®

Check for
updates

Physicochemical and Hydrodynamic
Aspects of Soil

Angel Yustres, Rubén Lépez-Vizcaino, Virginia Cabrera,
and Vicente Navarro

1 Introduction

Soil is a particulate material which is usually of natural origin. Its porous nature
allows the movement of fluids within its interior. Solid soil particles are mostly of a
mineral origin and, to a greater or lesser extent, chemically interact with the pore
fluids, which are usually constituted by water. Due to the numerous thermal, hydrau-
lic, mechanical, electrical, and even biological phenomena associated with the inter-
action between mineral particles and pore fluids, soil is a complex medium that is
difficult to model and understand.

This chapter reviews the basic principles that govern the behavior of soils and
influence the electrokinetic remediation processes of contaminated soils.

2 Origin of Soils

Soils are formed in a variety of ways, but the fundamental origin is the alteration of
lithospheric rocks. The disintegration of the minerals that compose a rock gives rise
to the particulate matter of soil. The type of soil that is generated depends on the
different mechanisms responsible for decomposing the rocks and the subsequent
process of aggregation of the mineral particles.

Residual soils are formed by the weathering (physical-chemical attack of envi-
ronmental agents) of parent rock that is exposed on the earth’s surface. The resulting
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Fig. 1 Typical vertical profile of a residual soil

mineral particles or rock relicts are not transported, so they remain at the site where
they were formed, eventually covering the underlying rock material.

Residual soils can be found in any region of the globe, but thicker soils are found
in very humid climates [1]. Climatic, topographical, and, of course, lithological fac-
tors [2, 3] have a decisive influence on the genesis of residual soils. In general,
residual soils present a high degree of heterogeneity because they are not classified
according to particle size or reorganized by mechanical effects. Some rock relicts
persist in their internal structure and are more abundant at lower depths (Fig. 1).

Colluvial soils are formed by the accumulation of weathered material in situ that
is transported to low points of the terrain due to gravity. Different types of phenom-
ena called landslide processes [4] are involved in their formation. Although they are
very diverse in nature (from slow moving creep processes to sudden debris flow
processes), residual soils have low or no internal organization and are very hetero-
geneous materials as a result [5, 6].

Soils of sedimentary origin (or transported soils [5]) come from the erosion,
transport, and sedimentation of weathered material. Given that this type of soil trans-
port involves a fluid (wind or water), the velocity of the fluid determines the size of
the particles that can be mobilized [5, 7]. This factor confers a greater degree of
homogeneity to sedimentary soils, at least on a small scale. However, at larger scales
(tens to thousands of meters), the continuous variations in the velocity of the eroding
and transporting agent generate significant spatial variability [8]. The transport pro-
cess over long distances causes progressive wear of the particles, leading to rounded
or subrounded grains. Another common characteristic of these soils is the existence
of discontinuities due to stratification. Deposition usually occurs in subhorizontal
layers and in different events, which favors the presence of bedding planes [2].

Soils that are formed by the action of water are called alluvial soils. They have a
wide spatial distribution and are generally associated with large depressions of the
terrain through which rivers flow. Given that these environments are ideal for human
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settlements, alluvial soils often receive discharges of pollution. However, given that
the flows of the river courses in these areas tend to be slow, the predominant soils
are fine-grained (mainly clay and silts), with low permeabilities and for which elec-
trokinetic remediation techniques are particularly recommended [9].

Soils formed by aeolian processes are characteristic of arid or semiarid zones,
where wind action is the main erosive agent. These are well-sorted soils compared to
alluvial soils. Sandy sediments derived from dune formation are the most recognizable,
but the finest grained aeolian soils called loess are very important and are quite com-
mon in cold and arid areas [10]. Typically, aeolian soils have a very porous and meta-
stable internal structure that can suddenly collapse in the presence of water [11, 12].

There are also soils for which humans are primarily responsible for their genesis.
The main agent of erosion, transport, and sedimentation is construction machinery.
In this manner, human beings determine the size of particles, their location, and
their degree of compaction. These artificial soils are increasingly being used in
urban infrastructure [13]. Common examples are large landfills for airport construc-
tion [14, 15], artificial islands, and land reclamation [16], all of which have consid-
erable environmental impacts.

