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ABSTRACT: Electro-osmotic consolidation is a ground improvement technique in which a DC voltage is applied to the
soil via electrodes, in order to drain the water contained in the pores increasing the effective stress, and thus improving
the geotechnical properties of the soil. The technique increases the shear strength, reduces the compressibility, and
changes the chemical composition of the saturated soft clayey and silty soils to which it can be applied. Electro-osmotic
consolidation has been successfully applied in different projects worldwide. This paper presents the development of a
new electro-osmotic consolidation apparatus built at Universidad de Antioquia. Tests were carried on a reconstituted clay
sample and the results show effective soil improvement, measured as changes in the geotechnical properties of the clay.
Keywords: electro-osmosis; consolidation; soft soils; soil improvement; laboratory testing.

1. Introduction
It is becoming increasingly difficult to find sites with
favorable geotechnical conditions for constructive purposes. Hence, the implementation of works during and
after construction to prevent failures in the soil-structure
system is a decisive factor. The characteristic of geomaterials, natural conditions and anthropic interventions
may lead to apply a soil improvement [1].
The main objective of the soil treatment is to improve
the geotechnical properties of the material, i.e. increase
the shear strength and reduce the compressibility, thus
raising the bearing capacity of the foundation. The simplest and most effective way to achieve this is to reduce
the pore water pressure (PWP). Consequently, a wide variety of improvement methods focus on removing water
from the system [2]. The suitability of each method depends of requirements of the project, such as location,
type, size, depth, thickness, stratification, permeability of
the material, groundwater levels, possible damages
caused by the application of the method and the cost of
installation and operation [1]. The main limitation of
these methods is the low permeability of the soil, which
is a distinctive features of clayey materials.
Clays exhibit a behavior associated with their complex
compositional and structural characteristics [3]. The different mineral constituents can be stacked in tetrahedral
or octahedral laminated structures [4], which can be combined in various arrangements that can form different
mineral groups [5]. Its high porosity condition controls
the storage capacity and water flow, determining the consolidation speed as a product to the external load imposi-

tion [6]. In addition, the presence of water molecules create physical and mechanical responses in the material,
because it acts as an interlaminar ionic solution with accessible counterions for the clayey surfaces [7], modifying the properties of the electric double layer [8].
Electro-osmosis is a ground improvement technique in
which the drainage of the water contained in the material
is promoted by pressure differences, through the application of an electric current [1]. The flow is impeded at the
anode and attracted to the cathode, as response to an electrochemical gradient generation in the soil-water system.
Consequently, consolidation is accelerated and material
strength increase is achieved [9], improving the compressibility conditions and chemical composition [10].
Since dehydration is its predominant effect, the method
is considered a hydraulic modification technique [11].
The development of the electrokinetic principles, under which electro-osmosis is governed, had its origins at
the early nineteenth century through to the contributions
and experiments of researchers such as F. F. Reuss in
1808, G. Wiedemann in 1852 and G. Quincke in 1859
[12]. Later, in 1879, Helmholtz presented the analytical
development of electrokinetics, modified by Pellat in
1904 and by Smoluchowski in 1921 [13]. By the 1930s,
Casagrande performed the first successful stabilizations
of soft fine-grained soil using the technique [14]–[16].
Afterwards, successful field applications were documented for the stabilization of excavation [17]–[19], dam
construction [20], slope stabilization [21], embankment
control [22], increment of friction capacity in piles [23],
[24], and foundation treatment [18], [25]–[27]. In recent
decades, results of the technique for chemical remediation of contaminated soils have been reported [28], increase of safety conditions for tailings dams [29], and

field test [30], [31]. However, the method has not been
widely implemented, due to the numerous geotechnical,
hydraulic, chemical, and electrical variables that must be
controlled in the process.
To investigate the improvement of the mechanical
properties of clays by means of the electro-osmotic technique, several researchers have designed consolidation
apparatus with different geometries, materials, load application types, and drainage methodologies. Many of
these are modified oedometers and triaxial apparatus
[32]–[35]. Other devices have been designed based on
the load application mode, considering direct current, intermittent current [36]–[40], mechanical pressure, chemical precipitation [41]–[46], pneumatic pressure [43],
[47]–[51], triaxial load [33]–[35], thermal gradients [15]
and vacuum pressure [52]. In the geometric design of the
cells the electrodes material has also been considered, being common the use of perforated plates [17], [48], [53],
discs [54], [55], tubular electrodes [36], rods [56], [57],
pipes [39], wires [40], meshes [36], [37], [58], springs
[59], electrokinetic geosynthetics (EKG) [44], [46], electrical vertical drains (EVD) [9]. Another determining factor for the geometric configuration of the devices has
been the flow patterns according to the drainage boundaries for consolidation, some of the configurations selected are side drainage [15], [47], gravitational [36],
through upper contours [17], [57], [60] and lower contours individually [34], [59] or simultaneously [55], [61],
or across the electrodes [38], [39].
In order to study variables involved in the electro-osmotic consolidation process, the design of a new electroosmosis consolidation cell is presented. The sample preparation procedure is detailed and the working conditions
of the new cell are validated using a commercial soft clay
with plastic characteristics.

