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Abstract

Dredging activities of harbours and rivers are becoming very important in many countries all over the world and, as a consequence,
the disposal of dredged sediments is a critical concern from an environmental point of view. In order to facilitate the disposal or the reuse
of large volume of dredged soils, usually under-consolidated and with a high water content, an electrokinetic treatment can be adopted
with the goal to dewater and strengthen the sediments.

This paper presents the results of some electrokinetic tests performed on reconstituted clayey specimens at different pore fluid salinities
(0.2 < sc < 30 g/l) treated with electrokinetic (EK) technique. The results indicate that the presence of small quantities of salts in the pore
fluid enhances the electro-osmotic consolidation. On the contrary, for high salt concentrations of the pore fluid the electro-osmotic dewa-
tering is significantly reduced. The mechanical behaviour of treated specimens has been investigated at the micro (SEM) and macro scale
(triaxial and oedometer tests). The experimental results highlighted the relevant and expected contribution of the pore fluid characteristic
on the effectiveness of the treatment as ground improvement technique.
� 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords: Electrokinetic treatment; Electro-osmotic consolidation; Oedometer tests; Mechanical behaviour; Clayey soils; Dredged sediments; Microst-
ructure
1. Introduction

Dredging of harbours is an activity consisting in the
removal of sediments from the seabed to lower it to the
depth needed to allow ships docking and operation. This
routine activity is becoming increasingly important as lar-
ger and larger ships are used. Quite often, a critical issue
in the dredging process is the disposal of sediments,
because only limited surfaces and volumes are available
in most industrialised areas (Van Mieghem et al., 1997).
Furthermore, there has been an increasing attention in
https://doi.org/10.1016/j.sandf.2020.06.003
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recent years to the reuse of these sediments to obtain
reclaimed land. Whatever the reason why, in most cases
it is important to densify the sediments, reducing their vol-
ume, eventually improving their mechanical properties.

A persevering management strategy is then necessary in
order to reuse dredged sediments (which have the consis-
tency of a slurry) in various soil engineering applications.
These sediments need treatments to significantly reduce
the high water content, in a cost-efficient way, within a rea-
sonable amount of time.

The three most employed mechanical dewatering tech-
niques (centrifugation, dewatering by belt filter press or fil-
ter press) cannot reach a very high dry solid content
especially in low permeability fine grained soils, for which
it is necessary to find alternative techniques. Among the
Japanese Geotechnical Society.
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Nomenclature

Ac area of the cross section
cu undrained cohesion
D internal diameter of the device
ei initial void ratio
e current void ratio
E energy consumption
�E energy consumption to treat one cubic metre of

soil
Eu undrained Young’s modulus
Gs soil specific gravity
H height of the device (housing part)
Hs height of the sample
i current intensity
ie electrical potential gradient
ke coefficient electro-osmotic permeability
n porosity of the soil
P power consumption
q deviatoric stress
qe flow volume induced by electrical gradient
R electrical resistance

sc salt concentration
t elapsed time
v volume of expelled water
wL liquid limit
w water content
DU electrical potential difference
DL distance between the electrodes
Du pore water pressure increment
e dielectric constant of the pore fluid
ea axial strain
q electrical resistivity
r’c effective confining pressure
r’e* equivalent vertical stress
r0p preconsolidation pressure
r’v vertical effective stress
r’y yield stress
k electrical conductivity
g dynamic pore fluid viscosity
f soil zeta potential
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different options for enhancing sludge dewatering, the
application of an electric field has proved to be efficient
to remove the water that cannot be removed using mechan-
ical dewatering alone (Gray and Mitchell, 1967; Bjerrum
et al., 1967; Fetzer, 1967; Casagrande, 1983; Lockhart,
1983; Chappell and Burton, 1975; Lo et al., 1991; Flora
et al., 2016, 2017; Gargano et al., 2019a; Gargano, 2020).
Notwithstanding its potential interest for engineering
applications, the electrokinetic soil treatment (EK) is still
mostly studied at a laboratory scale (Sprute and Kelsh,
1980; Fourie et al., 2007; AbDullah and Al-Abadi, 2010;
Mahmoud et al., 2011).

Most of the previous laboratory studies concern the
effectiveness of the EK treatment in soil dewatering
(Pinzari, 1962; Sprute and Kelsh, 1980; Lockhart, 1983;
Tamagnini and Calabresi, 1991; Mohamedelhassan and
Shang, 2002; Fourie et al., 2007; Mahmoud et al., 2011;
Zhou et al., 2015; Martin et al., 2019). Few studies consid-
ered the effectiveness of such technique in the improvement
of the soil mechanical properties and the role of some fac-
tors affecting the treated soil mechanical behaviour: elec-
trode materials (Xue et al., 2015; Mohamedelhassan and
Shang, 2011; Mohamad et al., 2011), current intermittence
(Micic et al., 2001), polarity reversal (Melo et al., 2011),
preloading (Shang, 1998), drainage direction and room
temperature (Tang et al., 2017).