Based on the multiple factors that affect soil formation (climatology, vegetation,
topography, fluvial, and/or aeolian regime, lithology, etc.) and the alteration factors
that appear once a soil has developed (precipitation or dissolution of salts, compac-
tion, etc.), each soil will be different because the combination of factors is almost
infinite. The genetic conditioning of a soil is the influence that all factors have on its
genesis, development over time, and final behavior [5].

3 Distribution of the Phases of a Soil

To be able to successfully address any soil remediation action, an abstraction and
simplification of the associated processes should be performed. Due to their genesis
and their temporal evolution, soils show very high internal and spatial variabilities.
It is impossible to approach the study of a soil from an exhaustive point of view.
Therefore, tools should be provided to obtain a qualitative and integrated descrip-
tion that allows rationally grouping, classifying, and organizing soils into types with
homogeneous behaviors.

3.1 Phases of a Soil: Phase Diagram

The fluids inside the pores usually consist of water (with dissolved salts) and air
(with a certain amount of water vapor). If we examine a soil sample point by point,
the amount of water, air, or solid particles can change very abruptly. Thus, it is nec-
essary to establish a series of hypotheses to rationally analyze the distribution of
soil phases.
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Fig. 2 (a) Sampling point P and its domain volume V. (b) Representation of average soil proper-
ties stabilization for representative elementary volume

If we take point P (Fig. 2a) and its immediate domain, as determined by a charac-
teristic radius r that defines the volume V, the average properties of the domain
highly depend on the position of the point. If P is on a mineral particle, 100% of
volume V will be occupied by solid particles. If P is in a void, 100% of volume V may
be occupied by air or water. As the value of r increases, there is a greater probability
that the volume consist of a mixture of solid particles, liquid, and gases. As V contin-
ues to increase, the proportion of the volumes occupied by each of the phases is
likely to stabilize around an average value that can be considered representative of
the entire soil. Figure 2b shows how from r,;, the percentage of voids in the total soil
volume remains constant until r,,,, is reached. For small values of r the percentage
fluctuates, in the most extreme case being 100% or 0% as discussed above. Between
Tmin and 7, lies the representative elementary volume (REV). The representative
elementary volume [17] is the characteristic volume of a soil for which the average
properties remain constant, even with small changes in that volume.

Based on this approach, the soil can be conceptualized as a multiphase mixture
[18], with a series of index properties relating the volumes and masses of each
phase. The variation of these average index properties is assumed to be continuous
in space, and all these continua are superimposed at each point. Despite its particu-
late nature, the soil is assumed to be a continuous medium whenever it is possible
to define a representative elemental volume.

Some of the most important and widely used index properties in soil character-
ization are:

1. Porosity (¢) is defined by the following expression:

p="" (D

where Vy is the void volume, and V7 is the total volume of the soil (void volume
plus volume of solids).
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2. Void ratio. The void ratio (e) is given by the following expression:

e=—. 2)

where Vs is the volume of solids contained in the soil.
Porosity and void ratio give us an insight into the amount of space available for
the movement of fluids and the internal organization of the soil, so they are fun-
damental magnitudes for their characterization.

3. Gravimetric water content. The gravimetric water or moisture content (w) of a
soil is given by the following expression:

M M
w = w Z—L
MS MS

3)

where Mj is the mass of solid particles, and My, and M, are the water and liquid
masses, respectively, which are assumed to be equal.

4. Degree of saturation. The degree of saturation is defined as the volume occupied
by the liquid phase (V), which is assumed to be equal to the water volume (Vy),
versus the volume of voids in a soil (Vy) and is given by the following expression:

V.

Sr v 4)

\%

The water content and the degree of saturation provide information on the impor-
tance of the liquid phase in the soil, since both index properties determine the
thermodynamic state of the water and the type of movement it has within the
porous medium.