mm in diameter and 7 mm thick, connected to radial
channels 4 mm thick. Correspondingly, the upper piston
that transfers the load into the sample, is provided with
two compartments for porous stones with similar dimensions to the one at the base. These compartments are located between the electrodes at a spacing of 60 mm. Each
drainage channel is equipped with 3.175 mm ball valves
to control the drainage path in order to analyze different
cases. The piston is a carbon steel plate 155 mm in diameter and 12.7 mm thick. It is fitted hermetically with a 2.5
mm radius O-ring, allowing vertical displacement in the
cylinder whilst the load is applied, using the electrodes as
displacement axis. The pieces were machined with a
CNC tool programmed using specification from a 3D
CAD model. Two cylindrical stainless steel rods were
used as electrodes with 8 mm diameter and spaced 120
mm. To improve drainage or to allow the injection of
electrochemical solutions, perforated pipes or electric
drains could be used as electrodes. Figure 2(a) details the
configuration of the electro-osmotic consolidation cell.

2. Electro-osmotic consolidation testing
apparatus
In order to analyze the consolidation mechanisms in
soils by applying the electro-osmotic technique, a cell
that allows the measurement of geotechnical parameters
and electrochemical effects was designed. Figure 1 show
a scheme of the apparatus described.
The cell was built in a carbon steel pipe (SCH 40) with
a 155 mm diameter and 600 mm length, considering the
high rate in volume reduction provided by the technique.
The material used can withstand the high pressures that
need to be applied without suffering deformations that
may affect the consolidation process. The system is divided into three cylinders, each one being restrained laterally to two vertical tie rod. The lower compartment is
used to consolidate the sample, the middle compartment
is used to extrude the control samples at the start of the
process and the upper compartment provides sturdiness
and provides sealing conditions.
The base of the cell, also in carbon steel, has a 250 mm
diameter and is 25 mm thick. It has a central compartment
that holds a porous stone to allow water drainage with 36

Figure 1. Electro-osmotic consolidation cell scheme.

Figure 2 (b) and (c) show the experimental setup. The
pressure gradients in the soil are generated using a combined loading system capable of applying mechanical
and electrical loads. For the mechanical load increments,
a loading frame with adjustable height was used. A double acting pneumatic cylinder with a 76.2 mm stroke and
an internal diameter of 76.2 mm was fitted to the frame.
The airflow was supplied by means of a compressor controlled by a solenoid valve and an air pressure regulator.
The direct current was provided using an adjustable
power supply. The cell was instrumented using a manovacuometer placed at the end of the lower drainage line
to measure pore water pressure when a test is conducted
with top drainage. An axial strain dial indicator was used
to measure deformations.

Figure 2. (a) Electro-osmotic cell configuration, (b) picture of the experimental set up and (c) experimental setup.

3. Testing procedure
3.1. Clay description
The soil used on the test was a natural clay of plastic
characteristics, supplied by Insumos Industriales Corona
- Suministros de Colombia S.A.S. Table 1 shows the result of the soil characterization tests. The soil is classified
as a Fat clay (CH) in the Unified Soil Classification System (USCS). Table 2 presents the chemical species in the
material, determined using an X-ray fluorescence analysis provided by the supplier.

Properties

Table 1. Soil physical properties.
Standard

Water content

ASTM D2216-19 [62]

Specific gravity

ASTM D854-14 [63]

Liquid limit
Plastic limit

ASTM D4318-17 [64]

Silt content

2.68
30%
28%

ASTM D2487-17 [65]

Clay content

Retained on No. 200

2.7%
58%

Plasticity index
USCS classification

Value

CH
60.00%

ASTM D422-63 [66]

36.75%
3.25%

Table 2. Chemical composition of the clay.
Species
Value
SiO2

55% - 63%

Al2O3

23% - 28%

Fe2O3

3% Max

TiO2

3% Max

CaO

< 0,3%

MgO

< 0,6%

Na2O

N.D

K2O

< 1%

3.2. Sample preparation
The clay sample was prepared following the recommendations by Burland [67] for reconstituted samples, so
as to work with the intrinsic properties of the material,
which are inherent to the soil and independent of its natural state.
To this end, the soil was thoroughly mixed with at a
water content of 1.25 times the liquid limit, which corresponds to a water content of 72.5% for the chosen clay.
The sample was then placed in layers of approximately
100 mm using a tamping rod to remove significant air
bubbles. Whilst the cell was being filled, samples were
taken to verify the water content, given the nature of the
clay may condition how fast the water molecules are accepted, thus being possible that the soil reconstituted in
this manner may not be saturated at the start of the test
[68]. After the cell was filled, the piston was placed
avoiding any water leaks from the system and verify the
instrumentation. Finally, the loads necessary for the reconstitution were applied.

