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ABSTRACT 
Electro-kinetic (EK) treatment is an emerging technique, which uses low intensity direct 
electric current or a low electric potential difference, to improve the engineering properties 
of subsurface soils while having minimum disturbance to the surface. This study aims to 
investigate the effects of EK treatment on conductance phenomena and some physico-
chemical changes of kaolinite soil at different intervals under total applied voltage of 10V 
subjected to specific types of anode enhancement solutions under the coupled chemical, 
hydraulic and electrical (CHE) gradient. The cumulative electro-osmotic flow and electric 
current through the sample was measured for period of 15 treatment days. 
Subsequently the specimens were tested for moisture content, pH and undrained 
shear strength variations over different time periods (3, 6, 9, 12 and 15 days) 
showing very good correlations between them. 
KEYWORDS: electro-kinetic treatment; kaolinite; conductance; physico-chemical; 
enhancement solutions 

INTRODUCTION 
 “Electro-kinetics is defined as the physico-chemical transport of charge, action of charged 

particles, and effects of applied electric potentials on formation and fluid transport in porous 
media [1]”. If the application of traditional ground improvement techniques is not practical for a 
particular situation, then innovative and cost-effective techniques such as electrokinetic 
treatment need to be considered. When a direct current (DC) electric potential is applied to soil, 
it stimulates the migration of electricity, pore fluid, ions and fine particles across the soil towards 
the oppositely charged electrode, thus creating a combined effects of a chemical, hydraulic and 
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electrical (CHE) gradient [2]. In this regard, application of electric potential has various complex 
electrochemical effects such as: 

i. The electrolysis reaction of water results in an oxidation at the anode, generating an acid 
front, and reduction at the cathode which produces a base front and that migrate towards 
each other [3]. The reactions at the anode and cathode are as follow: 

Anode: 2H20 - 4e-→O2↑+4H+     E0 = -1.229     (1) 

            Cathode: 2H20 + 2e-→H2↑+2OH-   E0 = -0.828       (2)         

where E0 is the standard reduction electrochemical potential, which is the measure of the 
reactants in their standard states to proceed to products in their standard states.  

ii. It establishes an electric potential difference, which may lead to generation of electro-
osmosis [4]. Electro-osmosis (EO) is the flow of pore fluid trough the soil that is 
recognised as the primary EK phenomena responsible for species transport through the 
porous media. The flow rate depends on the coefficient of electro-osmotic permeability, 
ke [5, 6]. 

iii. It generates the electric current flow mainly through the bulk pore fluid and along the 
particle surfaces through the diffuse double layer (DDL) of the soil. 

iv. It will lead to production of electrophoresis and electromigration through the sample. 
Electrophoresis is the motion of charged particles (usually micelles or colloids) relative 
to a fluid under an electric gradient, while electromigration is the gradual movement of 
the ions or charged electrical species under an electric gradient 

The use of electro-kinetic (EK) treatment, which is relatively a new methodology, is being 
investigated in some parts of the world as a viable in situ soil remediation and treatment method 
[2, 7-15]. Casagrande [5] pioneered in the electro-osmotic ground improvement in order to 
stabilize silts, silty clays and soft sensitive clays mainly by removal of the water. Some 
investigators also proceeded with laboratory studies of EK treatment to explore the 
characteristics of electro-osmotic treatment and designed some EK models [12, 16-24]. 
However, in this research several modifications and improvements will be made to achieve the 
objectives of this study. 

It has been reported that EK and electro-osmotic treatment is an economic and time-saving 
method for improving soft soil strength [5]. However, before applying this technique to the field 
it is necessary to investigate the suitability of this application, the expected effects of this 
treatment, the costs, safety aspects, availability of the resources, etc [25]. The EK technique 
remediates the soft soil by means of ion exchange, precipitation and mineralization. This process 
can be enhanced by introducing desirable reagents or chemical stabilizers to raise the soil 
improvement rate. These chemical solutions can be fed at either anode or the cathode depending 
on the ions to be transferred into the soil [14]. Open flow configuration at the electrodes allows 
the processing or pore fluid to flow into or out of the porous medium [22]. The combined effect 
of these processes together with various geochemical reactions can alter the chemical 
composition of the soil porous medium and thereby modifies the physico-chemical properties of 
the soil.  

