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Abstract

The present paper considers electrokinetic phenomena observed in consoli-
dation of porous medium. Here is described the process of electroosmosis, car-
ried out equation of electroosmotic permeability. By introducing the Helmholtz-
Smoluchowski model into the Darcy law it is obtained equation of electroosmotic
consolidation.

Soil is a heterogeneous medium consisted of liquid, solid, and gaseous phases.
The solid and liquid phases play an essential role in soil spontaneous phenomena and
in behavior of electrical fields, artificially created in soil. Soil air can be considered
as a dielectric.

1.1. Electrical phenomena in porous media
In heterophase porous media, including soils, electrical fields form around a solid

phase in addition to those arising in electrolytic liquid phase. The electrical fields
around colloid particles are well described in the theories of electrical double layer
(EDL) developed by Helmholz (1879), Gouy (1910), Chapmen (1913), Stern (1924),
Quinke (1961), and others.

Soil can be considered as a rather specific ”electrolyte” having ions in free soil so-
lution and in the electrical double layer (EDL). Compared with ions of free solution
these ions have different mobilities and other properties. The EDL characterizes con-
tacts of phases, their ion composition and structure, and interaction with electrolytes
(soil solutions). The EDL theory is the key to understanding electrochemical prop-
erties of dispersed colloid systems and soils (Siddiqui and Hasnuddin. 1976; Wann
and Uehara, 1978a and b). The EDL determines the ion exchange between a solid
phase and soil solution (Mukherjee Inanendra Nath, 1974; Pashley and Quirk, 1997).

Electrical double layer around a solid phase can be formed under two conditions.
First, a solid phase is a metal (electrode) and conducts electricity well. This case
is studied in electrochemistry. The second case when a solid phase is practically an
isolator is considered in colloid chemistry. The basic theories are well applied to
both cases, but we are more interested in the second case as common in soils.

Electrokinetics is defined as the physicochemical transport of charge, action of
charged particles, and effects of applied electric potentials on formation and fluid
transport in porous media. The presence of the diffuse double layer gives rise to
several electrokinetic phenomena in soils, which may result from either the move-
ment of different phases with respect to each other including transport of charge,
or the movement of different phases relative to each other due to the application of
electric field. The electrokinetic phenomena include electroosmosis, electrophoresis,
streaming potential, and sedimentation potential.
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Fig. 1. Electrokinetic Phenomena in Soil

Electroosmosis is defined as fluid movement with respect to a solid wall as a
result of an applied electric potential gradient. In other words, if the soil is placed
between two electrodes in a fluid, the fluid will move from one side to the other
when an electromotive force is applied.

Fig. 2. Principles of Electrokinetics

Electrophoresis is the movement of solids suspended in a liquid due to application
of an electric potential gradient. Streaming potential is the reverse of electroosmo-
sis. It defines the generation of an electric potential difference due to fluid flow in
soils. Sedimentation (or migration) potential, known as Dorn effect (Kruyt 1952),
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is an electric potential generated by the movement of particles suspended in a liquid.

2. The electroosmotic phenomena

Several theories are established to describe and evaluate water flow by electroos-
mosis; the most common being the Helmholtz-Smoluchowski theory, Schmid theory,
Spiegler friction model, and ion hydration theory. Descriptions of these theories
are given in Casagrande (1952), Gray and Mitchell (1967), and Mitchell (1993).
Helmholtz-Smoluchowski model is the most common theoretical description of elec-
troosmosis and is based on the assumption of fluid transport in the soil pores due
to transport of the excess positive charge in the diffuse double layer towards the
cathode.

Electroosmosis is the process in which water moves through a porous media as
a result of the application of an electric field. The water moves from anode to
cathode where it can be collected and pumped out of the soil. The migration is
caused by the interaction of the diffused double layer at the soil/fluid interface and
fluid on the pores. In every pore there is a thin electric charged fluid layer, close to
the grain surface, (with a thickness between 1 nm and 10 nm), that allows charge
neutralization on the soil particles and makes the fluid move. The distribution of ions
is set out in the double electric layer theory. Typically clay particles have a negative
charge due to imperfections generated during their formation. An unbalanced charge
exists in all soil and the total charge per surface unit increases with the mineral
specific surface. The unbalanced charge attracts cations that form a layer (Stern
layer), balancing the charge on the soil particles surface. In the diffuse layer there
are cations (prevailing number), anions and water molecules. The charge neutrality
of the pore fluid is maintained by the presence of an equivalent concentration of
anions and cations.