5. Density of solid particles and specific gravity. The density of solid particles (p)
is given by the following ratio:

14S
= —— 5
Ps v, 4)

where Vi is the volume occupied by the solid particles. The use of specific grav-
ity (G) to characterize the minerals that make up a soil is quite common in the
literature on soil mechanics. This variable is given by the following expression:

G="Ps (6)
Pw

where py is the density of water. The value of G is dependent on the predominant
mineralogy, although the most common minerals [19] have values between 2.6
and 2.8 [5].
6. Dry density. The dry density (p,) is defined as:
M

s
=S 7
Py v, (N
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where, as previously stated, My is the mass of solid particles, and V7 is the total
volume of the soil.
7. Bulk density. The bulk density (p,,) of a soil is defined by the following expression:
M

T
= — 8
Py v, ®)

where, as previously stated, M is the total mass (mass of solids, liquid, and gas,
although the latter is usually disregarded), and V7 is the total volume of the soil.

8. Saturated density. The saturated density (py,) is defined as the bulk density when
the soil is saturated, i.e., all pores are occupied by water.

The dry density and the saturated density are particular cases of the bulk density
when the degrees of saturation are 0 and 1, respectively.

3.2 Experimental Determination and Soil Phase Relations

The determination of phase indices is usually not cumbersome and only requires
very basic laboratory equipment. Furthermore, only a few indices need to be deter-
mined and the rest can be calculated from them. For these reasons phase distribution
characterization in a soil can be performed easily and inexpensively in almost any
laboratory.

The three most common characterization tests are:

(a) Determination of the water content by mass [20] using oven drying. This test
consists of measuring the mass of a soil sample before and after being placed in
an oven with a temperature between 105 and 115 °C. The difference in mass
between the two measurements returns the amount of water contained in the
soil, and the last weighing provides the value of the mass of solid particles. With
both masses, the gravimetric water content can be calculated using Eq. (3).

(b) Determination of the specific gravity of soil solids using a water pycnometer
[21]. This test can be somewhat more cumbersome, but, as previously specified,
the density of solid particles presents a very low range of variation [5]. In many
cases, in the absence of data, a value of 2700 kg/m? is used [22].

(c) Determination of the density (unit weight) of a soil specimen [23]. In this case,
it is crucial to precisely determine the value of the total volume of the soil
sample, which should remain unaltered after extraction. For this purpose, sam-
pling tubes and paraffin wax are used for the samples [24].

From these values, the rest of the indices can be calculated. For this purpose, the
use of the unit phase diagram is of special interest. Figure 3a shows a phase diagram
of a soil for which the volume (to the left) and mass (to the right) are schematically
represented. It is assumed that the mass of the gas phase is equal to zero. Dividing
all the terms in the diagram in Fig. 3a by Vi (volume of solid particles) yields the



Physicochemical and Hydrodynamic Aspects of Soil

(a) "
Ny GAS =
NG X
g LIQUID =
~ =)
-
Volume Mass

Volume

9
2 GAS
T
&
5 LIQUID S
3 QU
<
Mass

Fig.3 (a) Soil phase diagram. (b) Unitdiagram. All the masses and volumes of (a) are divided by Vs

Table 1 Soil phase relationships

Expressions in terms Expressions in terms
Index property of p,, e, and Sr of p,, w, and p,
¢ ¢ PstWps 4
Py
¢ ¢ 1- _ Py
1+e Pg +Wpg
w Py eSr w
Ps
Sr Sr WPs Py
Py (Ps +wpg — pb)
Ps Ps Ps
Pd Ps Py
I+e 1+w
Po ps+pwesSr Pb
1+e
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Sr=1) l1+e Py| Ps T PW 7131, -1
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diagram in Fig. 3b, which is called the unit diagram because the volume of the solid
particles takes the value of 1. From this diagram and the definitions of Egs. (1)—(8),
any index property can be obtained as a function of p,, e, and Sr. For example, the
gravimetric water content can be calculated as:

V. Vi, V.
plev Pw et
— MW — pWVW — VV — VV I/S — pwsr e (9)
M PsVs PsVs p E Ps
A

where the expression can be obtained directly by dividing the terms on the right of
the unit diagram that correspond to the mass of the liquid and solid phases. Thus, all
indices can be obtained through the relationships shown in Table 1. These relation-
ships can also be obtained as a function of p,, w, and p, (Table 1), which can be
useful in the laboratory when calculating the distribution of phases of a soil.

