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Abstract— The electro-osmotic consolidation is a method to improve geotechnical properties of
soft clayey soils. The feasibility of electro—osmotically induced consolidation can be examined
through the soil coefficient of electro—osmotic permeability (ki) and the electro—osmotic
coefficient of water transport (k;). Using an electro-osmotic testing cell, k. and k; parameters were
measured in Urmia Lake west coast sediments. Three electric field intensities of 40, 60 and 80
V/m were used and salinity and pH change was monitored in cathode and anode reservoirs during
the tests. k. and k; increased when soil void ratio increased. The results showed that increasing
applied electric field intensity increased the rate of water pH and salinity change at cathode
reservoir. The results for soil hydraulic conductivity (k,) and k. showed that k is in the range of
10™° m/s to 10 m/s for the range of void ratios between 0.5 to 0.8, respectively, and k. is in the
range of 5.5x10 to 6.6x10° m%sV for the range of void ratios between 0.72 to 0.83, respectively.
The ratio of ke/ky, controls electro—osmotically induced negative pore water pressure. The higher
the ratio, the higher the pore water pressure difference and the faster the consolidation is. The
range of ke/k, was between 5.2 to 9.4 m/V at the void ratios between 0.83 and 0.72, respectively.
The ratio of ke/k, increased when void ratio decreased. The high range of k/k, proved the
effectiveness of electro-osmosis consolidation for the Urmia Lake sediments.

Keywords— Electro—osmotic consolidation, Urmia Lake sediments, electro—osmotic permeability, hydraulic
conductivity

1. INTRODUCTION

Soil improvement in fine-grained soils involves techniques that are implemented to increase strength
properties, decrease compressibility and deformation and accelerate dewatering and consolidation
processes [1-13]. Recent developments in the offshore oil and gas industry have resulted in an increasing
number of offshore platforms being erected. Land reclamation is now practiced in many coastal parts of
the world to cope with increasing demands for land [14]. There exist practical and economical needs to
accelerate dewatering and consolidation of sediments and mine tailings, for long term storage or
landfilling [6, 15-24]. Furthermore, electro-osmosis techniques have been implemented to remediate
contaminated lands [25-27]. For these reasons, geotechnical and geo-environmental engineers need to
search for innovative and practical soil improvement techniques to revise and optimize traditional soil
improvement methods. This work answers the call by investigating some parameters that influence the
electro-osmotic treatment.

When a DC field is applied in a soil-water-electrolyte system, three electro-kinetic transport
mechanisms for water, ions and soil solids are identified, i.e. electro-osmosis, electro-migration and
electrophoresis [28-31]. Electro-osmosis is the movement of soil pore fluid, electro-migration is the
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movement of ions in the soil pore fluid and electrophoresis is the movement or tendency of movement of
soil solids.

This paper evaluates the feasibility of electro—osmotic consolidation of Urmia Lake west coast
sediments through the measurement of the coefficient of electro—osmotic permeability (k.) and electro—
osmotic coefficient of water transport (k;) using an electro-osmosis apparatus.

2. THEORY

In 1949 Leo Casagrande introduced the electro-kinetic treatment of soil to improve its geotechnical
properties [28]. Since then, electrokinetic treatment has been successfully applied to increase the strength
of sensitive deposits [1, 2, 32], transport stabilizing agents into the pores of a weakly cemented soil [33]
and dewater and consolidate mine tailings, sediments and marine deposits [6, 15, 17, 22, 24, 34, 35].
However, electrokinetic treatment in field applications has been limited by many uncertainties regarding
the influencing parameters in the process (e.g. electrode material, applied voltage, current intermittence,
void ratio and pore fluid salinity), questions about the effectiveness of the technique to generate the
desired results, the economic viability of the method, and the long term effect of the treatment.

The movement of water under the influence of the electric field is attributed to its drag by the mobile
counter ions in the electrical double layer. The electro-osmosis flow has been described by various
theories including Hemholtz-Smoluchowski model, Schmidt theory, Spiegler friction model, ion
hydration, and Gary-Mitchell approach [36]. The Hemholtz-Smoluchowski model is widely accepted by
geotechnical engineers to explain the phenomenon of electro-osmosis in soils. In the model, the coefficient
of electro-osmotic permeability, k., (m*/sV) is expressed as [31]:

=<0 &
U

where (V) is the zeta potential (negative in clayey soils), & (F/m) is the permittivity of the fluid, p (Ns/m?)

is the viscosity of the pore fluid, and n is the porosity of soil.