Although the EK technology has been proven to be practical in many laboratory and field 
experiments, the application of the technology is still limited. This could be due to the 
complicated and unknown features such as conductance phenomena, electro-chemical reactions 
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and complex soil contaminant interactions. Field electro-osmotic mechanism is different from 
laboratory experiment and moreover, the EK treatment with the injection of lime and saline 
enhancement solutions (chemical stabilisers) has rarely been studied. Therefore, there is a need 
for a detailed experimental program to be conducted for a better fundamental understanding the 
changes in soil during and after the treatment. Such information would be of particular interest 
in the improvement of marine soils possessing high moisture content (Mc) and low baring 
capacity on existing infrastructure. This study aims to examine the conductance phenomena and 
physico-chemical changes in a pure form of kaolinite subjected to hydrated lime and saline 
enhancement solution using stainless steel electrodes under the total applied voltage of 10 V (0.3 
V/cm voltage gradient). 

EXPERIMENTAL SOIL 
Some studies have shown that kaolinite possessing low cation exchange capacity (CEC) 

exhibited highest efficiency of EK water flow, followed by clayey sand, while Na-
montmorillonite showed the lowest removal efficiency and electro-osmotic flow rate [7, 26, 27]. 
Moreover kaolinite has exhibited low buffering capacity than the other soils [22]. Therefore in 
this study kaolinite soil in a pure form was chosen to investigate the potential of EK treatment in 
modifying and stabilizing this type of soil. The original properties of the kaolinite soil are 
summarized in Table 1.  

Table 1: Original properties of the experimental soil 
Soil characteristics Values References/Methods 

Clay mineralogy Kaolinite - 

Atterberg limits 

AS 1289.3.1.1-1995 

 

     Liquid limit, LL (%) 43 

     Plastic limit, PL (%) 38 

     Plasticity index, PI (%) 6 

     Linear shrinkage, LS (%) 4.9 

Activity 0.15 PI/ Percentage of clay 

Specific gravity of solids, Gs 2.6 AS 1289.3.5.1-1995 

Unified soil Classification CL-ML ASTM D 2487-83 

Textural classification Silty clay 
Soil textural triangle by 

USDA1 

Appearance (colour) White - 

Percentage of clay (≤ 0.002 mm) (%)  38 AS 1289.3.6.2-1995 

Percentage of silt (0.002–0.06 mm) (%)  44 AS 1289.3.6.2-1995 

Percentage of sand (0.06– 2 mm) (%)  18 AS 1289.3.6.2-1995 

Electrical conductivity of soil solution, EC (μS) 591 AS 1289.4.3.1-1997 

pH  8.6 AS 1289.4.3.1-1997 
1 United States Department of Agriculture 
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EXPERIMENTAL MODEL AND PROGRAM 
The laboratory experiments of EK treatment of soil samples are carried out using the test 

model developed at the Griffith University. The EK tests are performed in clear glass rectangular 
tanks of 38 cm in length and 20 cm in width, under highly controlled laboratory conditions so 
that the chemistry of the porous media can be accurately verified with the effects of EK process. 
A compacted layer of the soil with a thickness of about 17 cm was placed in the tank to known 
moisture content value (near liquid limit of the soil). Tap water having a conductivity of 187 µS 
at 25°C was used for the slurry preparation to resemble actual field application. Homogeneity of 
the soil slurry was achieved by measuring and ensuring that the moisture content (Mc) was the 
same throughout the soil. The natural Mc value should be high enough to allow electromigration, 
but for optimum results should be less than saturation, to avoid the competing effects of 
tortuosity and pore water content. The soil is placed in the glass tank and compacted with a 
tamping rod in order to remove all visible air pockets. Then, two hollow stainless steel tubes, 
possessing some drilled holes through their walls, to allow the enhancement liquids to move 
freely into the sample, were placed 32 cm apart at the ends of the tank to be served as electrodes. 
Stainless steel electrodes were chosen in this study because of being available at a low cost, easy 
to fabricate, having considerable strength, having less probability to corrode and also a common 
material that can be used in most field situations. Moreover, the electrode degradation causes 
iron ions to be introduced into the clay thereby bringing about ‘‘soil hardening’’ as an added 
benefit [17]. An outlet from cathode chambers is connected to the vacuum pump to facilitate 
collecting cathode effluent and measuring the cumulative electro-osmotic flow volume. 

Either constant voltage gradients or constant direct currents should be used as the potential 
gradients. Therefore power distribution cables were attached to the electrodes and connected to 
the DC power supply, providing total voltage of 10 V, and constant voltage gradients of 0.3 
V/cm per length between the electrodes. The soils at various normalised distances of 0, 0.25, 0.5, 
0.75 and 1 from the anode, were tested for variations in moisture content (Mc), pH and undrained 
shear strength (Su) as a result of EK process for 3, 6, 9, 12 and 15 day periods. The normalised 
distance is defined as the distance of the testing point from anode, over the total distance 
between the electrodes. The schematic view of the experimental model has been shown in Figure   
1. 