Soils are characterized by all these index properties. Even if two soils are miner-
alogically and texturally identical, their behavior under same external actions will
be completely different if their void ratio and degree of saturation are not equal. It
is common in many studies (both in laboratory tests and in situ) to ignore the initial
soil phase distribution and to compare the remediation efficiency with completely
different initial conditions.

4 The Solid Phase

4.1 Soil Mineralogy

The mineralogy of soils varies greatly, depending on the parent rock and the physi-
cochemical alterations subsequent to their formation. However, due to the nature of
the composition of the terrestrial lithosphere, silicates, clay minerals, metal oxides,
oxyhydroxides, hydroxides, carbonates, and sulfates predominate [19].

The reactivity of all these minerals generates a very significant range of pore
waters that condition soil decontamination processes. Highly soluble minerals such
as gypsum, calcite, or other carbonates, which can be important pH regulators in the
electrokinetic treatment of contaminated soils [25, 26], are of special interest.

4.2 Soil Texture

The first approach for characterizing the soil texture is the granulometric analysis of
the particles that compose the soil. Although the basic characterization tests for the
analysis of the particle size distribution or gradation are sieving [27] and
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Fig. 4 Characteristic sizes of soil particles according to different classification systems

sedimentation [28], there are several techniques to determine the size distribution of
solid particles, such as laser diffractometry [29], which is increasingly common.
The predominant particle size marks the behavior of the soils, both mechanically [5]
and hydraulically [30, 31]. The particle size variation in a soil can range immensely,
from tens of centimeters to a micrometer in size. Although there is a convention
regarding the characteristic sizes of each type of particle (see Fig. 4), there are vari-
ous classifications, mainly from the perspective of agronomy (such as the USDA
classification [32]) and civil engineering (such as the Unified Soil Classification
System [33] and the AASHTO system [34]).

Traditionally, soil has been divided into two types of particles according to their
size: a fine fraction, which is less than 0.074 mm in diameter, and a coarse fraction,
which is above 0.074 mm in diameter. The division is marked by the difficulty of
sieving below that size, but it is also conditioned by the presence of clay minerals
that have a quite different behavior from the rest of the solid particles and play a
fundamental role in soils of low or very low permeability.

Clay minerals are formed by weathering in an advanced phase of different materi-
als of siliceous origin. They are formed by two types of planar mineral structures.
The first structure is a phyllosilicate sheet that is formed by SiO,* tetrahedra that
share, by a covalent bond, the oxygen atoms in their bases (Fig. 5a). The second sheet
structure is formed by metal hydroxides, generally Al,(OH)s (also called gibbsite)
and Mg;(OH); (also called brucite). Spatially, both hydroxides are in the form of
octahedra combined by covalent bonding and share hydroxyl groups in the vertices
(Fig. 5b). Because tetrahedral and octahedral sheets are not electrically neutral, they
combine to form covalent bonds between the free apices of the tetrahedrons and the
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Fig. 5 (a) Structural diagram of phyllosilicates and (b) structural diagram of metal hydroxides

oxygen of the hydroxyl groups of the octahedra, giving rise to different clay miner-
als. The combination of one layer of phyllosilicates (tetrahedra) and one layer of
hydroxides (octahedra) gives rise to a clay mineral type 1:1 (see Fig. 6a). In contrast,
the sandwiching of an octahedral layer by two tetrahedral layers gives rise to a min-
eral type 2:1 (see Fig. 6b) or TOT (tetrahedron-octahedron-tetrahedron). These ele-
mentary pieces, in turn, have charge deficits and affinities for other like-layers, which
give rise to a wide variety of minerals depending on the mode of combination [5, 35].
Most clay minerals are found in nature not as simple 1:1 or 2:1 sheets but as stacks
of layers.

Regarding complexity, the phenomenon of isomorphic substitution must also be
considered. During the formation of the clay layers, once the basic structure is
formed, the silicon of the tetrahedra or the metallic cations of the octahedra can be
displaced by elements with a lower charge without structural changes. Substitution
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Fig. 6 (a) Structural diagram of a 1:1 clay sheet and (b) structural diagram of a 2:1 clay sheet

involves a loss of positive charges and, therefore, results in a net negative charge.
The layers of clay become highly electrically charged planar structures, which give
rise to behavioral phenomena and trends that are very different from those of soils
formed only by large inert mineral particles [5].