The economic viability of electro-osmotic method could be evaluated through the determination of
the quantity of water transported in applied unit electric current 1(A) through the soil. The coefficient of
electro-osmosis water transport k; (L*/C, i.e. volume of transported water per unit electric charge, C) is
written by the following equations:
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where g is the quantity of water transported per unit area of soil, A is the total cross sectional area of soil
(m?), 1 is the applied electric current (A), i. is the electric field intensity (V/m), j is the density of electric
current (A/m®), and A is the bulk electric conductance of the soil (S/m).

During enhanced electro-osmosis consolidation, negative pore water pressure is developed within the
soil which causes the increase of effective stress and consolidation of the soil. The negative pore water
pressure is a function of the ratio of ke/k, and the electric voltage V(x) as follows [37]:

u(x):—t—mv x) (5)
h
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where kj is the soil hydraulic conductivity, y,, iS the unit weight of water, and x is the distance from
cathode reservoir. The higher the ratio of k./k;, , the more negative the pore water pressure developed in
the soil is and hence, the more effective the electro-osmosis consolidation will be.

3. ELECTRO-OSMOSIS APPARATUS

The electro-osmosis (EO) apparatus used for the laboratory EO experiments is the modification of the
apparatus used by Micic [5] and Mohamedelhassan [3]. The schematic of the apparatus is depicted in Fig.
1. The apparatus consisted of an EO-cell, loading equipment, an electrical circuit, a DC power supply,
control/instrumentation devices, and volume measurement devices. The apparatus has been designed with
the following practical considerations: (1) the loading equipment can simulate the in situ stress condition,
generate a remoulded soil sample with the required void ratio, and combine electro-osmosis and
preloading consolidation; (2) the vertical electrode setup is readily implemented in the EO-cell to allow
for replacement of corroded electrodes; (3) the soil sample is of adequate size to allow for the study of
geotechnical properties after an electro-osmosis test; (4) the cell is insulated from leakage and electric
conduction; (5) the drainage condition can be adjusted to suit the required boundary conditions; (6) the
applied electric field is approximately one-dimensional; and (7) the voltage distribution, electrical
current, and water flow in the soil sample can be measured at any time during testing without power
interruption.

A
AU
*/ e o o o o

1- EO testing cell, 2- loading plate, 3- dial gauge, 4- water supply tank,
5- surcharge, 6- graduated cylinder, 7- base table, 8- DC power supply,
9- timer, 10- perforated Plexiglas plate, 11- copper electrode, 12-
geotextile filter, 13- voltage probe

Fig. 1. Schematic of the electro-osmosis test apparatus

The EO testing cell is a rectangular tank made of 15 mm thick Plexiglas plates, with the outside
dimensions of 430 mm long, 130 mm wide, and 305 mm deep. The inside dimensions (the soil
compartment) are 250 mm long, 100 mm wide, and 250 mm deep. The EO-cell weights about 8.5 kg. A
specially designed loading plate equipped with a dial gauge was placed on the top of the soil specimen to
apply a surcharge through the dead weights. The dial gauge was used to measure the settlement of the soil.
The base plate of the EO-cell was equipped with two drainage valves at the ends of the cell to allow for
drainage of expelled water from the soil during treatment. Therefore, drainage from the soil sample could
be controlled at either end of the sample. Geotextile filters were placed at both sides of the soil sample,
i.e., behind the cathode and anode to prevent loss of soil through the drainage channel. Expelled water to
the cathode reservoir was collected in the graduated cylinder beside the cell, as shown in Fig. 1.

December 2015 1JST, Transactions of Civil Engineering, Volume 39, Number C2*



488 K. Badv and K. Mohammzadeh

Two electrodes were used to generate an electric field in the soil sample via a DC power supply, as
shown in Fig. 1. The electrodes were made of 1 mm thick copper mesh with 8.5 mm nominal openings.
The horizontal spacing between the electrodes was 250 mm. This arrangement generates an approximately
uniform horizontal electric field in the soil sample. A voltage was applied by a DC power supply with a
maximum capacity of 3.5 A and 35 V. The power supply was connected in series with an automatic
control switcher (timer) for current intermittence and an ammeter and in parallel with a voltmeter. The
voltage distribution across the sample was measured by four voltage probes which were fastened onto the
bottom of the cell as shown in Fig. 1. The probes were inserted about 30 mm into the soil and connected to
a voltmeter to measure the voltage distribution across the soil sample.