3.3. Sample reconstitution and electro-osmotic
consolidation
The testing procedure comprised two phases: (1) the
reconstitution of the sample by means of mechanical
loading and (2) the application of the electrical load to
generate the electro-osmotic mechanism in the soil sample. The consolidation of the sample was done under a
double drainage condition.
Maintaining the intrinsic properties of the clay requires load increments that have a Load Increment Ratio
(LIR) equal to or greater than unity [67]. Hence, the loading schedule used consisted of loads that doubled the total axial stress on the soil [69]. To guarantee the applied
loads magnitudes on the sample, oil was used to lubricate
the walls of the mold, minimizing the friction between
the O-ring and the cylinders walls, thus allowing the correct sliding piston. Initially, a low magnitude stress was
used to act as a preload and, at the same time, it allowed
for an initial response of the compressor attached to the
system. The load magnitudes used were 8.3, 12.5, 25.0
50.0 y 100.0 kPa of total stress. For each load increment,
settlement readings were taken at 0.1, 0.25, 0.5, 1.0, 2.0,
4.0, 8.0, 15.0, 30.0 min, 1.0, 1.5, 2.0, 4.0, 8.0, 24.0 h and
then every 24 h until 100% of the primary consolidation
is reached. Once the maximum load is applied, an electrical potential gradient of 50 V/m with variable current

was applied, as recommended by Mitchell [70], whilst
the 100 kPa mechanical load was maintained.

4. Results and discussion
Table 3 presents the settlement achieved under each
load increment. The sample located in the bottom cylinder and subjected to the consolidation process had an initial height of 288.60 mm and by the end of the process,
it underwent a settlement of 69.27 mm during the 27360
min (19 days) that the test lasted. Of the total settlement,
43.46 mm correspond to the electro-osmotic improvement that was applied during 18720 min (13 days). The
test results are summarized in the Log-time – settlement
curves shown in Figure 3.
As can be seen, for all the load increments there was
an instant volume reduction in the first one to two
minutes; which can be explained by the immediate flow
of water out of the sample as a response to the pore water
pressure increment generated by the load imposed. Next,
for the 8.3, 12.5, and 25.0 kPa load increments, there is a
two to three minutes plateau in the curve, in which the
soil does not suffer any settlement. This may be explained by the reconstitution process in which the internal
structure of the soil is being formed. Afterward, the primary consolidation process continues. For the load increments of 50.0, 100.0 kPa, and 100 kPa + electro-osmotic
load (EO), the aforementioned plateau is not present and
the behavior follows a typical consolidation curve.
Reviewing the Log-time – settlement curves for the
load increments of 100 kPa and 100 kPa + EO, a significant deformation was achieved in the first two minutes
for both loads. However, when the EO load was applied
the settlement increased by 151% when compared to the
load with no electrical current, going from 6.48 mm to
16.26 mm (Table 3). This result shows the efficiency
achieved by using the electro-osmotic loads.
Table 3. Soil sample deformations due to each load increment.
Applied
Sample
Voids
Settlement
Void Ratio
stress
Height
Height
S (mm)
e (adim)
σ (kPa)
H (mm)
Hv (mm)
0.0
0.00
288.60
195.17
2.09
8.3

0.51

288.09

194.66

2.08

12.5

0.69

287.41

193.98

2.08

25.0

1.83

285.58

192.15

2.06

50.0

2.64

282.94

189.51

2.03

100.0

6.48

276.46

183.03

1.96

100 + EO

16.26

260.20

166.77

1.79

Using the Log of Time Method [69] to analyze the
Log-time – settlement curves, the times to reach 50% of
the consolidation (t50) were determined as shown in Figure 3. The magnitude of t50 is proportional to the drainage frontier and decreases with an increase in coefficient
of consolidation, hence when the load is increased the required consolidation times are smaller. This behavior is
in agreement with what was expected for the volume reduction of a soil, a gradual reduction in consolidation
time as the effective stress increases, verifying the correct
operation of the cell.

Figure 3. Log-time – settlement curve for the loads applied.