From the point of view of the electrokinetic remediation of soils, isomorphic
substitution is responsible for many of the phenomena observed during treatment.
Firstly, the clay sheets are able to attract water molecules that are electrical dipoles
so that the mineral particles are hydrated and form a near crystalline structure. In
addition, mineral surfaces are also able to attract a large amount of hydrated cations
to compensate for negative net charges [35]. Both types of water molecules are
virtually immobilized and are referred to as the water adsorbed on the surface of the
clay particles. This water does not flow under conventional hydraulic gradients [36]
and is responsible for the low permeability of this type of soils.

However, this property of clay soils makes them especially suited for electroki-
netic remediation. When an external electric field is applied, the ions of the hydrat-
ing water travel toward the electrodes due to electromigration, which causes the
entire liquid phase to flow. In clay soils, there are more cations than anions due to
the excess negative charge of the clay particles, and more water is pulled toward the
cathode than the anode; this phenomenon is called electroosmosis [9, 37, 38]. Some
authors have confirmed [39] that if cationic surfactants are used, the electroosmotic
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flow is reversed. Due to the positive charge of hydrophilic heads, more anions are
required in the solution to attain electroneutrality, and the balance between anions
and cations begins to equilibrate or even tend toward an excess of negative charges
in the pore water with a subsequent electroosmotic flow toward the anode.

The study of the electrostatic properties of clay particles requires sophisticated
equipment, which is unusual in most common commercial laboratories. For this
reason, in the classification of soils, indirect tests that give an idea of the ability of a
soil to retain water and solutes in its internal structure are used. The most common
tests are the Atterberg limits [40, 41], which have been widely correlated with the
macroscopic mechanical properties of soils [42—44], including the swelling capac-
ity and the hydraulic conductivity [45, 46]. The methylene blue value [47—49] has
also been used to characterize the behavior of clayey soils [50, 51]. These tests
allow the classification of the fine fraction according to its nature whether it is
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predominantly silty (with particles with a diameter of between 74 and 2 pm) or
clayey (with a diameter of less than 2 pm). For this, the plasticity is studied, which
is given fundamentally by the surface area and amount of charge of a soil, as mea-
sured through the cation exchange capacity (CEC) [19, 52].

As previously mentioned, the negative electric charge of clay particles results in
an attraction of the cations toward their surface and a repulsion of the anions. This
attraction alters the state of the pore water around minerals (Fig. 7), forming a dif-
fuse double layer [52, 53] that consists of the mineral particle itself and its surround-
ing, which is affected by the electric field. The equilibrium between the electrostatic
repulsive forces of clay surfaces and the attractive forces (London-van der Waals
forces) cause the internal structure to be dispersed or flocculated [5] (see Fig. 8),
with highly differentiated macroscopic behavior [5, 52].

Another additional effect of the nature of clays is the adsorption of contaminants
on mineral surfaces. The electrostatic adsorption mechanism is very important, but
it is not the only one [54]; many mechanisms can be superimposed for the same soil
depending on the mineralogical composition, organic matter content, type of pollut-
ant, and geochemical conditions of the pore water. For this reason, the adsorption of
pollutants is usually described empirically through the use of sorption isotherms
[19, 54, 55]. In many cases, the desorption of pollutants at high concentrations
requires the use of anionic surfactants [56] that can alter the direction of water
movement during electrokinetic soil remediation [39].



16 A. Yustres et al.

S The Liquid Phase

5.1 Water

In virtually all soils in the natural state, water is present in its pores, even in small
amounts. In soils with a high void ratio in saturated conditions, a greater volume of
water than solid particles can be reached. Liquid water can be found in two forms.
The first form is adsorbed water, as described above, which is strongly bound to the
surface of the clay particles. It does not flow with conventional hydraulic gradients
and can be considered immobile for all practical purposes [36]. Some authors have
suggested that the molecular structure and thermodynamic properties of adsorbed
water change [5, 57] and are different from the liquid-free water. In addition, it can
remain in contact with the clay particles even if the soil is desiccated in an oven to
determine the water content [20].