4. MATERIALS AND METHODS
a) Physical and chemical testing on soil samples

The Urmia Lake is the second largest salt lake of the world in the northwest of Iran. The site in which the
soils samples were taken is located in the west coast of the Urmia Lake with a distance of 23 Km east of
Urmia City, Iran. The geotechnical investigations conducted on the site have revealed that the soil deposits
up to 14 meters deep mainly consist of alternate layers of soft clayey and silty deposits (CL-ML, CL and
ML) with occasional sand lenses in between the fine grained layers [38]. The soil samples were recovered
from 1 — 1.5 m deep in the ground surface and were collected in plastic bags to retain the natural moisture
content.

The soil mechanical tests were performed on the collected soil samples to identify the soil major
geotechnical (physical) properties. The soil pH and salinity and the bulk soil and the pore water electric
resistivity were determined as part of the soil chemical properties. Table 1 summarizes the soil physical
and chemical properties.

Table 1. Soil physical and chemical properties

Property Magnitude Property Magnitude
Liquid limit (%) 27 Percent sand 23
Plastic limit (%) 29 Percent silt 59
Unified soil classification CL-ML Percent clay 18
Specific gravity 2.67 pH 8.3
Range of natural water content (%) 28-30 Salinity (g/L) 2
Optimum water content (%) 16 Bulk soil electrical
Maximum dry unit weight (kN/m®) 17.2 resistivity (S/m) 0.115
Bulk unit weight (kN/m?) 20 Soil pore water electrical

resistivity (S/m) 0.375

The consolidation tests were performed on the soil samples to determine the soil consolidation
properties. Figure 2 shows the log(c ,)-e curve and Table 2 shows the consolidation parameters obtained
for the tested soil sample. In Table 2, a,, m, and C, refer to the coefficient of compressibility, the
coefficient of volume change, and the coefficient of consolidation, respectively. The compression index
(C,) of 0.238 and the recompression index (C;) of 0.018 were obtained from Fig. 2.
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Fig. 2. Consolidation curve for the tested soil sample

Table 2. Consolidation parameters for the tested soil

oy e. ef a, m, Cy
(kN/m?) x107  x107 x107
(M4N)  (m?N)  (m?N)
25 084 083 4.6 2.5 6.1
50 083  0.82 45 2.5 4.9
100 082  0.80 4.4 2.4 3.9
200 080 0.76 3.9 2.1 3.6
400 076  0.68 35 2.0 3.2

b) EO testing program and methodology

Twelve electro-osmosis tests were performed on the soil samples under different test conditions. Four
different surcharges of 10 kPa, 15 kPa, 20 kPa, and 30 kPa were applied on the soil. The electric voltages
of 10V, 15V, and 20V were used for any EO test under a prescribed surcharge. The selection of 4
surcharges of 10, 15, 20 and 30 kPa in the EO tests was based on the approximate heights of 0.5 m, 0.8 m,
1.0 m and 1.5 m road embankment constructed on the Urmia Lake west coast sediments, the place where
the soil samples were taken. The selection of the voltages was based on the data reported in the literature
for similar soils [4]. Each EO test was repeated once to ensure the reproducibility of the test results and
similar results were obtained for duplicated tests. Application of each surcharge caused the soil samples to
have different void ratios at the start of the EO test. During each EO test, the electro-osmosis flow volume
(9), change in electric field (E) and electric current (1), and change in pH and salinity were measured.

The EO testing methodology is described as follows: the soil sample was installed in the soil
compartment of the EO cell and its height was measured. The loading plate was installed on top of the
soil, the surcharge was applied and the sample was allowed to consolidate under the applied surcharge.
Depending on the applied surcharge, 95% of consolidation occurred between 10 and 20 days. At the end
of consolidation, the settlement and final height of the soil was determined. After consolidation of the soil
sample, the water levels in the cathode and anode reservoirs were adjusted at the surface of the soil. The
electric system was turned on and the electro-osmosis test commenced. The EO test elapsed for about 8
hours and during the test, the volume of infiltrated water towards the cathode within a prescribed time
span was measured, the electric potential between two electrodes and within the soil was measured, and
samples were collected from the cathode and anode reservoirs for pH and salinity measurements. At the
end of each EO test, the weight, the dimensions, and the water content of the tested soil were measured
and the unit weight and void ratio of the soil sample was calculated.
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c¢) Hydraulic conductivity tests

As described earlier, the ratio of ke/k, controls the electro—osmotic pore pressure. The higher the
ratio, the higher the electro-osmotically induced negative pore water pressure and faster the soil electro-
osmosis consolidation [37]. The soil hydraulic conductivity was measured with triaxial hydraulic
conductivity apparatus under 15 kPa, 20 kPa, and 25 kPa effective stresses and K, of 1.8x10™ mys,
1.4x10™ m/s, and 1.0x10™° m/s was obtained, respectively.