It is well known that a very important parameter that
affects the electrokinetic process is the pore fluid salinity
(Mohamedelhassan and Shang, 2002). Since sediments
can be dredged from different water bodies, the water salin-
ity can change a lot, varying from 0 g/l up to 30 g/l or
more. While the role of different salinities of the pore fluid
on the dewatering process has been analysed in few studies
(Mohamedelhassan and Shang, 2002; Lockhart, 1983), on
the contrary its effect on the mechanical behaviour of the
treated soil hasn’t been studied in literature. For this rea-
son, studies from this perspective could help to understand
if the EK treatment can be considered an in-situ ground
improvement technique for clayey dredged sediments.

A multidisciplinary research has been developed at the
University of Napoli Federico II, in order to analyse the
potentiality of the electrokinetic treatment of soils with dif-
ferent pore fluid salinities. The main goal of the paper is to
highlight the role of the pore fluid salinities in both the
dewatering process and the soil strengthening, being the
last aspect not addressed in literature.

The planned experimental activity consists of a series of
tests in a special large oedometer apparatus designed at the
University of Napoli Federico II (Gargano et al., 2019a;
Gargano, 2020) for testing very soft soils under mechanical
and electric loading conditions. At the end of all the
oedometer tests, some specimens were retrieved from the
special apparatus and used for conventional mechanical
tests (oedometer and triaxial tests) in order to verify the
effectiveness of the EK treatment as ground improvement
technique.



Fig. 1. Grain size distribution of the tested soil.
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2. Electrokinetic (EK) treatment

Electrokinetic (EK) mechanisms are activated when the
soil is charged with a current (typically a low-voltage direct
current). The electrokinetic phenomenon is made up by
three different processes, namely electrophoresis, electromi-
gration, and electro-osmosis (Gray and Mitchell, 1967;
Casagrande, 1983; Hamed, 1990; Eykholt and Daniel,
1994; Jacobs and Probstein, 1996; Dzenitis, 1996;
Abdullah, 2000, 2003). Electrophoresis consists in the
migration towards the anode of the negatively charged col-
loidal particles. Electromigration is the migration of ions
(both cations and anions) towards the relative electrode.
Finally, electro-osmosis is the water flow that takes place
in the diffuse double layer, where there is a high concentra-
tion of cations attracted by the negatively charged surface
of the clayey particles. When an electrical gradient is
applied to the soil, the migration of ions results into a
removal of water.

The electromigration of positive ions in the surrounding
liquid and in the outer diffused part of the electric double-
layer towards the negative electrode (cathode) mechani-
cally draws water, with the result of a movement of liquid
in the pores towards the cathode.

The classical equation representing electro-osmotic flow
is the one proposed many years ago by Casagrande (1948):

qe ¼ keieAc ð1Þ
In which ie is the electrical potential gradient (V/m) that

can be expressed as the ratio between the potential differ-
ence D/(V) and the distance between the electrodes DL
(m); ke is the coefficient of electro-osmotic permeability
(m2/(sV)) and Ac is the cross section area perpendicular
to the water flow (m2).

For the description of the electro-osmotic mechanisms,
the Helmholtz-Smoluchowski theory (Gray and Mitchell,
1967, Mitchell, 1993) is often advocated. It is based on
the analogy with electrical condensers, assuming that near
the surface of soil capillaries wall there are charges of one
sign and at a small distance from it there are charges of the
other sign, concentrated in a layer.

The water is dragged by the counterions through a
mechanism of plug flow. The rate of water flow is con-
trolled by the balance between the electrical force and the
friction between the water and the wall. The coefficient of
electro-osmotic permeability (ke, eq. (1)) can be then
derived (Mitchell, 1993) from such a balance as:

ke ¼ fen
g

ð2Þ

in which f(V) is the soil zeta potential (negative in clayey
soils); e (F/m) is the dielectric constant of the pore fluid;
g(Pa s) the dynamic viscosity of the fluid; n the porosity
of the soil.

The coefficient of electro-osmotic permeability ke is usu-
ally considered as a function of only the zeta potential and
porosity of the soil, since permittivity and viscosity of the
pore water can be considered constant over a wide range
of salinity. A large number of researches have been dedi-
cated in the past to the role of water salinity. Some of them
indicate that high salinity has an effect to reduce the
electro-osmotic flow in the soil (e.g., Casagrande, 1948;
Gray and Mitchell, 1967; Mitchell, 1993). Others
(Lockhart, 1983; Mohamedelhassan and Shang, 2002) indi-
cate that there is an optimum value of the salt concentra-
tion that results into an acceleration of the dewatering
rate (0.59 g/l for Lockhart, 1983, and 8 g/l for
Mohamedelhassan and Shang, 2002). Several experimental
works (Bjerrum et al., 1967; Casagrande, 1949; Lo et al.,
1991; Lockhart, 1983; Reddy et al., 2006) have shown that
the EK treatment improves the stiffness and strength of
soils, also accelerating water expulsion. As obvious, these
beneficial effects depend on different factors, like, for
instance, soil mineralogy and grading, water characteristics
as well as operational conditions (i.e. the applied potential
and the type of electrodes).