The second type of water is called free, capillary, or gravitational water and can
flow with hydraulic gradients [36]. Due to the small size of the pores in which it is
found, surface tension is of fundamental importance in its behavior. In partially
saturated soils (Fig. 9), water adheres to solid particles to form curved surfaces
called menisci. In the menisci, a balance of forces (Fig. 10) is established between
the surface tension of the water and the forces exerted by the pressures of the liquid
and gas. In the arrangement of Fig. 10, the equilibrium is given by the following
expression:

P,-P == (10)

where o is the surface tension, Pg and P, are the pressures of the gas phase and
liquid phase, respectively, and R is the radius of curvature of the meniscus. In a
three-dimensional arrangement, the menisci are warped surfaces in which two radii
of curvature (R, and R,) can be defined. Thus,

1 1
PG—PLZO'(EI-FR—ZJ (11)

The difference between the gas pressure (Pg) and the liquid pressure (P.) shown
in Eqgs. (10) and (11) is called capillary suction (s). The greater the value of s, the
smaller the radius of the meniscus, the closer the warped surface is to the solid par-
ticles, and the water content of the soil is, consequently, also lower. The function that
relates the degree of saturation (Sr) and the capillary suction is called the soil water
retention curve (SWRC). The SWRC can present hysteretic behavior (Fig. 11) with
a main wetting path and a main drying path in which the hysteresis cycles are
inscribed. However, especially for modeling purposes, these curves are simplified
using the central tendency for both wetting and drying. There are many formulations
for this type of curve [58-65], although their parameterization is usually simple (no
more than four parameters). The SWRC is also called the characteristic curve because
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Fig. 10 Force balance of the menisci in (a) a two-dimensional configuration and (b) a three-
dimensional configuration

it is representative of the type of soil [66]. As seen in Fig. 12, the curves for clay and
sand are very different. The first type of soil has a more extended curve, with very
high degrees of saturation, even for high suctions. However, the curve for a granular-
type material, such as coarse sand, is much more step-like, with the soil changing
from almost complete saturation to desaturation with only a small change in suction.
The value of the suction in which the jump occurs for coarse granular materials is
called the air entry pressure. Although in theory it also exists in clays and reaches
much higher values, an abrupt jump in the value of Sr is generally not observed.
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If it is assumed that Pg is equal to or close to the value of atmospheric pressure
(Pym), which may be true in soils with a low degree of saturation, and P, = O (refer-
ence pressure level), P, must be negative; therefore, its internal energy is lower than
the water found in liquid form on the surface of the earth. For this reason, extraction
for the subsequent treatment of pore water in a partially saturated soil is very com-
plex and energy demanding.
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5.2 Solutes in the Liquid Phase

Due to the chemical interaction of water with the gases present in the pores and with
the minerals of the solid phase, the concentrations of the solutes in pore water are
higher than in rainwater. Due to the composition of the lithosphere, the major ions
in the water include Ca*", Mg?*, Na*, and K* as cations and HCO;~, SO,*-, and Cl-
as anions [67, 68]. Other minor ions or trace elements can be present, and some of
them can be considered as pollutants [69].

An effect of dissolved salts is that they alter the partial pressure of water vapor in
equilibrium with the liquid phase. This variation induces an increase in suction
called osmotic suction (sp). Osmotic suction can be calculated as:

J
so = RT py, Zal. (12)

i=1

where R is the ideal gas constant (8.314463 J K=! mol~'), T is the temperature, and
a; is the activity of the ith species in the pore water solution.

Osmotic suction and capillary suction make up the value of the total suction
(stor), which will influence the mechanical behavior of the soil.

5.3 Electrical Conductivity

Another important effect that solutes have on pore water is the variation of the elec-
trical conductivity of the soil. If this is taken as a parallel system with two conduc-
tivities, that of the solid phase and that of the liquid phase [70], the increase in the
concentration of solutes substantially increases the total conductivity. There are sev-
eral approaches to estimate water conductivity based on the its chemical composi-
tion. A good compilation and comparison of the best-known approaches can be
found in Tarantino et al. [71].

