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ABSTRACT: Electro-osmotic consolidation using electric conductive geosynthetics has been studied in some
research centers in Asia and Europe. In this paper, laboratory tests were carried out using electro-conductive
and non-electroconductive drains incorporating geotextile filters in an electro-osmotic cell on reconstituted
soft tropical clays. The main objective of this study was the improvement of electro-osmotic parameters to
accelerate consolidation of fine grained soils using large-scale tests. Therefore, the investigation was con-
ducted with different concentrations of salt (0g/L, 16.5g/L and 33g/L), under different effective stresses
(50kPa and 100kPa) and different voltage gradients (25V/m, 75V/m and 125V/m). The comparative influence
of these factors on the current variation, settlement, undrained shear strength, water content and energy con-
sumption is important for this study. Thus, in terms of cost-benefit, the electro-osmotic consolidation test un-
der 25V/m voltage gradient, 50kPa surcharge load with salt concentration of 16.5g/L salt presented the best
performance. The settlement attained using electro-osmotic consolidation was 65% greater than that for the
sample without electro-osmotic consolidation. Besides, the shear strength was 170% greater than that achie-
ved using conventional consolidation treatments. However, this study recognizes important factors that may
influence the efficiency of electro-osmotic consolidation and have also investigated problems associated with

corrosion of electrodes, build-up of gas at electrodes, among others.

1 INTRODUCTION

The electrokinetic technique applied to the Civil and
Environmental engineering field has been developed
all over the world, mainly in the beginning of this
century due to the insertion of new materials in this
field of study (Chew et al. 2004, Jones et al. 2008).
This technique is being researched from the in situ
soils decontamination process (Lamont-Black et al.
2006) up to the technology improvement of rein-
forced soils. The majority of the studies are carried
out in temperate-region soils, which have a default
behavior.

In Brazil, where soil predominantly shows distin-
guish behavior, the electrokinetic technique is vastly
exploited in the area of soils bioremediation. In or-
der to follow the world’s trends, as electrokinetic is
being used in various areas, Nascimento (2005)
started to study in Brazil the use of the electrokinetic
technique for the purpose of accelerating the tropical
soft soils consolidation process.

2 BACKGROUND

The treatment involves applying a direct voltage
across electrodes embedded in the soil to generate
electrical current in the soil. The current induces the
movement of soil pore water from the anode (positi-
ve pole) towards the cathode (negative pole). Typi-
cally, the soil water is permitted to drain at the ca-
thode and is prevented from entering the anode,
which leads to soil consolidation. The electro-
osmotic consolidation process decreases the soil wa-
ter content and increases the soil shear strength.

There are a number of theories relating to electro-
osmosis. The Helmholtz—Smoluchowski theory is
the earliest and most widely used. This theory is
analogous to Darcy’s law of fluid flow, where the
electro-osmotic flow produced by an applied electri-
cal field is given by the expression:

Qe =K. A (1)

Q. is the electro-osmotic flow (L*T™);
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K. is the electro-osmotic conductivity LTV,
A is the cross-sectional area (L?);
i, is the voltage gradient (VL™).

The electro-osmotic permeability coefficient is a
soil property that indicates the speed of hydraulic
flow under a unit electric gradient and thus is analo-
gous to hydraulic permeability which is the flow
speed under unit hydraulic gradient. It is known by
experiments that K. is usually between the interval 1
x 107 and 10 x 10° m¥s/V and it is relatively inde-
pendent from soil type, but it is sensible to electroly-
tic water concentration. From Jones et al. (2008), the
factors of the mineralogy which cause a positive ef-
fect on the potential for good electro osmotic inclu-
de: high water content, clay minerals with low cation
exchange capacity CEC, low valency exchange cati-
ons, high surface charge density and a high surface
area, a water composition which has low conducti-
vity (o), low salinity, a high pH and a low surface
charge density per unit pore volume Ay.

Therefore, these factors may influence electro-
osmotic (EO) efficient of tropical soils because they
are compounded of different mineralogy from soils
that are considered as being not tropical which influ-
ences directly on the charge type of superficial parti-
cles. Both soil types show different electrochemical
behavior, as the tropical soils are mostly compoun-
ded of superficial variable charge minerals because
they quite vary pH and the no tropical soils are com-
pounded by constant superficial charge minerals.

