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Featured Application: This article presents a new version of the M4EKR code adapted for two-
dimensional domains. The capabilities of the model were demonstrated in the analysis of op-
erational parameters related to the location of electrodes and their geometrical distribution in
application of electrokinetic techniques to unsaturated media.

Abstract: Although electrokinetic treatments for soil remediation and ground improvement have
gradually undergone significant experimental development, one of the most important physical
phenomena has received very little attention in recent years. Electroosmotic flow, especially in
unsaturated conditions, has not been simulated in domains of more than one dimension. In the
present work, a modification of the M4EKR code was used to study water movement in partially
saturated soils under electrokinetic treatments. Two different configurations were studied: electrodes
placed in electrolyte wells and electrodes directly inserted into the soil, and the treatment was started
under unsaturated conditions for both. Due to the unrestricted availability of fluid in the first case,
soil saturation is inevitable, but in the second case, only a spatial redistribution of water content
can be observed. A detailed analysis of a variety of configurations involving several electrolyte
wells showed that the number of electrodes, the distance between them and, above all, the ratio
between the two magnitudes determines the efficiency of soil saturation and the energy consumed
in the process.

Keywords: electrokinetic; electroosmosis; unsaturated soils; multiphysics simulation; M4EKR;
two-dimensional; kaolinite

1. Introduction

In recent years, there has been a steady growth of cities, which has led to the use of
land that was previously not intended for urban development. The most representative
examples are (i) the occupation of rural land associated with agricultural and livestock
activities located in flood plains or deltas [1], (ii) the use of former industrial land [2,3] and
(iii) seaward expansion [4]. The first two cases are susceptible to finding contaminated
land, either by agrochemicals or other compounds used in industrial production processes
in the past. In addition, it is to be expected that highly deformable soils will be present
(mainly in the first and third cases presented above), and consequently, significant ground
settlement is to be expected.

For this reason, the research fields of soil remediation processes and ground improve-
ment techniques are of current interest. In particular, the application of electrokinetic
techniques may be an important option in the near future due to their well-known advan-
tageous characteristics [5-7] and the fact that they can be installed at almost any location
because they can be powered by renewable energy [8,9].

Numerical models for the simulation of electrokinetic treatments are very useful tools
for the design, start-up, and operation of any technology. In addition, it is possible to
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improve knowledge of the physical-electrochemical phenomena that take place (temper-
ature increase due to the Joule effect, electromigration, electroosmosis, electrophoresis,
electrolysis of water, electrooxidation of compounds, alteration of the geochemical equi-
librium of the porewater, etc.) and predict the behaviour of the system under changes
to or modifications of the operating conditions. However, due to the large number of
phenomena occurring simultaneously, knowledge of the coupling of all these phenomena
is still limited. For example, only in recent times has electroosmosis in porous media been
deeply analysed from different perspectives, from nanofluidic approximation [10-14] to a
more macroscopic approach [15-17]. Consequently, to reduce the complexity level involved
in a total interaction, the models developed thus far have been designed to simulate isolated
specific processes or with very limited couplings. As reported in several recently published
reviews [18-20], electromigration and diffusive transport are covered in practically all
conceptual models; however, electroosmotic transport is treated unevenly concerning the
approach chosen, and many models even omit it. However, it has been identified that,
in many works, the water mass balance is included or not included assuming saturated
conditions. In any case, few models [21-29] explicitly study water transport due to the
application of electric fields in partially saturated media. The group becomes even smaller
for analyses conducted in a two-dimensional system. For this reason, there is an impor-
tant demand in the soil electrokinetic treatment community for a tool to simulate water
transport in soils under any condition of saturation.