6 The Gas Phase

The gas phase in a soil consists mainly of air (a mixture of nitrogen, oxygen, and
other minor constituents) that is enriched by other gases due to interactions with
minerals and the pore water. For example, the content of CO, or methane will be
strongly related to biological activity and pH of the water. However, the gas most
dependent on the physicochemical state of the pore water is water vapor. If a ther-
modynamic equilibrium between water vapor and free water is assumed, then the
psychrometric equation or Kelvin’s equation is fulfilled. This equation is given by
the expression [72]:
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o WMM
P, =P exp[—Rpr sTOT] (13)

where Py is the partial vapor pressure, P, is the saturation vapor pressure (equilib-
rium partial vapor pressure for a planar surface of water) that is only temperature-
dependent, WMM is the water molecular mass, py, is the density of pure water, and
stor 18 the total suction, which is equal to

Stor =8 +8g (14)

where s is the capillary suction, and s, is the osmotic suction. Given that P, / P}
is the relative humidity, if we are able to measure this ratio in the soil pores, the
total suction can be determined. Subtracting the osmotic suction from the total suc-
tion yields the capillary suction. From the SWRC of the soil, the degree of satura-
tion and water content can then be obtained. This is the operating principle of
psychrometers, which are suitable for determining the suction in soils with low
degrees of saturation. For other conditions (low suction and greater degree of satu-
ration), tensiometers [73] are more appropriate and are capable of determining
capillary suction directly. There are also other methodologies to obtain the soil
water content based on the measurement of thermal and electrical conductivities
[74] or on the dielectric properties of the soil [73]. Therefore, there are a variety of
techniques to measure the suction or water content, both in the laboratory and
on site.

7 Coupled Hydromechanical Behavior of Soils

The cornerstone of soil mechanics is the principle of effective stress [73—75]. In the
formulation of this principle, for a saturated soil, the effective stress (¢), which is
responsible for the soil strains, is given by:

o'=c-F1 (15)
where ¢ is the tensor of total stress to which the soil is subjected, P is the pressure
of the liquid phase, and I is the identity tensor. For unsaturated soils, the formulation
of the effective stress is slightly different [76].

c'=6-—y-s1 (16)

6=6-F;1 17

where y is the Bishop factor [77], which is usually formulated as a function of the
degree of soil saturation and G is the net stress tensor. Consequently, there is a
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coupling between mechanical and hydraulic behaviors in soils. This interdepen-
dence can generate unexpected phenomena [78] when applying electrokinetic reme-
diation techniques that generate significant changes in the distribution of water
pressure and the degree of soil saturation [79].

8 Flows in Soils

The high microscopic and macroscopic variability of soils, the changes in the envi-
ronmental variables, and the human actions cause flows of a diverse physicochemi-
cal nature. The gradients of chemical potential experienced by all soil components
involve flows of matter and energy in all phases and, consequently, in all species.

Any flow q; in a soil can be formulated generically by the following expres-
sion [80]:

q, =) L,VX, (18)

Jj=1

where L; is the coupling coefficient tensor that links the flow q; and the gradient of
the driving variable X;, and n denotes the total number of driving variables and types
of flow considered.

In most of the conceptual and numerical models that have been used to simulate
electrokinetic remediation treatments, movements in the solid or gaseous phase
have not been considered. However, they have been used in other applications, such
as the analysis of engineered barriers for the storage of radioactive waste [81, 82].

The flows that are most commonly considered in electrokinetic remediation pro-
cesses include the water mass, which is practically equal to that of the entire liquid
phase, the mass of chemical species, heat and electric charge. The most intuitive
part of the description of the flows is to consider only those in which i = j, that is,
those in which the flow and driving force are of the same nature. Thus, the mass flow
of water is given by Darcy’s Law.

q, =-K"Vh (19)

where q, is the hydraulic water flux, K" is the hydraulic conductivity tensor, and
Vh is the hydraulic gradient, being / the water head, it is defined as:

P
h=z+-L (20)
Yw

where z is the vertical coordinate, Py is the liquid pressure, and yy is the specific
weight. An additional term to the water head, which corresponds to kinetic energy
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of the porewater, is not included because the velocity of water movement in the soil
is very low.