Because of the reasons mentioned before, the
flow inversion can happen when the soil is submit-
ted to a high level of weathering, in other words, the
flow can occur towards the anode instead of going
towards the cathode (Saichek & Reddy 2002).

3 EXPERIMENTAL INVESTIGATION

This study was carried out using the prefabricated
vertical drains (PVD) overcharge conventional tech-
nique, as well as adding the antique electro-osmotic
knowledge to this technique creating what is called
as geosynthetic new technology. A reconstituted
sample, soil tropical mixed thoroughly with a sub-
stantial amount of water treated (0 g/L) or brackish
water (16.5 g/L) or seawater simulation (33 g/L),
57% of water content, was placed inside the appara-
tus in layers. Table 1 shows the physical characteri-
zation of the soil used in the laboratory trial.

Table 1 — Physical properties of the soil used in the laboratory
trial.

CHARACT. SOIL JC CHARACT. SOIL JC
Sand (%) 31.3 Wp (%) 30
Silt (%) 10.8 IP (%) 7
Clay (%) 57.6 In 1.94
Wi (%) 37 pe (g/enr’) 2.79

The equipment developed for laboratory trial was
similar to a cell used by Dinoy (1999) with recon-
structed clay from Bangkok — Thailand.

The experiments consisted on the installation of
electrical conductor drains and prefabricated vertical
drains in an electro-osmotic cylinder cell (Figure 1)
which contained saturated soils with clean water and
salt water. For the electro-osmotic trial an electric
current passed by a conductor drain to another drain
as an attempt to accelerate and conduct water in soil
to the direction of the draining element to achieve
soil consolidation. On conventional trial, the same
characteristics of the prior trial were used, excepting
the use of electricity. Vertical load application on the
top cap is through a loading piston connected pres-
sure camera where air pressure is being supplied by
a compressor and is controlled by a valve regulator.
The electro-osmotic cell can accommodate a distur-
bed sample up to a height of 450 mm and an inner
diameter of 280 mm. All trials were monitored with
strain gauges to register the settlement. Also, a vane
test was executed before and after the treatment to
know the increase of undrained soil shear strength.

The electrical conductor drains (ECD) were deve-
loped with the same shape of the electrically con-
ductive geosynthetic (EKG). So, a geosynthetic whi-
ch is an electrical and hydraulic conductor accepts
that a simple element can be used as a electrode. An
adapted PVD was developed for laboratory trials
with 20mm width and was attached 6mm area cop-

per braid as conductor material (electrode).
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Figure 1 — Electro-osmotic cell
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The electrodes were 20 cm distant from each oth-
er, as one of them was connected to the positive pole
of the source turning into anode drain and the other
one was connected to the negative pole turning into
cathode drain. The follow planning was developed
to optimize variables noticed on normal consolida-
tion trials end by the electroosmosis:

1. Loading aplication: 50 kPa e 100 kPa

2. Different voltage gradients (DDP): 5V (25V/m),
15V (75V/m) e 25V (125V/m)

3. Electrode type: cooper

4. Concentrations of salt: 0g/L, 16,5g/L, 33g/L.

4 TEST RESULTS

The current development during the homogenized
soil trials with seawater simulation (Figure 2) and
brackish water (Figure 3) is displayed for better un-
derstanding soil settlement results and undrained
shear strength.
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Figure 2 — Current development in trials with seawater simula-
tion.

The graphic shows the current decreasing with
not linear time form in all trials which were carried
out. Current variation caused by the time occurs be-
cause of circuit variation, as the DDP applied betwe-
en the electrodes is constant. From all trials carried
out in this situation it was noticed that 5V trial were
the only one which maintained relative current value
constancy from the begging until the end of the trial.

A limitation of ECD was identified: electrodes’
disruption. The total rupture of the electrodes occur-
red in only two trials located in anode ECDs. The
water electrolysis occurred by the application of vol-
tage which generated air bubbles in the cathode pro-
duced by hydrogen gas release. The oxygen was re-
leased as a gas in the anode, oxidizing the existing
copper on the media and also producing copper hy-
droxide or hydrated copper oxide which are substan-
ces with greenish coloration that are found in the e-
lectrodes after the end of the trial.