In order to aid the EK process, soil samples were subjected to a slow continuous flow of 
anode enhancement solutions (hydrated lime and saline solution). Hydrated lime was selected 
due to their widespread use as a soil stabilizer and soil treatment agents. The saturated hydrated 
lime in distilled water, had pH value of 12.4 and electro-conductivity of 8.9 mS. Similarly, 0.1 N 
calcium chloride was mixed with 1:100 sodium silicate solutions (by the volume of distilled 
water) and this saline solution was selected as second enhancement liquid during the EK 
treatment. The pH of this solution was found to be 9.5 and EC value of 15 mS. Silicate grouts 
offer several advantages such as being reliable, safety and ease of use, environmental 
acceptability and adaptability over a wide range of applications. Combination of sodium silicate 
and calcium chloride will result in the formation of hydrated calcium silicate and is generally 
used as grouting material. The physico-chemical properties of the hydrated lime (slaked lime), 
calcium chloride and sodium silicate used in this study are shown in ..  

The enhancement liquids were permitted through the soil via anode by use of a thin flexible 
PVC tube connected to an external plastic reservoir, at a small external hydraulic head (with 
very low discharge of solution, almost dripping). Therefore no hydraulic gradient was formed at 
any point during the EK testing. This would ensure that the water flow through the soil slurry 
was not caused by hydraulic driver and caused by electro-osmosis. For testing, the upper 20 mm 
was first removed to ensure that any surface drying/wetting or disturbance effects were avoided. 
A core sample was then trimmed from the remaining lower section of each treated specimen 
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(annotated as samples 1-5 from anode to cathode, respectively) and were placed into airtight 
plastic bags and stored in a controlled-temperature room at 24°±1 C until further testing. Finally 
after all data collection, the results were compared and analysed in detail.  
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Figure 1:  (a) Schematic view and (b) plan view of the laboratory set up for the 
EK treatment of the clay soil (not to scale) 
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Table 1: Properties of the enhancement agents used in this study 
Properties Hydrated lime Calcium chloride Sodium silicate 

Molecular 
formula Ca(OH)2 CaCl2 Na2 SiO3  

Molar mass 
(g/mol) 74.093 111 122.06 

Exact mass 73.968071 110.9848  
Appearance Soft white powder White powder Thick liquid 
Odour Odourless Odourless Odourless 

Density, g/cm3 2.211, solid 

2.15 g/cm3 (anhydrous) 
1.835 g/cm3 (dihydrate) 

1.83 g/cm3 (tetrahydrate) 
1.71 g/cm3 (hexahydrate) 

1.40, liquid 

Melting point 580 °C (loses water) 

772 °C (anhydrous) 
260 °C (monohydrate) 

176 °C (dihydrate) 
45.5 °C (tetrahydrate) 
30 °C (hexahydrate) 

1088 °C 

Solubility in 
water 

0.189 g/100 mL (0 °C) 
0.173 g/100 mL (20 °C) 
0.066 g/100 mL (100 °C) 

74.5 g/100mL (20 °C) 
59.5 g/100 mL (0 °C) Soluble 

Solubility  
Soluble in glycerol and 

acids. 
Insoluble in alcohol. 

Soluble in acetone, acetic 
acid Insoluble in alcohol 

Toxicity Low Low to medium Corrosive 

Acidity 12.4 8-9 (anhydrous) 
6.5-8.0 (hexahydrate) 11.5 

Basicity 2.37 - - 

SET UP CRITERIA 
The EK treatment apparatus was designed to allow for performance of the EK strengthening 

of the soil and was designed to satisfy these criteria: 

i. The soil specimen must be prepared in the apparatus in the way that there is no gap 
between the specimen and the apparatus. 

ii. There should not be any sidewall leakage. In the other words, the apparatus must be 
hydraulically leak proof and electrically insulated. 

iii. The specimen must be prepared to a predetermined void ratio, Mc value and dry density. 

iv. The initial distribution of moisture must be completely uniform. 
v. The material selected (valves, fittings, electrodes, etc) for the cell must be compatible 

with the chemical to be used in the experiment and must be corrosion and chemical 
resistant. 

vi. An accurately controlled and measurable hydraulic gradient can be applied across the 
soil specimen. 

vii. The physico-chemical properties of the specimen can be determined after EK treatment. 
The measurements to be made during the EK extraction process must not interfere with 
the process. 

viii. PH value of the enhancement agent permitted through the soil can be made at regular 
intervals both electrodes to study the pore fluid distribution across the soil specimen. 

ix. The measurable constant DC electrical potential and the electrical current passing 
through the specimen can be measured as a function of time. 

http://www.ejge.com/Index_ejge.htm


Vol. 19 [2014], Bund. E 1221 
 

x. Various geotechnical measurements should be done along the length of the specimens at 
regular intervals without interfering the treatment process. 