3. Experimental programme

3.1. Material properties

The experimental activity has been carried out on a
sandy clay with silt (Fig. 1) (Gs = 2.72), whose mineralog-
ical composition was evaluated by XRD analysis (Fig. 2)
on a powder sample using a PanalyticalX’Pert Pro diffrac-
tometer equipped with PixCel 1D detector (operative con-
ditions: CuKa1/Ka2 radiation, 40 kV, 40 mA, 2H range
from 5 to 80�, step size 0.0131� 2H, counting time 40 s
per step): the main crystalline phases are quartz (Q), calcite
(C), mica (MI) and different clay minerals (CM), such as
montmorillonite, chlorite and halloysite.

The soil has high plasticity, it shows a liquid limit (wL)
of 0.59 and a plastic limit (wP) of 0.23 when the soil is
mixed with distilled water and a liquid limit (wL) of 0.59
and a plastic limit (wP) of 0.22 when the soil is mixed with
water with a salinity of 30 g/l.



Table 1
Experimental program of the tests carried out in the special oedometer.

Test Load (kPa) D/ (V) sc (g/l)

M1 1 0 0.2
EK1 1 20 0.2
EK2 1 20 8
EK3 1 20 15
EK4 1 20 30
M2 30 0 0.2
EK5 30 20 0.2
EK6 30 20 30

Fig. 2. Mineralogical composition of the soil (CM = clay minerals,
MI = mica, Q = quartz, C = calcium carbonate).
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3.2. Special oedometer

A special floating oedometer (heightH = 25 cm, internal
diameter D = 6.9 cm, Fig. 3) has been adopted, to allow
large settlements. Different combinations of mechanical
(M) and electrical (EK) loads can be applied. The specimen
is confined by two graphite porous plates in the device.
Graphite has been used, instead of metallic materials, as
chemically inert and electrically conducting material to pre-
vent dissolution of the electrode and generation of undesir-
able corrosion products at the anode in an acidic
environment (Alshawabkeh et al., 1999).

The electrical load is applied connecting the plates to a
DC power supply, operating under constant voltage
(DU). During the tests, measurements of settlements (by
means of a LVDT), of the weight of water expelled (by
means of a scale), and of the intensity of electric current
Fig. 3. Experimental device: (a) sketch, (b) picture.
(during the EK tests, by means of a current transducer)
were carried out.

3.3. Testing programme

All the tests have been carried out on remoulded speci-
mens: the pore fluid (Table 1) was prepared mixing distilled
water with different concentrations of sodium chloride (the
salt) and then it was mixed with the soil, thus obtaining a
sludge with an initial water content equal to 1.4 times the
liquid limit wL (whose value was not affected by water
salinity).

The testing programme consists in different kind of tests.
At first, special oedometer tests were carried out and then
other tests were performed on EK treated specimens with
the aim to compare their behaviour with the natural ones
(SEM analyses, oedometer and triaxial tests).

Since it hasn’t been always possible to retrieve specimens
for oedometer and triaxial tests in the same positions
within the cylinder (Fig. 3), due to the different conditions
of the treated soils, the position of the specimens subjected
to the mechanical tests has been reported in the Table 2
together with the initial void ratio (ei). Furthermore, in
order to obtain the least disturbed samples, thin-walled
stainless steel punches have been used.
Table 2
Experimental program of the mechanical tests carried out at the end of the
M and EK tests.

Test r’c (kPa) sc (g/l) ei position

TX-M1 5 0.2 2.1 middle-bottom
TX-EK1 5 0.2 1.5 middle-top
TX-EK2 5 8 1.8 middle-top
TX-EK3 5 15 2.1 middle-bottom
TX-EK4 5 30 1.4 middle-top
TX-M2 30 0.2 1.5 middle
TX-EK5 30 0.2 1.1 middle-top
TX-EK6 30 30 0.8 middle-top
OED-M1 – 0.2 1.9 top
OED-EK1 – 0.2 1.5 bottom
OED-EK2 – 8 1.7 bottom
OED-EK3 – 15 1.3 top
OED-EK4 – 30 2.1 bottom
OED-EK5 – 0.2 1.6 bottom
OED-EK6 – 30 1.4 bottom
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Finally, at the end of the tests some Scanning Electron
Microscope analyses have been performed. The specimens
were recovered from the middle part in the case of
untreated samples and from the anode side in the case of
treated samples.

