZT-5A with a cylindrical shape. The ce-
ramic element is produced by Physik Instrument with a thickness of
2 mm and a diameter of 8 mm. The wires are welded on the top and
bottom faces of the element in order to provide vertical movement.

Both seismic sensors are allocated in an opposite space in the
bases and covered by a thin surface of epoxy in order to insulate the
piezoceramic from interstitial water. Figure 3 reports the picture of
the bottom base of the cell where both the bender element and the P
wave sensor are installed with their epoxy cover; the top base is
similarly constructed. The slots for seismic sensors have been de-
signed in order to be easily removed, providing room for other
transducers (e.g., thermocouples). Alternatively, the same slots can
also be used to induce external perturbations in the soil sample
(e.g., infiltration or extraction of fluids).

Acquisition Devices

The execution of resistivity measurements for tomography requires
the injection of current at two electrodes, while other pairs of elec-
trodes are used to measure the electric potentials. The complex im-
pedance tomograph (CIT, Fig. 5) used for injecting currents and
acquiring potential has been constructed by Iridium Italy s.a.s.; its
main characteristics are reported in Table 1. It is a very fast acqui-
sition device with 16-bit resolution. Indeed, the instrument can per-
form approximately 200 acquisitions per second (at an operating
frequency of 1 kHz) so that it is possible to measure water content
or concentration variations also for relatively fast transient phe-
nomena. The device has been constructed in order to be suitable
also for field tests so that a direct comparison of laboratory and in
situ tests is possible. For example, the CIT has been successfully

TABLE 1—Complex impedance tomograph characteristics.

COMPLEX IMPEDANCE TOMOGRAPH
Maximum output current +250 mA (500 mApp)
Maximum output voltage +50 V (100 Vpp)
Operative frequencies 0.1 to 2500 Hz

Acquisition channels 48
Resolution on phase ~1 mrad
angles
Resolution on voltage 100 uV
Resolution on current 10 uA
Input impedance 200 MQ
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FIG. 6—Finite element mesh: (a) global view and (b) zoom close to top cap electrodes.

applied for the characterization of trees, where high conductivity is
associated with degraded zones (Sambuelli et al. 2003). The tomo-
graph is connected with the electrodes of the cell by means of three
multiplexers (one for the circumferential electrodes, the other two,
respectively, for top and bottom bases).

The tomograph is controlled by a PC, which is used to set the
excitations and to gather the experimental data. Seismic wave ac-
quisition is managed by the use of two different National Instru-
ments boards installed on the same PC: a NI PCI-6731 analog out-
put board for exciting the piezoceramic elements and a NI PCI-
4452 DSA board for acquiring the waveforms.

Software

Reconstruction of the conductivity distribution inside the samples
is made through a software that is a generalization, to 3D geometry,
of the one used in previous 2D experiences (Borsic et al. 2005;
Comina et al. 2005). It is a commercial tool developed by Sc-Aip
(www.scaip.com) that implements a least-squares inversion algo-
rithm with Tikonov regularization, solving the forward problem
stated by Maxwell’s equations with a finite element approach. The
mesh used for the present application is composed of 32 945 tetra-
hedrons and is more refined in the proximity of the electrodes (Fig.
6), in order to catch with proper care the sharp electrical field gen-
erated around them. Indeed, in these zones of the sample there are
abrupt potential changes, due to the injected currents from the sur-
face of electrodes to the soil. For the same reason, electrodes are
modeled with their actual size and not as dimensionless points, ac-
cording to the Complete Electrode Model (Somersalo et al. 1992),
taking into account also the contrast of impedance with respect to
the surrounding soil. The average size of the elements is about
0.25 cm. This dimension fixes the resolution of the reconstruction
process.

The mesh reflects the initial geometry of the sample; hence,
when testing highly deformable materials, it is necessary to update
the mesh during the evolution of the test to adapt it to the new geo-
metrical configuration.

Optimization of the Acquisition Protocol for 3D
ERT

The initial problem to be addressed for 3D electric tomography was
the choice of the optimal measuring protocol. Indeed, no 3D pat-
terns of acquisition are available in the literature for the complex
electrode disposition chosen for this oedometer. The number of

electrodes used in ERT is usually limited by available surface area,
data acquisition complexities, and data acquisition/reconstruction
times (dependent on measurement strategy or utilization of avail-
able electrodes). Most of 3D electric tomographies involve “con-
ventional” arrangements of electrodes in circumferential rings at
different heights around the wall of the cell (Borsic 2002; Murphy
et al. 2006).

To track transient phenomena, the optimal measuring sequence
should represent a compromise between resolution and speed of
acquisition. To satisfy the first need, a great number of voltage read-
ings should be run in order to fully characterize the sample. On the
other hand, measurements are time consuming, so that their number
should be limited in order to catch an “instantaneous” picture.