In this context, this work presents an approach developed to reproduce the behaviour
of partially saturated soils with low hydraulic permeability under the application of an
external electric potential gradient. This approach was implemented on the platform
COMSOL Multiphysics [30] as a new version of the M4EKR code [28,29] developed by
the authors and adapted for the simulation of two-dimensional domains. The proposed
conceptual model (coincident for one- and two-dimensional simulations) was previously
validated for the simulation of water transport in partially saturated kaolin under electrical
effects [31]. The numerical model presented in this work presents, for the first time, a 2D
model for water mass transport, which allows for the evaluation of realistic soil treatment
strategies. The model was used to investigate the influence of the disposition and location
of the electrodes in the soil to be treated. Two alternatives are generally used in real practice:
(i) direct insertion of the electrodes into the soil [32-34] or (ii) positioning of electrodes
within electrolyte reservoirs [35-39]. Regardless of the option selected, the electrodes can
be distributed in the soil using many different configurations, such as rows, alternating
fences, or other geometrical distributions [27,40—44]. Taking these aspects into account,
in the present work, a sensitivity analysis of the hydraulic behaviour of the system was
carried out according to the initial degree of saturation of the soil and the applied electric
potential gradient, as well as an analysis of the final energy consumption. The capabilities
of the model allow for the analysis of the spatial distribution of water in the soil and the
magnitude of the fluxes and analysis of the different phenomena involved. In this way,
the model makes it possible to identify the relevant parameters for the arrangement of the
electrodes in an electrokinetic soil treatment.

2. Materials and Methods
2.1. Mathematical Model
2.1.1. Water Transport

The temporal and spatial distribution of the mass of water contained in a partially satu-
rated soil was obtained by solving a standard mass conservation equation, as shown below:

0y
where m,, is the mass of water per unit of total volume, 1,, is the mass flux of water, and V-

is the divergence operator.
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The mass of water per unit of total volume is defined as:

My = PSTPw 2)

where ¢ is the porosity of the soil, Sr is the degree of soil saturation, and pyy is the water
density. In a general form, the mass flux of water in this system, 1y, is the sum of the
hydraulic flux, 1, and the electroosmotic flux, 10, defined by the following expressions:

Ly =1 +1 3)
Iy = pwah, o)
IV = owdqy (5)

where g, and q¢° are the hydraulic and electroosmotic volumetric fluxes, respectively. The
hydraulic volumetric flux is defined using Darcy’s law (without including the effect of
gravity since the two-dimensional domain is a horizontal plane), which considers the liquid
pressure gradient as the driving force for the transport of water by this phenomenon:

qn =-———VP, ©6)

where V is the gradient differential operator, g is the gravitational constant, Py is the liquid
pore pressure, and K" is the effective hydraulic permeability of the porous media. The
electroosmotic volumetric flux is calculated as:

qi = —K“Vy )

where 1 is the electric potential and K*° is the effective electroosmotic permeability of the
porous media. Both effective permeabilities are calculated as the product of a saturated
conductivity (KR, for the hydraulic conductivity and K&, for the electroosmotic conductiv-
ity) and a relative permeability function, k,, expressed as a Brooks and Corey [45] type
power function with an exponent of 3. In this case, the driving force for water transport by
electroosmosis is the electric potential gradient.

To simulate the temporal evolution of the volume from electrolyte reservoirs, addi-
tional water balance equations in these compartments were formulated using the

following expression:

R _
ot = qRHR 8)

where Hy is the height of the electrolyte reservoir and qy is calculated by means of the
closed line integral:

qQr = ]{qw-n ds 9)

where n is the outwards vector normal to the reservoir boundary (reservoir wall) and q.
can be defined as:

= ah + 9 (10)
2.1.2. Electric Charge Transport

Assuming that the application of an external electric potential gradient does not
produce any phenomenon that generates a charge accumulation in the soil [46] and that the
system initially starts from an electrically balanced condition, the electric charge balance
can be expressed as:

Vi=0 (11)

where i is the current density, which is calculated as:

i=—0,V (12)
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where 0, is the apparent electrical conductivity of the partially saturated soil. The influence
of the porosity and degree of saturation has been considered by estimating the apparent
electrical conductivity by an expression based on Archie’s second law [47,48]:

1

Og= —————=
a LIAgb_mAST’_B

(13)
where ap and mp are Archie’s constants that depend on the nature of the soil and B is the
saturation index [48].

The energy consumption in the electrokinetic treatment, E, is calculated according to
the following time integral:

E— / A Hrdt (14)

where Ay is the electric potential difference between electrodes and I corresponds to the
integrated value:

1— fi.n ds (15)

which is analogous to the closed line integral of Equation (9) for the calculation q.