3.3.1. Special oedometer apparatus tests

Eight tests have been carried out in the special oedome-
ter (Fig. 3) under a double-way drainage condition
(Table 1):

- in two tests (M1 and M2) only a mechanical load (up to
r’v = 1 kPa or 30 kPa) has been applied, in particular, to
reach 30 kPa subsequent loads were applied until the
last step from 15 to 30 kPa;

- in four tests (EK1, EK2, EK3 and EK4) a mechanical
load of 1 kPa has been applied together with an electri-
cal field (D/ = 20 V);

- in two tests (EK5 and EK6) subsequent loads were
applied until the last step from 15 to 30 kPa where the
mechanical load has been applied together with an elec-
trical field (D/ = 20 V).

The electrical field (D/ = 20 V) corresponds to a voltage
gradient that goes from 1.1 to 1.4 V/cm, that is perfectly
within the range of 0.3 V/cm � 2 V/cm that is commonly
used in laboratory tests (Melo et al., 2011, Gargano
et al., 2019a, Yang et al., 2019).

The six electrokinetic (EK) tests (Table 1) have been
performed with fluid porosity prepared at different salt
concentrations (0.2 < sc < 30 g/l, being the boundaries
of the range respectively the salt concentration of the
tap water and the average salt concentration of the
seawater).

During all the tests carried out in the special oedometer
many measurements have been collected: volume of
expelled water in time, vertical settlements, current inten-
sity and electric potential difference. Furthermore, the coef-
ficient of electro-osmotic permeability, the electrical
conductivity and the energy consumption have been
calculated.

- Volume of expelled water

In the EK tests, the water flow goes from the top to the
bottom of the specimen and is collected at the base by a
container placed on a high-resolution scale. The room tem-
perature was controlled and the container on the scale was
filled with oil to create a film on the collected water and
then covered with a plastic wrap thus preventing the evap-
oration. Furthermore, since in the mechanical tests (M,
with no electric gradient) water is expelled from both the
ends of the specimen, this procedure could not be used.
However, for saturated specimens the total volume of
expelled water can be quantified via the measured settle-
ments, and therefore this more traditional method was
used in the M tests.
The expelled volume of water has been chosen, instead
of the specimen settlements, because the LVDT data could
have been unreliable, because of the unavoidable amount
of gas produced by electrolysis during the EK tests (espe-
cially at high pore fluid salinities).

The two methods to measure the expelled water (via
LVDT and via scale) have been compared during EK tests
at low salinities (in which both were adopted), and it was
demonstrated that the results are in all similar.

- Coefficient of electro-osmotic permeability

During the EK tests (Table 1) the measurement of
expelled water during time allows the calculation of the
coefficient of electro-osmotic permeability via eq. (1)
(Ac = 37.4 cm2, ie = 1.1–1.4 V/cm).

- Current intensity and electrical conductivity

The current intensity was measured via amperometer,
while the electrical conductivity (that is the reciprocal of
electrical resistivity, q) was evaluated from the current
intensity with second Ohm’s law, at the beginning of tests
and at peak (the maximum).

- Energy consumption

The economic efficiency of the electro-osmotic treatment
is evaluated in terms of energy consumption. The power
consumption per unit volume of soil (P, Watt), is related
to the applied electric potential (DU, Volts) and to the cur-
rent intensity (i, Ampere):

P ¼ DU � i ¼ R � i2 ð3Þ
where R is the electrical resistance (Ohm). The energy con-
sumption, E(Wh), is the power consumption (eq. (3)) dur-
ing the total treatment time (t):

E ¼ P � t ð4Þ
3.3.2. SEM analyses

Scanning electron microscopy SEM (SEM, Cambridge
S440) analyses have been performed on treated and
untreated soils: each dried sample was coated with a thin
layer of gold to provide surface conductivity.

To dehydrate the wet soil samples for SEM analysis the
freeze-drying technique was performed. One of the most
conspicuous problem involving with the assessment of soil
fabric is to keep the scanning sample undisturbed. Remov-
ing the pore water by traditional methods, such as air or
oven drying, can cause a significant shrinkage of the soil
with important microstructural changes. The freeze-
drying technique allows to minimise soil shrinkage, since
a fast freezing of water in the soil pores leads to the forma-
tion of non-crystal ice without volume expansion and does
not cause deformation to the specimen (Shi et al., 1999).
The sample is placed in a freezing unit with a vacuum
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chamber (Alpha 1–4 LSCplus; �25 �C, 0.1 mbar) and dried
by sublimation at a low temperature (�25 �C).
3.3.3. Oedometer tests

A conventional oedometer cell with double drainage was
used in the OED tests (H = 20 mm, D = 56 mm). Seven
tests (OED-M1, OED-EK1, OED-EK2, OED-EK3,
OED-EK4, OED-EK5, OED-EK6, Table 2) have been car-
ried out up to a vertical stress of 5000 kPa with the aim to
compare the behaviour of EK treated and untreated spec-
imens (Table 2).
3.3.4. Triaxial tests

Some Isotropically Consolidated Undrained Triaxial
Tests (CIU tests) have been carried out on specimens
retrieved from the special oedometer (D = 36 mm,
H = 72 mm), at the end of mechanical (M) and electroki-
netic (EK) tests (Table 2). During the consolidation phase,
the effective confining pressure (r’c) has been chosen equal
or similar to the maximum vertical stress applied in the spe-
cial oedometer, to modify only slightly the initial stress
state. Then, a deviatoric load has been applied up to spec-
imen’s failure in undrained conditions.