On trials carried out on homogenized situation
with brackish water there was no electrode rupture.
Probably, because of the fact that current that passed

through soil is less intense, so water electrolysis and
the attack to the electrodes took more time to
happen. However, the corrosion obviously
happened.
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Figure 3 - Current development in trials prepared with brackish
water.

On the trials carried out with brackish water it was
noticed that the 5V trial (Trial 13) maintained rela-
tive current value constancy from the begging until
the end and the 15V and 25V trials (Trial 14 and 15)
decreased as time went by. However, all trials had
the same behavior of the trials carried out with sea-
water.

Figures 4 and 5 show the results settlement and
shear strength of homogenized soils with seawater
simulation, brackish water and standard trial, in oth-
er words, without using EO (Trial 2).

@ Without EO - (50KPa) M EO - brackish water (5V)(50KPa)

W EO - brackish water (15V)(50KPa) B EO - brackish water(25V)(50KPa)

B EO - seawater (5V)(50KPa) B EO - seawater (15V)(50KPa)

B EO - seawater (25V)(50§7P§35)
30 A

SETTLEMENT (mm)
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Figure 4 — Settlement results in 24 hours of experimental and
electro-osmotic trials.

The explanation of the settlement obtained is ba-
sed on the current development. The major settle-
ment occurred on 5V trial (Trial 13) where the cur-
rent kept itself almost constant all the time with
superior value during most of the time. 25V trial
(Trial 15) had a greater settlement than the 15V trial
(Trial 14), because the 15V trial current develop-
ment is greater in importance than that in trial 14.

Comparing the electro-osmotic trials of the Figure
4 it is noticeable that 5V trial with homogenized soil
with brackish water (Trial 13) had an increase set-
tlement 30% more when compared to the trial of
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same voltage with homogenized soil with seawater
(Trial 7). The 5V trial really stood out with brackish
water (Trial 13) — which had a 65% settlement grea-
ter than the experiment trial on the same conditions.
The same behavior can be seen in Figure 5 of the
undrained soil shear strength in the end of the trial.
The general behavior is clearly noticed, also the 5V
trial with brackish water (Trial 13) stands out again.
“Trial 13” had a 170% increase on its shear strength
when compared to the experimental trial on the same
conditions. Therefore, tests with brackish water
stood in relation to the tests with sea water, due to
the constant behavior of the current and always with
higher values. So, the current ruled behavior of set-
tlement and shear strength of soil.
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Figure 5 — Results of soils shear resistance in experimental trial
and of electro-osmotic trials.

Figure 6 shows the energy consumed per volume
unit from all electro-osmotic trials. It was noticed
that 5V trial with 50kPa of homogenized charge
with seawater (Trial 7) presents the less consump-
tion per volume unit treated. However, the 5V trial
with 50kPa charge and also homogenized with brac-
kish water (trial 13) presents the best cost-benefit
because the energy consumption per volume unit is a
bit higher than that on trial 7, but this last one had
settlement 30% more and it was 73% more shear
strength, emphasizing the advantage in terms of
cost-benefit.
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Figure 6 — Results of the energy consumed in all electro-
osmotic trials.

5 CONCLUSIONS

Limitations caused by the introduction of electrodes
in the drains were reported in the electro-osmotic
trials, in other words, when the set of the EKG is
used corrosion occurs and in consequence the rup-
ture of the electrodes also occurs. However, it was
possible to notice the behavior of electro-osmotic in
different enviroment and situations when intempe-
rized soils are used. Among the trials which were
carried out, the 5V trial with 50kPa of charge stood
out, presenting 65% higher settlement and a 170%
increase in shear strength when compared to stan-
dard trials without electricity. Therefore, using an
adequate voltage gradient in a middling saline me-
dia, electric current constancy is obtained and in
consequence more efficiency in electro-osmotic
process is also obtained, because the current govern-
ing the behavior of settlement and shear strength of
soil.
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