When the electric field is applied to the soil, the cations move from the particle
surface towards the cathode. This movement determines a force on the fluid and
therefore a flow in the same direction. The flow generated by the electrical gradient
is called electroosmotic flow.

The global charge in the fluid bulk outside the double layer is zero. The double
layer thickness and the entity of the fluid flow are related to charge density, ionic
concentration in the pore water, cations valence and dielectric property of the fluid
solution.

The increase of ionic concentration reduces the diffuse double layer thickness and
consequently the electroosmotic fluid flow.

The electroosmotic process, induced by ionic movement towards the cathode,
produces a uniform fluid flow. The process is very efficient in low permeability clays
in which the electroosmotic permeability is greater than the hydraulic. Electroos-
motic soil permeability is usually around 1·10-5 cm/sec, at 20◦C and with a 1 V/cm
of electric gradient.

The rate of electro-osmotic flow is controlled by the coefficient of electro-osmotic
permeability of the soil ( ke), which is a measure of the fluid flux per unit area of
the soil per unit electric gradient.

The value of ke is assumed to be a function of the zeta potential of the soil-
pore fluid interface, the viscosity of the pore fluid, soil porosity, and soil electrical
permittivity. When the soil pores are treated as capillary tubes, the coefficient of
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electroosmotic permeability is given by,

ke =
εζ

µ
n, (2.1)

where ζ is the zeta potential, n is the medium porosity, and µ is the fluid viscosity.
While hydraulic conductivity, kh, is significantly influenced by the pore size

and distribution in the medium, the electroosmotic coefficient of permeability, ke,
according to the Helmholtz-Smoluchowski theory is dependent mainly on porosity
and zeta potential. The value of ke has been assumed to be constant during the
electrokinetic process as long as there is no change in the concentration of ions or
pH of the pore fluid.

Fig. 3. Interrelationship between ke and kh.

The electroosmotic flow is described by the Helmholtz-Smoluchowski equation:

ve = ke · ∇Φ (2.2)

where veis the filtration velocity, Φ is the applied electric tension.
The equation applies to systems in which pore dimensions have the same magni-

tude of the electric double layer thickness; the electroosmotic flow velocity depends
on the equilibrium between electric force acting on fluid and friction force between
fluid and soil particle.

The electroosmotic flow equation is:

qe = −Aεζ
µ
n∇Φ (2.3)

where A is the area of soil through which flow is occurring.
The zeta potential and the negative electric charge of the soil determine the flow

direction which typically develops from anode to cathode. Equation (2.3) shows all
the parameters influencing electroosmotic flow; both permittivity and viscosity vary
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within a small range and depend on both temperature and chemical type dissolved
in the fluid.

3. The electroosmotic consolidation

The application of electric field to a saturated soil determines an increment of
the pore pressure (negative or positive) and consequently induces a fluid flow and a
consolidation process.

Assuming that porous media grains are uncompressible and that both the flow
generated by hydraulic gradient and that generated by the electric gradient are
potential, the continuity equation can be written as:

∂ve
∂x

+
∂vh
∂x

= 0 (3.1)

where veand vh represent respectively the water velocity induced by electric field
and that induced by hydraulic gradient.

By introducing the Helmholtz-Smoluchowski model (Equation 2.3) into the Darcy
law the following equation is obtained:

ke
∂2Φ

∂x2
+

k

ηw

∂2H

∂x2
= 0, (3.2)

where k is intrinsic (or absolute) permeability, ηw is dynamic viscosity; which can
be written, in non stationary conditions, as:

ke
∂2Φ

∂x2
+

k

ηw

∂2H

∂x2
= mν

∂H

∂t
. (3.3)

The volumetric compressibility coefficient mv is related to consolidation coefficient
Cv by the equation:

Cν =
k

mνηw
⇒ mν =

k

Cνηw
. (3.4)
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