Membrane effect has been taken into account
(Fukushima and Tatsuoka, 1984), considering the mem-
brane thickness (0.15 mm). This effect is negligible because
the maximum increment of confining pressure caused by
the membrane confinement is 0.5 kPa.
4. Results and discussion

4.1. Volume of expelled water

Fig. 4 shows the test results carried out in the special
oedometer. It shows that, at the same stress level (from 0
to 1 kPa or from 15 to 30 kPa), the application of an elec-
tric field (tests EK1, EK2, EK3, EK4, Fig. 4a and EK5,
EK6, Fig. 4b) enhances the consolidation. There is, in fact,
a reduction in the time needed to end the consolidation and
a higher volume of expelled water respect to the mechanical
case alone (M1 and M2 in the Fig. 4a and 4b respectively).

As mentioned before, the application of an electric field
accelerates the water expulsion removing water that cannot
be removed using mechanical dewatering alone (Gray and
Mitchell, 1967; Bjerrum et al., 1967; Fetzer, 1967;
Casagrande, 1983; Lockhart, 1983, Chappell and Burton,
1975; Lo et al., 1991, Flora et al., 2016, 2017; Gargano
et al., 2019a; Gargano, 2020). As obvious, this beneficial
effect depends on different factors, like for instance the pore
fluid salinity. In fact, during the application of the electric
field, the salinity affects the quantity of water removed,
while it seems to be slightly connected to the velocity of
consolidation. In particular, for the range of salinity that
has been investigated, it can be said that the lower the salt
concentration, the higher the quantity of water removed.
The total volume of expelled water, as can be seen in
Fig. 4a for example, goes from 35 cm3 (for M1) to
88 cm3 (for EK4) until 167 cm3 (for EK1).

Some studies have indicated that high salinity reduces
the electro-osmotic flow (Bjerrum et al., 1967;
Casagrande, 1948; Gray and Mitchell, 1967; Lo et al.,
1991, Mitchell, 1993, Reddy et al., 2006), while others
(Lockhart, 1983; Mohamedelhassan and Shang, 2002) have
indicated that there is an optimum value of the salt concen-
tration that results into an acceleration of the dewatering
rate (0.59 g/l for Lockhart, 1983, and 8 g/l for
Mohamedelhassan and Shang, 2002). It should be also
noted that, as pore fluid salinity increases, the inhomogene-
ity of treatment effects increases, with a higher difference of
void ratio between the anode and the cathode sides
(Table 2). Alshawabkeh et al. (2004) verified that the elec-
tric field, along with a flow of water to the cathode, induces
a desaturation front in the soil, that is generated in the ano-
dic area and then moves towards the cathodic area. This is
responsible for an inhomogeneous degree of saturation
along the axis of the specimen (lower saturation towards
the anode), which causes a water flow from the cathode
to the anode, in the direction to that caused by the
electro-osmotic flow. When the two phenomena equili-
brate, the electro-osmotic consolidation ends. The desatu-
ration front is also responsible for the reduction in water
flow, that derives from a reduction in the permeability of
the soil, since the hydraulic continuity of the soil has been
compromised.

4.2. Electro-osmotic permeability

Fig. 5 shows the average value of the electro-osmotic
permeability normalised by the soil porosity (n) over the
first 500 min of the EK tests plotted against the pore fluid
salinity. It can be noted that the experimental results at
1 kPa are in good agreement with the ones of previous
researches (Mohamedelhassan and Shang, 2002) that are
also reported in Fig. 5. In order to say the same at
30 kPa, other experimental tests are necessary.