Acquisition times can be reduced keeping in mind that not all
the possible combinations of injecting and measurement electrode
pairs lead to independent measurements. A brute force acquisition
scheme, using all the possible pairs, would lead to redundant infor-
mation not useful for the reconstruction process. The total number
of independent measures N is given by (Noel and Xu 1991):

_n(n-1)
N=—"7"— (1)

where 7 is the number of available electrodes. For the EIT oedo-
meter in which 42 electrodes are present, this would result in a total
of 861 independent measurements.

To obtain a suitable measuring sequence for the specific elec-
trode configuration of the EIT oedometer, several synthetic tests
have been performed by artificially generating conductivity maps
to simulate different inclusions in soil samples. The synthetic volt-
age readings resulting from these conductivity maps were evalu-
ated using the same forward operator used for the inverse solver.
The reconstruction process was then performed on such data. No
noise was added to the measurements at this stage in order to evalu-
ate only the influence of the measuring sequence.

The selected sequence (Table 2) represents a combination of dif-
ferent protocols and it is conceived in order to measure potential
differences in every portion of the cell avoiding redundancy. This
sequence allows for a good reconstruction of the sample in most of
the investigated situations. The total number of measures involved
is 788, so that the acquisition of a single image can be performed in
a few seconds using the acquisition device described in the previ-
ous section (depending on the selected frequency), an adequate
time interval for most transient phenomena of interest.
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TABLE 2—Schematic representation of the adopted measuring sequence (elec-
trodes numbers: 1 to 16 for circumferential ring, 17 to 29 for bottom cap and 30
to 42 for top cap).

MEASURING SEQUENCE

Current Injection
Opposite electrodes on the boundary

Voltage Measurements

Pair of electrodes on the two bases

(1-9,2-10, ...) (17-18, 19-20, ..., 30-31, ...)
Opposite electrodes on the boundary Pair of electrodes on the boundary
(1-9, 2-10, ...) (2-3,24, ...)

Opposite electrodes on the two bases
(17-30, 18-31, ...)
Opposite electrodes on bottom cap
(17-29, 1929, ...)
Opposite electrodes on top cap
(30-42,32-42, ...)

Opposite electrodes on the two bases
(18-31,19-32, ...)
Pair of electrodes on bottom cap
(18-19, 18-20, ...)
Pair of electrodes on top cap
(31-32,31-33, ...)

Preliminary Benchmark Tests

A series of simple experimental benchmark tests has been con-
ducted in order to evaluate the potential of the cell in terms of 3D
imaging through the tomographic reconstruction of the electrical
conductivity field. Several homogeneous samples and samples with
known conductive or resistive inclusions have been investigated to
assess the accuracy in the 3D reconstruction. In particular, three
benchmark tests, which reproduce different experimental disposi-
tion, are illustrated in the following:

» Test #1: Homogeneous sample
e Test #2: Resistive inclusion
e Test #3: Conductive inclusion

Tests #2 and #3 reproduce extreme conditions, since the adopted
inversion method, which relies on the solution of an inverse prob-
lem with a regularized least-squares approach, is more suitable to
detect smooth conductivity changes in space rather than the sharp
variations associated with inclusions. Indeed, electric tomography
has intrinsically a lower resolution than other more accurate imag-
ing techniques and a smoothed inverted image will result, espe-
cially at the boundaries of the inclusion. Nevertheless, the smooth
transitions associated with transient processes in geotechnical ap-
plications (such as infiltration or diffusion) represent far less severe
situations for the tomographic imaging system.

In Test #1, the cell was filled with tap water to have a homoge-
neous sample. The objective of the test was to explore the ability of
the method to reconstruct an uniform conductivity field and the ac-
curacy in the determination of the average conductivity value. Fig-
ure 7 reports the reconstructed conductivity image, showing a quite
homogeneous field with only minor defects. The average conduc-
tivity over the mesh was of 0.398 mS/cm, which compares very
well with the value of 0.407 mS/cm, which was independently
measured in the fluid with a conductimeter.

In Test #2, a resistive inclusion was placed in the cell, filled with
the same tap water of Test #1. The inclusion was a Perspex® cylin-
der of 40 mm diameter and 25 mm height. The test was aimed at
identifying both the position and dimensions of the target. In order
to improve the interpretation, differential tomographic images are
obtained subtracting the reconstructed conductivity field of Test #1
(Fig. 7) from the conductivity field obtained in Test #2. This strat-
egy permits a clear identification of the inclusion and will be
adopted also for the interpretation of the subsequent tests. In Fig. 8,
cross sections at different sample heights of the differential conduc-
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FIG. 7—Test #1. Reconstructed conductivity for homogeneous sample (water).