2.2. Numerical Model Implementation

The proposed conceptual model corresponds to a new version of the M4EKR tool,
which is fully implemented in COMSOL Multiphysics [30]. As in other previous adapta-
tions of the M4EKR code, all equations were implemented using the constitutive models
presented in Section 2.1; therefore, no preprogrammed COMSOL modules were used. In
the simulations, two partial differential equations for the mass balance of water in the soil
and the electric charge balance were solved. P, and ¢ were selected as state variables. In
addition, N + 1 ordinary differential equations (ODEs) were used to solve the variation in
the electrolyte volume in the ‘N’ reservoirs present in each simulation and an additional
ODE for calculation of the energy consumption.

The above equations are solved simultaneously using a monolithic, fully coupled
approach. COMSOL Multiphysics controls the preprocessing (discretization, initial, and
boundary conditions), operates the solver of the system of the set of partial and ordinary
differential equations, and manages the postprocessing of the results.

2.3. Description of the Modelled Materials

Kaolinite was selected as a representative material of low hydraulic permeability
soil in the simulations carried out in this work. This clay mineral has been extensively
characterised in the literature. For instance, in a previous work [31], the authors determined
a set of empirical expressions to calculate the saturated hydraulic and electroosmotic
conductivities as functions of the soil void ratio:

Kb, (m s_1> = 3.329-10% — 2.151.10~° (16)
K, (m2 s V*l) = 6.101-10 % — 3.615-10~° (17)

The dependence of the degree of saturation on the matric suction (s) is modelled using
the van Genuchten approach [49]:

Sr=(1+ (as)")™" (18)

where the matric suction is defined as the difference between the gas pressure, Pg, and
the liquid pressure, P.. When P, is close to Pg, the suction nears zero, and consequently
(taking into account the Van Genuchten approach), Sr tends to 1. Therefore, this model is
valid for simulating fully saturated soils.
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In summary, Table 1 presents the parameters used in the present work for the mod-
elling of kaolinite.

Table 1. Characterisation parameters for the modelled kaolinite.

Parameter Description Unit Value
o* Van Genuchten parameter kPa~! 2.39 x 1073

n* Van Genuchten parameter - 1.8423

m* Van Genuchten parameter - 0.4572

ap ** Archie parameter Om 2.356
ma ** Archie parameter - 5.639

B ** Saturation index - 2.744

Os Density of mineral particles kgm™> 2650
Wini Initial water content - 0.25

* From [31]; ** From [47].

2.4. Description of the Simulation Exercises

An extensive series of simulation exercises were carried out to analyse the capabilities
of the presented numerical tool. All simulations were performed using a two-dimensional
domain (50 cm wide by 70 cm long), a mid-plane of the mock-up installation used in
previous works [35,36,39,50]. Figure 1 shows a scheme of all the electrode configurations
simulated in this work.

First, the electrohydraulic behaviour was analysed as a function of the distribution
of the electrodes in the soil to be treated. For this purpose, simulations were carried out
using a simple electrode configuration with a single anode facing a cathode under two
different approaches: both inside electrolyte reservoirs (Figure 1a) or both directly inserted
into the soil (Figure 1b). In the former approach, it was assumed that the electrolyte
has a high electrical conductivity, and therefore, potential losses between the electrode
and the soil can be neglected. Table 2 shows the initial and boundary conditions for the
simulation approach.

Table 2. Initial and boundary conditions.

Electrodes Electrodes into the
into the Soil Electrolyte Reservoirs
Anode Cathode Anolyte. Catholyt.e
Reservoir Reservoir
.. Electrical (V) Pp=0V Pp=0V
Initial cond. Hydraulic (kPa) PL =P ini PL =P ini
Boundary Electrical (V) ¥ = Panode Pp=0V ¥ = Panode Pp=0V
cond. Hydraulic (kPa) No flux P, = Pym = 100 kPa
Electrode/reservoir radius 0.005 m 0.02m

Electrode/reservoir height 0.1m
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The hydraulic initial condition is given by the initial value of the state variable of the

Figure 1. Schemes of the simulated electrode configurations. (a) opposed electrodes in electrolyte
water mass balance equation: the liquid pressure. The initial water content, the void ratio,

reservoirs; (b) opposed electrodes inserted into the soil; (c-n) alternative distributions of electrodes

inserted in electrolyte reservoirs. A in red is for anode(s) and C in blue is for cathode(s).
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and the density of solid particles are known, and therefore, with this information, the initial
degree of saturation can be calculated as:

Sting = —inifs (19)

ePw

Based on the definition of S, it is also possible to obtain the initial matric suction by
rearranging the van Genuchten expression of the water retention curve, Equation (18), as

(Srfl/m — 1)1/;1

ini
Sini = o (20)

Assuming that Pg is constant, and equal to atmospheric pressure (Patm), the initial
liquid pressure, P inj can be calculated by the expression:

P, ini = Patm — Sini (21)

The initial electric potential gradient is zero in all simulations as the soil is initially
electrically balanced.