As expected, as the pore fluid salinity increases (sc � 8 g/
l) the ratio ke/n decreases, because the zeta potential
decreases (this is consistent with the Helmholtz-
Smoluchowski model, eq. (2)). When the salinity increases,
more Na+ ions are present in the pore fluid. The Na+ ions
trap water molecules, and therefore there is less water
available to be expelled from the soil. On the contrary if
the pore fluid salinity goes from 0.2 to 8 g/l the ratio ke/n
increases (Fig. 5). The latter result can not be explained
through the Helmholtz-Smoluchowski model and needs
further investigations. When the stress level is higher
(30 kPa), the value ke/n becomes independent from the
salinity. The permeability is lower and there is a remark-
able difference when sc is 0.2 g/l. This is probably due to
the fact that when the consolidation goes ahead, the void
ratio decreases and there is less water available for the
EK flow. Then, the velocity of the process is lower and thus
ke/n decreases. Therefore, on one hand a soil saturated with



Fig. 4. Volume of water removed during the tests (Tab. 1) versus time at the loading step from 0 to 1 kPa (a) and from 15 to 30 kPa (b).
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water with very low salinity (in this case 0.2 g/l) does not
necessarily have a high electro-osmotic permeability. On
the other, if the pore fluid has a high salinity (in this case
30 g/l), the electro-osmotic permeability is not necessarily
very low (Mohamedelhassan and Shang, 2002).
4.3. Electrical conductivity

For all the EK tests, the current intensity (i) values are
higher at the beginning of the tests, and then decrease in
time due to the decrease of ionic species in the pore fluid
caused by the electro-migration and electro-osmotic flow.
In particular, the current intensity reaches its maximum
value after 100–200 min. These maximum values are equal
to 0.07, 0.19, 0.47 or 0.90 A, while the initial values are
equal to 0.066, 0.20, 0.36 or 0.60 A for the salinity of 0.2,
8, 15 or 30 g/l respectively (Table 1).

The conductivity of an electrolyte (the pore fluid)
depends on the concentrations of ions: it goes from 0.05
S/m for the tap water to 5 S/m for the seawater, so as
0.0E+00

5.0E-09

1.0E-08

1.5E-08

2.0E-08

0 5 10 15 20 25 30

k e
/n

 (m
2 /s

V
)

pore fluid salinity (g/l)

Mohamedelhassan and Shang (2002)
experimental results (1 kPa)
experimental results (30 kPa)

Fig. 5. Coefficient of electro-osmotic permeability normalised by the soil
porosity versus the pore fluid salinity.
the salt concentration increases, the current intensity
increases too.

The electrical conductivity (k = i/DU�Hs/Ac), calculated
using the initial and the maximum values of the current
intensity and considering the current height of the
specimen (Hs), have been plotted against the pore fluid
salinity in Fig. 6. As expected, it is proportional to the pore
fluid salinity and is located between the conductivity of
the soil particles, assumed equal to that of a clay with
similar geotechnical properties (Mohamedelhassan and
Shang, 2002), and the pore fluid conductivity, whose
variation with the salinity is known (Keller and
Frischknecht, 1966).

4.4. Energy consumption

The energy consumption to treat one cubic meter of soil
for an hour (�E, Wh/m3) can be used to evaluate quantita-
tively the feasibility of electro-osmotic treatment in terms
of efficiency. It has been calculated via eq. (4), considering
the variation of the current intensity with time, and plotted
in Fig. 7 against the pore fluid salinity. It is evident that as
the higher the pore fluid salinity, the higher the current
intensity, the trend is quite the same for the energy
consumption.

4.5. SEM analyses

Most of soil’s properties and characteristics are attribu-
ted to its microstructure. Features like pore spaces, clay
matrices, and aggregations are demonstrative of soil
mechanical properties (such as strength and compressibil-
ity). Scanning electron microscopy can be used to recognize
microfabric of soils and their microstructures (which con-
stitute macro fabric). Furthermore, all microstructure fea-
tures like particle arrangements, particle assemblage and
pore spaces can be detected (Mirzababaei and Yasrobi,
2007).



Fig. 6. Electrical conductivity versus pore fluid salinity.
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The different behaviour of the specimens in terms of vol-
ume change and shear strength seem to be a result of the
interaction between salts within the pore fluid and clay par-
ticles under the applied electric field. An increase in pore
electrolyte concentration can make an edge-face arrange-
ment (typical of a soil formed in a water suspension) trans-
form in a face-face arrangement (typical of a soil in
concentrated electrolytes) (van Olphen, 1977; Bennet and
Hulbert, 1986; Chen et al., 1990). Furthermore, the thick-
ness of the double layer decreases as salt concentration in
the bulk solution increases (Mitchell, 1993; Yong et al.,
1992), according to the classical diffuse double layer theory
(Gouy, 1910; Chapman, 1913).

Inspecting the SEM images, the untreated soil exhibits
an open type microstructure (Fig. 8a), with the platy clay
particles assembled in a dispersed arrangement, whereas
the EK treated specimen presents some signs of reticulation
(Fig. 8b).

As the salt concentration increases (Fig. 9 a-c), the soil
particle clusters are interspersed by large openings, thus
the flocculated nature of the fabric is more evident
Fig. 7. Energy consumption against pore fluid salinity.
(Gargano, 2020). At the same time, the degree of reticula-
tion seems to increase, and the flatness of the fabric
becomes less evident. (Chew et al., 2004). There are highly
dense clay matrices and many aggregations. The clay
matrices have perturbed parallelism (Mirzababaei and
Yasrobi, 2007), the particles appear larger and thicker than
those of the untreated soil. Finally, the different applied
mechanical vertical stress did not affect the soil fabric
(Fig. 10 a and b).