tivity map from Test #2 are reported together with a picture of the
sample inside the cell. The scalebar reported in the figure refers to
the three cross sections (the z axis is pointed from the bottom of the
cell to the cap). Location and approximate dimensions of the resis-
tive inclusion are correctly identified as an anomaly in the conduc-
tivity field. Nevertheless a small difference exists between the three
cross sections of the imaged body as reconstructed, particularly for
the one at z=2 cm. This is partially due to the fact that the inclusion
is close to the lateral wall of the cell and a small “shadow” of the
electric anomaly results in the reconstruction towards the boundary.
Moreover the cross section at z=2 cm is in the proximity of the end
of the inclusion (about two elements in the vertical direction), so
that this section is particularly sensitive to the resolution of the
electric tomography. This second effect is clearer in the overall 3D
conductivity map of the sample (Fig. 9), which shows, however,
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FIG. 8—Test #2. Sample with resistive inclusion and cross section of the con-
ductivity differences with respect to Test 1 (sample at different elevations).
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FIG. 9—Test #2. Sample with resistive inclusion, 3D map of conductivity differ-
ences with respect to Test #1 with evidence of inclusion characteristics (quotes
are in cm).

that the shape of the electrical anomaly (which is almost cylindrical
with average dimensions 45.1 mm in diameter and 27.1 mm in
height) matches very well the dimensions of the actual inclusion. It
has also to be noted that a resistive inclusion represents a very chal-
lenging benchmark for the reconstruction process, indeed, in such a
situation the electrical current has a preferential path in the more
conductive background material; hence, the electric anomaly pro-
duced by the inclusion is very little and the successful inversion
process represents a confirmation of the excellent performance of
both acquisition device and reconstruction algorithm, whose effec-
tiveness appears only slightly affected at the top of the resistive in-
clusion.

Test #3 reproduces a problem similar to Test #2, but with a con-
ductive inclusion. The target in this case was a 20 mm diameter
metallic sphere. As in the previous case, the inclusion is submerged
in tap water and the differential tomographic reconstruction with
respect to the results of Test #1 is reported in Fig. 10. Also in this
case, the accuracy of the reconstruction process appears satisfac-
tory within the resolution capabilities of ERT, proving the ability of
the system to produce reliable results independently from the char-
acteristics of the inclusion. Observing the contours (Fig. 10), it
could be questioned that the inclusion is more similar to a cone,
rather than a ball. This inconsistency can be attributed to the influ-
ence of the non-conductive bottom boundary that is in direct con-
tact with the object and to the small dimensions of the inclusion.

It must be considered that these two tests reproduce very rare
conditions in soil testing (i.e., the presence of a sharp anomalies in
a specimen) that are extreme situations for the electric tomography
and for which other imaging techniques could be more effective.
However, in many applications to soil testing, smooth variations of
the conductivity field inside the sample are expected and the imple-
mented inversion method can be considered satisfactory.

Oedometer Test

Oedometer tests on real specimens have been performed to evalu-
ate the overall performance of the testing equipment both for the
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FIG. 10—Test #3. Sample with conductive inclusion and cross section of the
conductivity differences with respect to Test 1 (sample at different elevations).

mechanical aspects and for tomographic imaging. In the following
the results of a test on a Ticino sand sample are presented. Ticino
sand is an almost uniform quartz sand (mean particle size of
0.5 mm). The use of sand as testing material makes it possible a
more consistent check of the equipment capabilities, because elec-
trical conductivity is directly associated with soil porosity and in-
terstitial fluid properties.

Indeed, quartz possesses an exceptionally large resistivity, so
that it can be assumed, without reasonable errors, that electrical
current is transported only by the movement of the free ions dis-
solved in the bulk solution (Mualen and Friedman 1991). There-
fore, volumetric changes induced by the mechanical loads can be
properly interpreted since it is particularly straightforward to inter-
pret reconstructed conductivity patterns as porosity maps and to
determine compaction characteristics.

Moreover in such material no important volume changes are ex-
pected; hence, it is not necessary to adapt the mesh used in the to-
mographic reconstruction to follow the evolution of sample height
during the loading-unloading path. During the test, drainage was
allowed only from the top cap in order to increase consolidation
times.

Figure 11 gathers on the same plot the oedometer curve ob-
tained through external LVDT measurements and the average con-
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FIG. 11—OQOedometer test on Ticino sand.
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ductivity values inferred by ERT reconstructions performed at the
end of each load increment. The oedometer curve has been evalu-
ated accounting also for the frictional resistance offered by the
o-ring of the top cap. The dependence of the electrical conductivity
on load and load history reflects very well the mechanical behavior
of the sample. As increasing stress leads the sample to a more com-
pacted state, the overall conductivity is reduced because of reduc-
tion of the pore volume. Load removal inverts the trend but does not
recover the previous conductivity values, because of the irrevers-
ible mechanical behavior. The only anomaly in the conductivity
trend is observed in between 25 kpa and 50 kPa, where a small in-
crease of the overall conductivity of the specimen is obtained. This
can be associated with a possible redistribution of gaps and sand
grain disposition by the applied load that determines preferential
flow paths for electric conduction.