On the other hand, the compressibility curves for the
mechanical and electrical loads (Figure 4), show that the
electro-osmotic consolidation does not affect the intrinsic
properties of the clay, being the compressibility one of
these properties [67]. In this case, the preconsolidation
pressure obtained was 50 kPa.
Table 4 presents the values for the coefficients of compressibility, consolidation, volume compressibility and
permeability for the 50% of consolidation. The increase
of the effective stress leads to an increment in the coefficient of compressibility. At the End of Primary consolidation by electro-osmotic loading there was a 151% increase in the coefficient of compressibility with respect
the value for conventional consolidation. The settlement

reached during the electro-osmotic process correspond to
a 57.2% of the total deformation, indicating a reduction
in the drainage frontier during this phase of the process,
thus reducing the coefficient of consolidation considerably. In conventional consolidation, the coefficient of permeability reduces gradually along with the void ratio reduction. However, when the electrical current is applied
to the soil, an increase in the flow of water occurs due to
the electro-osmotic permeability, which is added to the
hydraulic permeability to estimate the flow rate in the
soil. This results verify that the electro-osmotic permeability is higher than the hydraulic permeability, as was
proposed by Grosso et al. [42].

Figure 4. Compressibility curves for conventional and electro-osmotic consolidation.

Table 4. Coefficient values for the loading process.
Coefficient of
Applied
stress
σ
(kPa)

Compressibility
av
(m2/kN)

Consolidation
Cv
(cm2/min)

Volume compressibility
mv
(m2/N)

Permeability
K
(cm/min)

0

-

-

-

-

8.33

0.00065

4.09

0.00021

0.0009

12.50

0.00176

7.40

0.00057

0.0042

25.00

0.00157

22.95

0.00051

0.0117

50.00

0.00113

26.28

0.00037

0.0097

100.00

0.00139

396.23

0.00046

0.1814

100+EO

0.00348

404.18

0.00118

0.4754

It is necessary to clarify the calculation of the coefficient of volume compressibility. It entails considering a
stress increment of 50 to 100 kPa. Mathematically, there
is no change in the applied stress between 100 kPa and
100+EO kPa. However, applying electrical loads causes
a change in the stress state. This changed is evidenced in
the void ratio reduction and the expulsion of water.
In future studies, the use of pore water pressure could
be implemented in the calculation of permeability and the
coefficient of volume compressibility.
Figure 5 shows the variations of the water content in
the vertical and horizontal directions in relation the electrodes location. The average initial water content was
72.42%. Near the cathode (negative terminal) the water
content reduction was smaller than near the anode (positive terminal) throughout the entire sample. The water
content at the center of the sample, i.e. midway between
the cathode and the anode, also had a reduction that was
lower than near the anode but higher than near the cathode. The highest water reduction occurred at the top of
the sample near the anode, with a drop of approximately
26%, as the water at this point is closer to the drainage
frontier. These results indicate a flow of water from the
anode towards the cathode, as it is to be expected for this
type of treatment.

Figure 5. Water content profile at different depths.

With regards to the pH, Figure 6 shows that under the
initial conditions the average value was 5.02, being an
acidic sample. At the end of the test, the pH valued had
increased near the cathode (negative terminal) and reduced near the anode (positive terminal). This behavior
contradicts what Grosso et al. [42] argued, as the authors
said that electro-osmotic consolidation should globally
reduce the pH near cathode and increase near the anode.
This discrepancy can be explained by the detachment of
oxidative-reductive ions due to the corrosion of the cathode steel rod, which did not occurred on the anode steel
rod.

Figure 6. pH variation profile.

5. Conclusions
A new electro-osmotic consolidation cell was successfully developed. It will provide useful information on the
behavior of the physical, mechanical, chemical and electrical parameters that intervene in the efficiency of the
technique.
The apparatus has a cylindrical configuration for the
sample reconstitution process and the consolidation of
the sample. It is hermetically sealed to quantify the water
flow and the deformations associated to the stress increments. The loading system is comprised by a load frame,
a pneumatic cylinder for the mechanical loads and an adjustable power supply for the electrical loads.

The procedure employed to verify the correct operation of the new apparatus consisted in applying an array
of five mechanical loads (8.3, 12.5, 25.0, 50.0, y 100.0
kPa) to quantify the consolidation of the sample. Later, a
mechanical load of 100 kPa combined with an electrical
potential gradient of 50 V/m with variable current was
applied.
The process provided deformation results for the applied loads, showing 151% higher settlement values for
the combined mechanical + electrical load when compared to the mechanical only load.
The electro-osmotic permeability contribution to the
settlement and to the total permeability of the soil was
also reviewed.
The water content variation is higher towards the
drainage frontier near the cathode, indicating that the
flow of water is from the anode towards the cathode, as
expected for this technique.
The pH of the soil increased near the cathode and reduced near the anode; a situation that can be explained by
the corrosion that occurred around the steel rod of the former, whilst no corrosion was present at the latter.
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