4.6. Oedometer tests

Fig. 11 shows the results of the oedometer tests in the
semi-logarithmic plane of the void ratio (e) versus effective
vertical stresses (r’v). For a normally consolidated material,
in this plane the normal compression line (NCL) can be
identified.

It is known that the electro-osmotic treatment decreases
soil water content and increases soil preconsolidation pres-
sure, r0

p (Flora et al., 2017; Gargano, 2020; Rittirong and
Shang, 2008). The experimental results indicate that the
treated specimens (OED-EK1, OED-EK2, OED-EK3,
OED-EK4, OED-EK5, OED-EK6, Fig. 11a and
Fig. 11b) have a preconsolidation stress higher (Flora
et al., 2017; Gargano, 2020) than that pertaining to the
untreated soil (OED-M1). In particular, the soil with elec-
trokinetic treatment is quite stiff at low stress levels, with a
compression curve that plots to the right of the one per-
taining to the untreated soil, tending to it at high stress
levels. This can be clearly seen when the salinity is equal
to 30 g/l in the OED-EK4 and OED-EK6 tests (Fig. 11a
and Fig. 11b) and 0.2 g/l in the test OED-EK5
(Fig. 11b), while in the other cases there are minor effects
on the structure of the treated soils (OED-EK3 has a differ-
ent behaviour because it was recovered at the anode side,
Table 2).

The yield stress (r’y) of the treated clay from the OED
tests (Fig. 11b) is about 20 kPa, 90 kPa and 100 kPa for
the tests OED-EK4, OED-EK5 and OED-EK6 respec-
tively, much higher than the equivalent vertical stress
(r’e*) required to bring the untreated soil (OED-M1)
to the same void ratio (1 kPa, 7.5 kPa and 20 kPa,
respectively). It is well known that the stress ratio r’y/
r’e* is a measure of the effect of structure
(Cotecchia and Chandler, 1997), which in this case has
been generated by the EK treatment. Since the yield
stress of the treated soil exceeds the preconsolidation
stress (r’p was 1 for OED-EK4 and 30 kPa for OED-
EK5 and OED-EK6), it lies to the right of the normal
consolidation line (NCL). The ratio r’y/r’e* has increased
to 20, 12 and 5 for tests OED-EK4, OED-EK5 and
OED-EK6, respectively.

During virgin yielding, the structured soils are generally
more compressible than the reconstituted ones (Liu and
Carter, 1999). As previously mentioned, they tend to the
normal compression line of the reconstituted soil at high
stresses, because of the progressive destructuration.



Fig. 8. Micrographs of (a) untreated sample M1 and (b) treated sample EK1 at the anode side.

Fig. 9. Micrographs of treated sample at the anode side: (a) EK2, (b) EK3 and (c) EK4.

Fig. 10. Micrographs of treated sample at the anode side: (a) EK5 and (b) EK6.
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4.7. Triaxial tests

The results of the CIU tests are plotted in Figs. 12 and
13 in terms of deviatoric stress (q) versus the axial strain
(ea) (Fig. 12a and Fig. 13a) and pore water pressure incre-
ment (Du) versus the axial strain (Fig. 12b and Fig. 13b).
The comparisons have been made among results of triaxial
tests on specimens at the same effective confining pressure
and different pore fluid salinity (Figs. 12 and 13, Table 2).
It can be seen that, at the same effective confining stress, the
treated specimens always show a higher deviatoric stress
(from 2.4 to 8.3 times higher, Fig. 12a or 1.5 times higher,
Fig. 13a) than the untreated ones.

At low salt concentrations, positive excess pore pres-
sures develop during the loading phase, consistently with
the natural specimen (TX-M1). For highest salt concentra-
tion (TX-EK4, with a salinity of 30 g/l), a different beha-
viour has been observed with the development of



Fig. 11. Results of oedometer test: void ratio – vertical effective stress plane: comparison between tests at different pore fluid salinity (a) and different
maximum vertical stress at the same pore fluid salinity (b).
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negative excess pore pressures (Fig. 12b). The specimens
consolidated at 30 kPa (TX-M2, TX-EK5 and TX-EK6,
Fig. 13a and b) show positive pore pressures. Furthermore,
TX-EK6 shows a higher deviatoric stress than TX-EK5
(Fig, 12b) but it is quite similar to the one of TX-EK4 test
(Fig. 12a), even if the effective confining pressures (Table 2)
are different. This means that the specimen TX-EK4
demonstrates higher shear strength without significant
decreases in water content (Micic et al., 2001) (TX-EK4
void ratio is 2.1 in opposite to 1.4 for the test TX-EK6,
Table 2) and that the EK effect is no longer visible at higher
effective confining pressure (30 kPa for the test TX-EK6).