By introducing a suitable model relating the electrical conduc-
tivity of the fluid to the one of the porous medium, it is possible to
interpret the results of the test in terms of porosity changes. Several
relationships can be found in the literature relating electrical con-
ductivity to porosity. Among them, the most widely used is the em-
pirical rule due to Archie (1942). A generalized formula, adopted
by several authors, for non-cemented fully resistive grains can be
expressed as (e.g., Fricke 1924; Bruggeman 1935; Sen et al. 1981;
Bussian 1983; Chin 2000):

g
o= @
n

where o is the conductivity of the porous medium, o,, is the con-
ductivity of the pore fluid, # is the porosity, and « is an exponent
that depends on the characteristics of the system (Archie experi-
mentally relates it to tortuosity of current flow paths and cementa-
tion; effective medium theories relate it to particle shape and ellip-
ticity). According to the formulation proposed by Bruggeman
(1935) on the basis of mixture theory, the constant « is equal to 3/2
for non-conductive spherical grains. The validity of this formula for
Ticino sand has been verified in a previous study (Borsic et al.
2005).

The conductivity of the pore water, equal to 0.780 mS/cm, was
measured by means of a conductimeter at the initial stage of the
test. No major changes were expected during the evolution of the
test because Ticino sand is constituted by clean quartz grains. Fig-
ure 12 shows the comparison of the experimental data and the val-
ues obtained with Bruggeman’s formula for the different stages
during the oedometer test, showing how it is possible to appreciate
even very small changes in porosity.

During the test also the shear and compressional wave velocity
of the specimen have been measured at different time steps using
bender and pulser elements. As expected the velocity of P waves
showed no significant variations in a saturated sample, whereas S
wave velocity showed an increasing trend with external load (rang-
ing from 120 m/s at 100 kPa to 180 m/s at 400 kPa).

The analysis of the reconstructed tomographic images can pro-
vide further elements with respect to the evolution of the tests. The
conductivity maps of the sample at different time intervals for the
same load increment, or for different load levels, are not of particu-
lar interest since images remain relatively uniform and the small
overall conductivity reduction cannot be appreciated by visual in-
spection. Interesting differences arise instead in conductivity maps
when the load is incremented or decremented. For example, Fig. 13
reports the image of a slice of the sample obtained as the difference
between the reconstructed conductivity of the unloaded sample and
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FIG. 12—Conductivity void ratio interpretation of the oedometer test.

the one of the tomography executed immediately after the applica-
tion of the initial 25 kPa load. The application of the load leads to
an increase of conductivity in the lower portion of the sample and to
a reduction of conductivity in the upper portion, which clearly
shows that consolidation is not uniform at this early stage and that it
is influenced by ring friction effects and the upper drainage (only
the top drainage line was opened). Hence, the upper drained part of
the sample, subjected to a somewhat larger vertical effective stress,
experiences a larger decrease of porosity and hence a decrease of
conductivity. This feature clearly shows the potential of the recon-
struction technique in monitoring the evolution of localized fea-
tures during transient phenomena in soils.

Conclusions

There is a growing need for the development of new investigation
techniques in laboratory experiments for non-conventional prob-
lems of hydro-chemo-mechanical nature in several engineering ap-
plications. In this respect the preliminary results obtained with this
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FIG. 13—Oedometer test on Ticino sand. Conductivity differences between un-
loaded sample and first loading step.
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new measuring apparatus are promising for its application in geo-
technical laboratories. The 3D electrical resistivity tomography
implemented in the cell has proven effective in detecting both resis-
tive and conductive target inclusions with good precision, as well as
in monitoring porosity variations affecting the electrical conductiv-
ity of the medium.

The cell herein presented has the full potentiality to be used for
a variety of applications related to transient phenomena in soil such
as filtration/diffusion processes of different chemical species,
monitoring the resulting conductivity field and preferential flow
paths. The use of seismic wave velocity, as a complementary mea-
surement technique, could, moreover, provide additional insight re-
lated to changes of the mechanical properties. Furthermore, the
construction technology chosen for the allocation of the seismic
sensors allows for an easy substitution of the sensors (e.g., for tem-
perature monitoring). Alternatively, the same slots can be used to
induce preferential flow paths of liquid infiltration or gas migration.

Finally, note that experiments in the laboratory can provide a
meaningful link with in situ applications, where electrical resistiv-
ity tomography is currently used for site characterization and moni-
toring of several transient processes such as leakage from contami-
nated deposits and site remediation implementation.
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