The boundary conditions depend on the configuration of the system: electrodes
located in electrolyte reservoirs and electrodes inserted in the soil. These conditions are
applied either on the electrolyte reservoir or the electrode surface, respectively. The electric
boundary conditions are intended to simulate the application of an external potential
gradient between two points. For this purpose, Dirichlet-type boundary conditions that
set the electric potential at the cathode/catholyte reservoir to zero have been imposed,
while the electric potential applied in the anode/anolyte reservoir (anode) is calculated as
the product of the electric potential gradient and the minimum distance between pairs of
anodes/cathodes. Non-flux boundary conditions are set for all the external walls of the
simulated domain.

For hydraulic boundary conditions, a non-flux condition (Neumann type) was applied
in the simulations where the electrodes are inserted into the soil, as no addition/extraction
of water occurs in this configuration, and to the external walls. However, when using elec-
trolytic wells, the usual practice is to maintain constant electrolyte levels in the reservoirs,
which are usually open to the atmosphere. This can be simulated by applying a Dirichlet
boundary condition such as Py, = Patym = 100 kPa (see Table 2).

In both configurations, a sensitivity analysis of both the void ratio (simulating three
cases with different void ratio values [47]: 0.7, 0.9 and 1.2) and the applied electric potential
gradient (simulating three potential gradients: 1,10 and 50 Vem 1) was carried out. Table S1
presents the values of the physical parameters as a function of the void ratio range studied.

Second, the influence of the geometrical arrangement of the electrodes when they are
placed inside electrolyte reservoirs was assessed. For this purpose, 12 additional cases
were simulated with different configurations, both in terms of the number of electrodes
and their spatial distribution (Figure 1). These cases were analysed with two different
electric potential gradients, 1 and 50 Vem ™!, in a soil with a void ratio of 0.9. The initial and
boundary conditions used are specified in Table 2. The parameters used to compare the
performance between these electrode configurations were the energy consumption required
to reach a state of total saturation of the soil and the time necessary to reach this state.

3. Results and Discussion
3.1. Influence of the Electrode Positioning Type
3.1.1. Void Ratio Sensitivity

Three simulations were carried out by setting the void ratio at 0.7, 0.9, and 1.2. As the
initial water content was the same in the three cases (0.25, see Table 1), the initial degree
of saturation for each simulation was 0.946, 0.736, and 0.552, respectively. The electric
potential gradient applied was 1 Vem ™ in the three cases.
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Electrodes in the reservoirs

First, progressive saturation of the soil was observed in the simulations when elec-
trolyte reservoirs were considered. To explain this behaviour, it is important to bear in
mind that, in general, a constant electrolyte level is maintained in the reservoir during
the process. In the experimental setups, this is achieved with level controllers coupled
with solenoid valves that allow for the addition/extraction of electrolyte. Considering
this, and starting from a partially saturated state, a liquid pressure gradient was induced
from the electrolyte reservoirs to the soil in contact with them, producing a significant
hydraulic flow that generates soil saturation. This behaviour has been observed in previ-
ous experimental tests focused on electrokinetic remediation of pesticide-contaminated
soils. Two-dimensional moisture distribution maps show a progressive and homogeneous
increase in this variable [50,51]. Different time intervals are needed to reach full saturation
depending on the initial degree of saturation. For a time of 86,400 s (1 d), the case with
e = 0.7 presented an average saturation degree of 0.963, while for the cases with e = 0.9 and
e = 1.2, the values were 0.841 and 0.721, respectively.