TESTING PROCEDURE 

Monitoring of cathode effluent and electric current 
The cathode effluent (liquid) was extracted mechanically via a vacuum pump from the 

cathode well to measure the accumulated electro-osmotic flow volume for period of 15 days. 
This was one every 10 minutes for the first 2 hours, and hourly for the next 3 hours and 
everyday thereafter. The electric current between the electrodes was manually monitored using a 
digital multimeter for every day.  

Evaluation of moisture content (Mc) variation 
The moisture content (Mc) variation of the soil samples was evaluated by using the method 

described in Australian standard AS 1289.2.1.1-2005. The Mc value of the soils at different 
normalized distances of 0, 0.25, 0.5, 0.75 and 1 from anode was measured for the durations of 3, 
6, 9, 12 and 15 days after starting the test.  

Evaluation of pH variation 
The pH of the soils was analyzed using the Australian standard method AS 1289.4.3.1-1997. 

In this method 30 g of the soil sample with 75 mL of distilled water placed in a plastic container, 
stirred for few minutes, and then allowed to stand for several hours (nearly 1 hour). The pH of 
the soil-suspension was measured after briefly stirring it before each reading. Therefore the pH 
of the soil was evaluated using a pH/EC/TDS hand held meter (model WP-81). The pH of the 
cathode effluent was directly measured using pH/EC/TDS meter. The pH of the soils at different 
normalized distances of 0, 0.25, 0.5, 0.75 and 1 from anode was measured for the durations of 3, 
6, 9, 12 and 15 days after starting the test. 

Evaluation of Undrained shear strength (Su) 
The undrained shear strength (Su) of the soil was measured directly using a hand vane shear 

apparatus in accordance with AS 1289.6.2.1-1997. Therefore, in this study several hand vane 
tests were performed at different normalized distances of 0, 0.25, 0.5, 0.75 and 1 from anode, at 
different time intervals of 3, 6, 9, 12 and 15 days after starting the test to provide a control 
relationship between Mc and Su values.  

RESULTS AND DISCUSSIONS 

Conductance phenomena during EK process 
Upon the application of DC electric potential through the soil across the electrodes, the soil-

liquid medium undergoes several physico-chemical, hydrological and mechanical changes due to 
several complex electrochemical processes that take place within the soil porous media. Some of 
these EK processes are initiated immediately after the DC electric potential was applied (e.g. 
electrolysis of water, electro-osmotic flow, current flow, etc), whereas several other progressions 
develop with time (e.g. variations in Mc, pH, Su, etc). With the increase of treatment durations, 
some of these modifications (e.g. electrolysis of water, electro-osmotic flow and electric current 
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flow) appear to continue but with a gradually decreasing rate. This is due to the several other 
system complications which develop within the porous media hindering the continuation of EK 
processes. The most prominent observation of these experiments was the development of wet 
and drier areas between the electrodes due to positive electro-osmotic flow from anode to 
cathode.  

Cumulative electro-osmotic flow 
With application of EK treatment, simultaneous flows of fluid, electricity and other chemical 

species (e.g. Ca+2), take place under the combined effects of CHE gradient. In these experiments, 
within hours, liquids were observed accumulating in the cathode wells and were calculated as 
cumulative electro-osmotic flow through the sample. The Helmholtz–Smoluchowsky’s (H-S) 
model is the most common theoretical EO description and is widely accepted by geotechnical 
researchers [6, 22]. This model is based on the assumption that fluid transport through the soil 
pores as a result of excess positive charge transport in the DDL towards the cathode as well as 
other chemical species [1]. The DDL consists of a relatively mobile layer (outer layer) and a 
fixed layer (inner layer). Under an applied electrical gradient, the mobile part of the DDL moves 
towards the negatively charged electrode, which imparts a viscous drag on the free water in the 
porous medium and thus advances the mobility of water. The EO flow rate is controlled by the 
coefficient of electro-osmotic permeability (ke), which is a measure of fluid flux per unit area of 
the soil per unit electric gradient. If the soil pores are treated as capillary tubes, then the 
coefficient of electro-osmotic permeability is expressed as: 

nDke η
ζ

=       (3) 

where ζ is the zeta potential (V), n is the porosity, η is the viscosity (FT/L2) and D is the 
dielectric constant. According to this formula, the value of ke is assumed to be a function of the 
zeta potential of the soil-pore fluid interface (ζ), soil porosity, soil permittivity and the viscosity 
of the pore fluid, whereas hydraulic conductivity (kh) is mainly controlled by porosity and 
distribution of the medium. According to the H-S model, the EO flow rate is then described by: 