The flow of solutes is driven by gradients in the concentration of chemical spe-
cies and is given by Fick’s Law.

ji =-D,V(, 21

where j; is the diffusive flux of chemical species i, D; is the diffusion/dispersion ten-
sor, and VC; is gradient of the concentration of the species considered.

In the case of conductive heat flux (q’), the formulation using Fourier’s law is
similar to the previous ones and is given by the expression:

q =-K' VT (22)

where K’ is the thermal conductivity tensor and VT is the temperature gradient in
the soil.
Finally, the electrical current (I°) is given by Ohm’s law can be obtained by as:

I°=—c° VE (23)

where 6° is electrical conductivity tensor, and VE is the electric potential gradient.

In certain cases, it is necessary to include in the conceptual model coupled flows
(i #jin Eq. 18) for which the nature of the flow and that of the driving force are
different. In the case of electrokinetic remediation treatments, the most important
coupled flows to consider are the electroosmotic flow and the electromigration. The
first is given by the following expression:

q° =-K* VE (24)

where K is the electroosmotic conductivity (or permeability). In the same way,
charged species experience electromigration due to the presence of an electric field.
This chemical flux can be expressed as:

q" =-U, VE (25)

em

where ;" is the electromigratory flow, and U; is the ionic electromobility tensor of
chemical species i.

Many other coupled flows can occur (see Table 2 adapted from [5]), and it can be
shown [82] that due to Onsager reciprocal relations, the coupling coefficients must

be symmetric; thus, according to Eq. (18),
L,=L, (26)

The hydraulic, electroosmotic, thermal, and electrical conductivities, diffusion/
dispersion, and electromobility ion coefficients are phenomenological and are
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Table 2 Coupled flows in soils

Driving force (V)
Chemical Electrical current/
Flow concentration Hydraulic head | Temperature potential
Chemical Fickian diffusion Streaming Soret effect Electrophoresis
species current
Fluid Chemo-osmosis Darcyan Themo- Electroosmosis
conduction 0SMmosis
Heat Dufour effect Isothermal heat | Fourier Ohmic conduction
transfer conduction
Electric Diffusion and Streaming Thompson Peltier effect
current membrane potentials | potential effect

Adapted from [5]

therefore dependent on other variables. Although tensor is used in a general way in
Egs. (19)—(25), if the medium is isotropic, these coefficients are taken as con-
stants so that

L,=01 27
where L; is the coupling tensor, /; is the scalar coupling coefficient, and I is the
identity tensor.

The presence of all these coupled transport phenomena, together with the chemi-
cal reactivity of the mineral and liquid phases, makes any chemical-physical pro-
cess of remediation in soils extremely complex. Therefore, from the point of view
of modeling and understanding the phenomena, many of these mutually coupled
equations are disregarded based on their lower relative importance. However, such
an evaluation must be careful when there are changes in scale or changes in soil or
environmental conditions. For example, the influence of thermal effects due to
ohmic heating of the electrodes is usually disregarded in the analysis of electroki-
netic remediation processes. Nevertheless, it has been shown that it is relevant when
the process is scaled up [83, 84].

9 Conclusions

Because of their special multiphasic and multicomponent nature, soils are highly
complex porous media. Their character as natural materials makes them highly het-
erogeneous at all scales. In addition, multiple physical-chemical phenomena take
place within soils when the initial equilibrium conditions are altered, leading to
unexpected or irregular behaviors in many cases.

From the point of view of electrokinetic treatments, empirical approaches have
often been used for understanding the main behavioral trends; however, these meth-
ods fail to understand all the intrinsic complexity of soils. To achieve this objective,
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it is necessary to completely characterize the distribution of the soil phases, the
mineralogical composition, the geochemistry of the pore water, and the coefficients
that govern the different flows of matter and energy in soil. Clearly, this character-
ization is an extremely complex task, but it should not be forgotten that an oversim-
plification of conceptual approaches can omit relevant phenomena in the behavior
of soil.
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