By inspecting Figure 2, it is apparent that water transport by electroosmosis is not
relevant, since no asymmetries in the isolines of the degree of saturation can be observed.
When an analysis of the net volume change of electrolytes was carried out (Figure 3), a
loss of volume from both the anolyte and catholyte to the soil was observed in the first
stages. The trend was more pronounced in the case where saturation was lower. However,
while this volume loss was maintained in the case of anolyte reservoirs, a turning point
appeared in the variation of the volume of the catholyte. From that moment onwards, an
increase in the volume of catholyte was associated with a net transport of water from the
soil to this reservoir. This indicates a change in the predominant type of water transport
phenomenon, switching from hydraulic to electroosmotic. To explain this behaviour, it is
useful to analyse the evolution of the volumetric fluxes (Figure 4).

e=0.7 e=09 e=1.2
Srini =0.946 Srini =0.736 Srini =0.552
Time=0s Time=0s
m T T T T m T T T T
050} 1 0.50
045} 1 o4 1
040} 4 040 095
_ _ o3st 1 _ o35 0.9
£ E o030} 1E o030 0.85 »
= = = 0.8 =
£ g ozt —0 O— g 02 pp T
5 % 020} 13 020 -
T T ois| 1T o1s 0.7
0.10} i 0.10 0.65
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Figure 2. 2D maps of the degree of saturation evaluated at two times, 0 and 86,400 s (1 d), and
three void ratios, 0.7, 0.9, and 1.2, when the electrodes were placed into the electrolyte reservoirs

corresponding to the configuration presented in Figure 1a. Electric potential gradient: 1 Vem™ L
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Figure 3. Temporal variation of anolyte (empty markers) and catholyte (filled marker) volume. Void
ratio: 0.7 A, 09N, 12 e.

In the cases of void ratios of 0.9 and 1.2, at t = 86,400 s (1 d), it can be observed that
the hydraulic volumetric flow was much higher than the electroosmotic flow. However,
at t = 864,000 s (10 d), the time at which full saturation was reached in all three simulated
cases, the liquid pressure remained constant and equal to atmospheric pressure in both the
soil and the electrolyte reservoirs. Consequently, there is no liquid pressure gradient, and
therefore, the Darcian transport is negligible compared to the electroosmotic flow, whose
direction is from anode to cathode, as shown in Figure 4. In addition, the direct influence
of the degree of saturation on the magnitude of electroosmotic flow can be verified. The
electroosmotic transport was higher when the soil was saturated (t = 864,000 s) than when
it was in a state of partial saturation (t = 86,400 s). On the other hand, increases in both the
electroosmotic and hydraulic volumetric fluxes associated with an increase in the void ratio
were also observable, fundamentally due to the dependence of the saturated conductivities
on the void ratio.

Finally, it is important to highlight the significant increase observed in the magnitude
of both fluxes in the vicinity of the electrolyte reservoirs. In the case of the hydraulic flux,
this occurs because the highest liquid pressure gradient is present in this zone. However, in
the case of the electroosmotic flow, it is mainly due to a simple geometrical effect associated
with the two-dimensional configuration. The area of origin/arrival of the electric current
lines (the circular orifice corresponds to the electrolyte reservoirs) is smaller than the
total area of the domain through which they flow. Consequently, a flow concentration is
produced around these areas, thus increasing the current density and consequently the
electric potential gradient.

The second scenario corresponds to electrodes inserted directly into the soil. In this
case, no addition or withdrawal of electrolyte from the system was carried out. Figure 5
shows the evolution of the degree of saturation for the three different void ratios.
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Figure 4. 2D maps of hydraulic and electroosmotic volumetric fluxes evaluated at two times, 86,400
(1 d) and 864,000 s (10 d), and three void ratios, 0.7, 0.9, and 1.2, when the electrodes were in the

electrolyte reservoirs, as shown in Figure 1a. Electric potential gradient applied: 1 Vem™!.
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Figure 5. 2D maps of the degree of saturation evaluated at two times, 0 and 86,400 s (1 d), and three
void ratios, 0.7, 0.9, and 1.2, when the electrodes were inserted into the soil corresponding to the
configuration presented in Figure 1b. An electric potential gradient of 1 Vem ™! was applied.