This can also be shown in the plane cu-w (Fig. 14). The
fall cone test has been previously used (Gargano et al.,
2019b) to estimate the relationship cu-w for the natural soil
(continuous black curve), in order to have a quick estima-
tion of the effect of electrokinetic treatment on the mechan-
ical properties of the soil. The tx results have been also
shown on the chart. In particular, some relationships can
be qualitatively drawn to represent the behaviour of speci-
Fig. 12. Results of triaxial tests at r’c = 5 kPa: deviatoric stress versus axi
mens at different positions, pore fluid salinities and stress
levels.

It is evident that, some EK treated specimens exhibit
higher undrained shear strength after the treatment (dotted
lines), with values of cu above the ones pertaining at the
same water content of the untreated specimens (continuous
black curve).

The initial value of the secant undrained Young’s mod-
ulus (Eu = q/ea) is plotted against the pore fluid salinity in
Fig. 15. As for the coefficient of electro-osmotic permeabil-
ity (ke), Eu decreases with the salinity when the pore fluid
salinity is greater than 8 g NaCl/l while it increases when
the pore fluid salinity is between 0.2 and 8 g/l.
5. Effectiveness and efficiency

The effectiveness and the efficiency of the EK treatment
(Fig. 16) may be evaluated expressing the energy consump-
tion connected to the dewatering rate (represented by the
coefficient of the electro-osmotic permeability divided by
al strain (a) and pore water pressure increment versus axial strain (b).



Fig. 13. Results of triaxial tests at r’c = 30 kPa: deviatoric stress versus axial strain (a) and pore water pressure increment versus axial strain (b).

Fig. 14. Relationship between undrained shear strength (cu) and water
content (w).

Fig. 15. Coefficient of electro-osmotic permeability and undrained
Young’s modulus versus the pore fluid salinity.
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the porosity) and the mechanical improvement (repre-
sented by the undrained cohesion divided by the effective
confining pressure).

As at a level stress of 30 kPa the active mechanisms seem
to be different and there is a need of more investigations,
only the tests at 1 kPa have been considered in the follow-
ing argument.

As previously discussed, the optimum ke/n is obtained at
the pore fluid salinity of 8 g/l (EK2), while the energy con-
sumption is not the highest. In fact, being strongly con-
nected to the salinity, the energy consumption reaches the
maximum at 30 g/l (EK4) where the ratio cu/r’c is three
times the one of the 0.2 g/l case (EK1).

Furthermore, at 30 g/l (EK4), even if the coefficient of
electro-osmotic permeability (ke) is the lowest (so is the
dewatering) and the energy consumption is the highest,
the treated soil shows a better behaviour in terms of
undrained shear strength (the cu/r’c values are always
higher than the value pertaining to the untreated soil which
is 0.7). This is obviously related to the lower value of the
void ratio (for EK4 is 1.4, Table 2) induced by electro-
osmosis, but the improvement in the mechanical behaviour
of soil is not dependent on electro-osmotic consolidation
alone. It relies on the chemical and physical reactions that
occur during the electro-osmotic process (Estabragh et al.,
2014).

Furthermore, the normalised undrained cohesion
increases with the salt concentration (since energy con-
sumption in turn increases with the pore fluid salinity,
Fig. 7).

6. Conclusion

Several laboratory tests were conducted using different
pore fluid salinities to provide deep insights into the influ-
ence of different pore fluid salinities on the EK treatment,
analysing the treated soil at the micro (SEM) and macro
scale (mechanical tests).

The electro-osmotic process accelerates the water dis-
charge and increases the volume of expelled water in a
way that depends on the pore fluid salinity: it can be said
that, for the pore fluid salinities investigated, the lower
the salt concentration, the higher the quantity of removed
water.



Fig. 16. Coefficient of electro-osmotic permeability normalised by the soil
porosity and undrained cohesion normalised by the effective confining
pressure against the energy consumption.
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The experimental results also show that the EK treat-
ment has a remarkable positive effect on the mechanical
behaviour of the treated soil, which exhibits higher shear
strength of the untreated soil. This is caused by the struc-
ture induced by the treatment, that fades away at high
stress levels. Such a structure may be seen as causing a sort
of double porosity system, in which the single cluster of
clayey particles have a disordered internal microstructure
(with a higher void ratio, that collapses when structure is
destroyed by high stresses) but the external, macro porosity
among the cluster is reduced, with an overall beneficial
effect as long as the cluster exist. Regarding the mechanical
properties of the treated specimens, the experimental study
highlights that such beneficial effect increases as the pore
fluid salinity increases.

Further researches are under development to deepen the
role of low salt contents that has not been considered in
this phase of the research.
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