5. RESULTS AND DISCUSSION

As described earlier, 12 EO tests were performed to fully investigate the viability of the electro-osmosis
method on the Urmia Lake west coast sediments. At the end of each EO test, the following graphs were
plotted: (1) the volume of collected water in the cathode reservoir against the elapsed test time and against
the time within which the electric current was applied (two plots), (2) the change in electric voltage
against distance from anode within the soil sample, (3) magnitude of pH in cathode and anode reservoirs
against elapsed time, (4) magnitude of salinity of cathode and anode reservoirs against elapsed time, and
(5) electric conductance in the cathode and anode reservoirs against elapsed time.

To allow for the briefness of the text, only plots for EO test under 15 kPa surcharge are shown as
follows. The initial water content and unit weight of the soil sample was 35% and 18.4 kN/m3,
respectively. After consolidation under 15 kPa surcharge, the water content and unit weight of the soil
sample was 28.5% and 19.2 kN/m®, respectively. Decrease of the soil water content and increase of the
soil unit weight are the obvious effects of the soil consolidation under 15 kPa applied surcharge. The pH,
salinity, and electric conductance of the soil pore water was 8.3, 1.9 gr/L, and 0.376 S/m, respectively.
Three electric potentials of 10 V, 15 V, and 20 V were used between the two electrodes. Figures 3a and 3b
show the change in volume of the collected water in the cathode reservoir against the elapsed time of the
test and time within which the electric potential is applied (for three electric potentials), respectively. As
shown in Figs. 3a and 3b, by increasing the elapsed test time and time within which the electric potential
is applied, the volume of collected water in the cathode reservoir increased. As described earlier, when the
electric field was applied to the soil, cations responded to move in the direction of the electric field while
anions moved in the direction opposite the electric field. The double layer accounts for the fact that there
must be more cations than anions to achieve neutrality and thus net momentums were imparted on the
water molecules by cations and caused them to migrate toward the cathode reservoir. The longer the
applied electric filed, the more the water moved towards the cathode reservoir. There is a direct
relationship between the intensity of the electric potential and the amount of migrated water towards the
cathode. As shown in Figs. 3a and 3b, when the electric potential was increased, more water was collected
at the cathode reservoir.

Figure 4 shows the change in electric voltage against distance from anode within the soil sample for
three electric potentials. As shown in Fig. 4, when distance from anode increases, the electric voltage
decreases. Also, when the electric potential increased, the electric voltage gradient (i, see Table 3) across
the soil increased which resulted in more water being dragged towards the cathode reservoir.

Table 3. Results of EO test on the soil sample with 15 kPa consolidation pressure

Vv [ A E ie A q ki ke Ke

(V) (A (em? (VIm)  (VIm) (S/m) (ml/h) (m*/C) (m?/s.V) (m?/s.V)
10 0.10 2275 40 33.4 0.131 14.8 4.1x10® 4.6x10° 5.4x10°
15 0.16 2275 60 52.8 0.114 25.5 4.4x10°8 5.2x10°° 6.0x10°°
20 021 2275 80 74.0 0.113 39.0 5.1x10° 5.9x10° 6.4x10°°
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Fig. 3. Volume of water collected in cathode reservoir against: (a) elapsed test time, (b) elapsed time for electric
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As described earlier, at the beginning of the EO test, the pH of solutions in both cathode and anode
reservoirs was 8.3. Figure 5 shows the change in pH values in cathode reservoir (solid curves) and anode
reservoir (dashed curves) against the test elapsed time. As shown in the figure, the permeation of soil
water from anode to cathode due to electro-osmosis caused the pH of solution in the cathode reservoir to
increase and in the anode reservoir to decrease with test elapsed time. The electric potentials in the
cathode reservoir were 10V (lower solid curve), 15V (middle solid curve), and 20V (upper solid curve)
while in the anode reservoir this was kept at 10V (three lover dashed curves).
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Fig. 5. pH of cathode reservoir (3 upper curves) and anode reservoir (3 lower curves) against
test elapsed time in EO test under 15 kPa surcharge
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Fig. 6. (a) Salinity, (b) Electric conductance, in the cathode and anode reservoirs against
test elapsed time in EO test under 15 kPa surcharge

Figure 6a shows the change in salinity of solutions in cathode and anode reservoirs against the test
elapsed time. In the figure, the upper curve represents cathode reservoir in 20V test, the middle curve
represents cathode reservoir in 15V test, and the lower curve represents the anode reservoir. As shown in
Fig. 6a, the salinity of solution in cathode reservoir increased with time while the salinity of solution in
anode reservoir remained constant.