The behaviour observed in this scenario was totally different from that obtained when
electrolyte reservoirs are used. In this case, there was a redistribution of the water content
of the system. There was progressive drying of the area near the anode and, on the other
hand, an increase in the degree of saturation in the area where the cathode was located.
This phenomenon has also been shown in experimental tests evaluating the electrokinetic
removal of phenolic compounds in partially saturated soils. The normalised evolution
of the water content shows a desiccation near the anode and an increase at the cathode
side [33,34]. This behaviour can be explained by taking into account the direction of water
transport by electroosmosis, which is the predominant transport phenomenon when using
this technique (see Supplementary Material Figure S2).

3.1.2. Electric Potential Gradient Sensitivity

For the sensitivity analysis, three additional simulations were carried out by fixing
the void ratio at 0.9 and applying electric potential gradients of 5, 10, and 50 Vem ™~ !. The
initial water content of the soil was the same in the three cases (0.25, see Table 1); therefore,
the initial degree of saturation for each simulation was 0.736. Figure 6 shows the saturation
degree for the three simulated cases.
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Figure 6. 2D maps of the degree of saturation evaluated at 86,400 s and three electric potential
gradients of 5, 10, and 50 Vem™1: 0.7, 0.9, and 1.2 when the electrodes were in the electrolyte
reservoirs and inserted into the soil corresponding to the configurations presented in Figure 1a and 1b,
respectively. The void ratio of soil was 0.9.

In the electrolyte reservoir scenario, it can be observed that as the applied electric
potential gradient increased, the process of saturation of the soil discussed above was
accelerated from the anolyte reservoir zone. This shows that the contribution of the
electroosmosis process to the net water transport is more significant. In the corresponding
scenario with direct insertion of the electrodes, the effect is not as relevant. Although a
higher electric potential gradient generates a higher electroosmotic flux, in this case, the
redistribution of the water content within the soil produces liquid pressure gradients and
consequently gives rise to fluxes opposite to the electroosmotic ones. Therefore, the effect
of an increase in the electric potential gradient is counterbalanced in this type of system.

3.2. Influence of the Applied Electrode Configuration

In a previous study, it was found that under the operating conditions set when using
electrolyte reservoirs, kaolinite tends to saturate. At that point, the electroosmotic flow
becomes the most relevant contribution to the total flow. Two magnitudes were selected
as reference indicators to elucidate the influence of the electrode arrangement on the
saturation process: (i) the amount of energy required to reach a fully saturated state and
(ii) the time required to do so. Twelve configurations were selected (together with the basic
distribution used in the previous sections of this work, Figure 1a,c—n), which are the most
common configurations found in the literature [27,40-44]. Simulations were carried out by
applying electric potential gradients of 1 and 50 Vem L. To establish a common criterion
that facilitates comparison, the electric potential applied in the anolyte reservoir (¥anode)
was estimated by considering the minimum distance between anode/cathode pairs. Table 3
presents the main features of the simulations conducted in this study.
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Table 3. Characteristics of the simulations for electrode configuration analysis.
) . Total Minimum Panode [V] Electrode/
Configuration = Anode/Cathode Electrodes Distance [m] V=1 Vem-1 V=50 Vem-—1 Distance

Figure la 1/1 2 0.5 50 2500 4
Figure 1c 2/2 4 0.5 50 2500 8
Figure 1d 2/2 4 0.2 20 1000 20
Figure le 3/3 6 0.5 50 2500 12
Figure 1f 6/1 7 0.2 20 1000 35
Figure 1g 6/3 9 0.25 25 1250 36
Figure 1h 1/6 7 0.2 20 1000 35
Figure 1i 3/6 9 0.25 25 1250 36
Figure 1j 3/3 6 0.2 20 1000 30
Figure 1k 4/1 5 0.2795 27.95 1397.5 17.89
Figure 11 3/4 7 0.2 20 1000 35
Figure Im 1/4 5 0.2795 27.95 1397.5 17.89
Figure 1n 4/3 7 0.2 20 1000 35