Fig. 6b shows the change in electric conductance of solutions in cathode and anode reservoirs against
the test elapsed time. In the figure, the upper curve represents cathode reservoir in 20V test, the middle
curve represents cathode reservoir in 15V test, and the lower curve represents the anode reservoir. As
shown in the figure, the electric conductance of solution in cathode reservoir increased with time while in
the anode reservoir it remained constant.

When the electric field was applied to the soil, at the anode, water was oxidized releasing oxygen and
creating protones (H") resulting in an acid front moving towards the cathode. This caused the pH, salinity,
and electric conductance at the cathode reservoir to increase with time. The higher pH increased the water
movement through the soil towards the cathode reservoir. At the cathode, hydrogen evolved and a base
front of hydroxyl ions (OH") was generated and moved towards the anode.

Table 3 summarizes the results of EO test on the soil sample with 15 kPa consolidation pressure. In
the table, E is the intensity of electric field between two electrodes (V/m), and kg is the coefficient of
electro-osmosis permeability for a given electric field intensity (E). The other parameters in the table are
as described earlier.

Figures 7a and 7b show the relationship between the coefficients of electro-osmosis permeability (k)
and electro-osmosis water transport (k;) with the void ratio of tested soil, respectively, for three electric
field intensities. As shown in the figures, the general trend is that by increasing the soil void ratio, the k.
and k; values increase.

The ratio of ke/k, was calculated for three electric field intensities and for the range of soil void ratios
and are summarized in Table 4 and plotted in Fig. 8. As shown in Table 4 and Fig. 8, the ratio of k./kj, is in
the range of 5.2 to 9.4 m/V and it increased when the sediments void ratio decreased. As described earlier,
the development of the negative pore water pressure due to electro-osmosis, is a function of the ratio of
ke/kn and the electric voltage V(x). Hence, the higher range of the ke/ky in the conducted electro-osmosis
tests on the Urmia Lake sediments, is an indication of the development of high negative pore water
pressure, resulting in high effective stresses and hence, enhanced consolidation. This could be considered
as the economic viability of the electro-osmosis consolidation technique for the Urmia Lake sediments in
the laboratory scale.
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Table 4. k¢/k, values (m/V) against the soil void ratios in three electric filed intensities

Void ratio Electric filed intensity, E (V/m)

40 60 80
0.72 8.1 8.9 94
0.74 75 8.9 8.8
0.76 6.8 7.6 8.0
0.83 5.2 5.4 NA

6. SUMMARY AND CONCLUSIONS

The feasibility of electro—osmotic technique was evaluated in the sediments of Urmia Lake west coast by
laboratory tests. An electro-osmosis test apparatus was fabricated to determine the key parameters
including the coefficient of electro—osmosis permeability (k.) and electro—osmosis coefficient of water
transport (k;). Prior to the EO tests, the soil samples were consolidated at 10 kPa, 15 kPa, and 20 kPa
surcharges. Then, EO tests were conducted under three electric field intensities of 40 V/m, 60 VV/m, and 80
VIm and k. and k; parameters were determined. Using triaxial hydraulic conductivity apparatus, the
hydraulic conductivity of the soil samples was determined and the ratio of k./k, was calculated to
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investigate the effectiveness of the electro-osmosis technique in consolidation of the tested sediments. The

following conclusions were made from this experimental study:

(1) The results showed that the coefficient of electro-osmosis permeability (k.) at the electric field
intensities of 40 V/m, 60 V/m, and 80 VV/m and for the range of soil void ratios of 0.72 to 0.83, is in
the range of 5.0x10°° m?/s.V to 6.6x10° m?/s.V with the average value of 5.9x10° m%s.V.

(2) The coefficient of electro-osmosis permeability increased when the soil void ratio increased.

(3) The average electro-osmosis coefficient of water transport (k;) for the tested Urmia Lake sediments is
4.5x10® m%C and its magnitude increased when the intensity of electric field and the soil void ratio
increased.

(4) The sediments hydraulic conductivity was measured with triaxial hydraulic conductivity apparatus
under 15 kPa, 20 kPa, and 25 kPa effective stresses and K, values of 1.8x10™° m/s, 1.4x10™*° m/s, and
1.0x10™*° m/s were obtained, respectively

(5) For the range of tested electric field intensities and sediments void ratios, the ratio of ke/k, was in the
range of 5.2 to 9.4 m/V. This high range of k./k, proved the effectiveness of the enhanced electro-
osmosis consodidation technique for the Urmia Lake sediments. The magnitude of k./k, increased
when the sediments void ratio decreased.
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