There is a decreasing trend in the time required to achieve full saturation of the soil as
the total number of electrolyte reservoirs increases (Figure 7a). Furthermore, even when
the electrical gradient was applied and the number of electrodes were the same, there were
cases with very different saturation times. For example, in a system with 6 electrodes,
specifically 3 anodes and 3 cathodes, the configuration corresponding to Figure 1e (2 rows
of 3 electrodes facing each other) presented a saturation time almost double that obtained
in the configuration illustrated in Figure 1j (hexagonal geometry with alternating anodes
and cathodes). This reveals that, in addition to the number of electrolyte reservoirs, the
geometrical configuration also has a significant influence. If the saturation time is analysed
as a function of the minimum distance between anodes and cathodes, small interelectrode
distances result in shorter saturation times. Even so, in this case, the trend is not clear, as
there was greater dispersion among the results obtained. This dispersion decreases if the
saturation time is analysed as a function of the electrode/minimum distance ratio, where
a well-defined decreasing trend in saturation time was observed as the ratio increases.
Of all the electrode configurations used, one (corresponding to the diagram in Figure 1d)
displayed a behaviour discordant with the general trend. This may indicate that the number
of electrodes has a more important role than the minimum distance between anode—cathode
pairs in the time needed to reach saturation.

Regarding the energy consumption in the saturation process, the trends observed
coincide with those corresponding to the time needed. It is important to highlight the
energy increase observed (up to three orders of magnitude) when a potential gradient of
50 Vem ™! was applied. However, the reduction in the time needed to saturate the soil was
not as relevant compared to the simulations carried out at 1 Vem ™.

From the above results, it could be stated that for the simulated cases, the type of
electrode configuration used has a greater relevance in the transport of water through a
partially saturated soil than the applied electric potential gradient.
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Figure 7. Time to saturation depending on the (a) number of total electrodes, (b) minimum distance
between the anode—cathode, and (c) ratio of electrodes/minimum distance. Energy consumption
to saturation depending on the (d) number of total electrodes, (e) minimum distance between the
anode—cathode, and (f) ratio of electrodes/minimum distance. V¢ = 50 Vem ™! is indicated by
empty markers and V¢ = 1 Vem ™! is indicated by filled markers.

4. Conclusions

In this paper, a new conceptual model and a simulation tool were developed that
allow for the simulation of water flow in partially saturated soils in 2D domains under elec-
trokinetic treatments. With a simple formulation and state functions based on the extensive
characterisation that has been developed over time for kaolinite, different operational alter-
natives were analysed. This has allowed for the identification of behavioural trends and
the optimisation of treatment strategies on a lab scale. Relevant differences in performance
were observed between operation with electrolyte wells, which provide unlimited fluid
supply, and operation with electrodes inserted in the ground. In the first case, saturation of
the soil is almost inevitable, and a higher fluid flow in the soil is reached after this point.
This configuration is particularly suitable for electroosmotic flushing of contaminants or for
the delivery of reactants in ground improvement techniques in low-permeability soils. In
the second case, there is only a redistribution of water within the soil, so this arrangement
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is ideal for soil dewatering and drainage, which can be advantageous in improving the
mechanical properties of the ground.

In addition, a detailed analysis of various operating alternatives with several elec-
trolyte wells and varying spatial distributions was carried out. It was found that the ratio
of the number of electrodes to the minimum distance between them primarily determines
both the time to saturation and the energy consumption. It has been shown that electrical
potential gradients do not particularly favour rapid saturation of the soil, and greatly
increase the energy cost. This implies that there is an important task of optimisation in the
design of these kinds of treatments. Optimal designs are also expected to be dependent on
the properties of the soil to be treated, its volume, the available energy sources, and the
type of treatment to be conducted. The role of numerical models is therefore fundamental
in the process of fine-tuning and optimising electrokinetic treatments, although practical
experience in the field will always be irreplaceable.

However, the presented numerical model still suffers from limitations. In particular,
more tests are needed for its validation. In general, most of the tests thus far have focused
on evaluation of the reduction in pollutant concentration (electrokinetic remediation) or the
variation in the soil void ratio (electroconsolidation). In future works, it will be essential
to have reliable results on the spatial distribution of water content in situations with well-
defined initial and boundary conditions. Furthermore, an additional extension to 3D
conditions and more realistic geometries will be required to fully exploit the capabilities of
this model.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app13010519/s1, Figure S1: 2D maps of the current density
and electric potential gradient for the configuration presented in Figure la. Figure S2: 2D maps of
hydraulic and electroosmotic volumetric fluxes for the configuration presented in Figure 1b. Table S1:
Values of the physical parameters as a function of the void ratio range studied.
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