A
L
Ekq eeo 






∆
∆

=      (4) 

where ke is the coefficient of electro-osmotic permeability, ΔE is electric potential difference, ΔL 
is length of soil sample, and A is cross-sectional area of sample. Based on this equation, negative 
zeta potential (negative surface charge of the particles), will result in a positive EO flow rate 
representing flow from anode to cathode, while positive surface charges cause EO to flow from 
cathode to anode. The transport of species across the porous media is mainly due to the EK 
transport mechanisms of EO, electromigration and electrophoresis. Apart from these 
mechanisms, with the introduction of lime or saline solution, the long-term pozzolanic reactions 
may also take place at various degrees depending on the soil type (clay mineralogy), percentage 
of calcium, pH of the media and availability of water to facilitate pozzolanic reactions [2]. 

The variation of total liquid volumes in the cathode well for kaolinite due to electro-osmotic 
flow is presented in Figure   2. As it can be seen from this Figure, higher rate of electro-osmotic 
flow is observed during the early stage of the EK process under both EK processing conditions 
employed in this study. However with processing time, a gradual decrease in the rate of electro-
osmotic flow is noted. Moreover, it can also be noted that with hydrated lime enhancement 
higher cumulative electro-osmotic flow volume has been recorded in comparing with saline 
solution. As per the H-S theory, the electro-osmotic permeability and electro-osmotic flow rate 
under an electrical gradient is indirectly proportional to the viscosity (η) of the pore fluid (eq. 3). 
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Saline solution has higher viscosity compared to hydrated lime due to existence of water-soluble 
thick liquid: sodium silicate (Na2SiO3). The combined influence of CaCl2 and Na2SiO3 could be 
supported by the formatting of gel, which is likely to offer resistance by increasing the viscosity 
of pore-fluid. Viscosity describes a fluid's internal resistance to flow which higher viscous the 
fluid is, the lower its ease of movement. In this regard, with saline enhancement the viscosity of 
the pore fluid increases and electro-osmotic flow rate decrease. This will lead to reduction of 
cumulated cathode effluent.  

It can also be observed from the eq. 3 that electro-osmotic permeability is directly relative to 
zeta potential (ζ) of the soil. As mentioned before, ζ is defined as the electrical potential at the 
boundary between the fixed and the mobile parts of the DDL. The ionic concentration in the 
DDL changes continuously due to different CHE reactions, which originated in the soil porous 
medium during the EK treatment; therefore this changes consequently varies the electro-osmotic 
flow rate. In this regard, development of some other possible ionic complications and soil 
structural modifications due to clay-enhancement solution interactions may interfere with the 
electro-osmotic flow and hinder the process. The coefficient of electro-osmotic permeability (ke) 
is an important parameter in the EK treatment processing and a precise measurement is 
important. Therefore, the ke coefficient for kaolinite was then calculated indirectly from the eq. 
4. Under 10 V applied total voltage, the ke coefficient was found to be 8.1 × 10-5 (cm2)/V.s 
Subjected to hydrated lime enhancement while with saline enhancement it was found to be 4.3 × 
10-5 (cm2)/V.s. The ke values agrees well with Asadi, Huat [28] studies tabulating ke coefficient 
of various soils. Based on his studies the ke coefficient for kaolin clay was found to be 5.7 × 10-

5(cm2)/V.s 

 
Figure 2: Variation of cumulative electro-osmotic flow volume with time for kaolinite 

under applied voltage of 10V subjected to hydrated lime and saline enhancement 
solution 

ELECTRIC CURRENT FLOW 
Figure 3 presents the variation of electric current flow and electrical resistance across 

kaolinite with respect to anode enhancement solutions. As it can be seen, both tests begin with 
relatively high currents, while with processing time, the current declines gradually after the first 
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6-8 days, reaching almost constant values. The injection of enhancement solutions, in addition to 
the EK effects, can increase the numbers of cations in the soil and their hydration, cause more 
absorbed water along with them to migrate towards the cathode [24].  

From the Figure 3, it can also be observed that initial current flow through kaolinite across 
the electrodes with saline solution is higher, which is due to greater ionic concentration and 
conductivity of the initial pore solution. On the other hand, saline solutions injected into the soil 
increased the electrochemical effects (e.g. increase of cation exchange and precipitation on the 
surface of clay) leading to higher initial current through the sample.  

During initial period of EK processing, higher rate of electrolysis reactions, higher rate of H+ 
production, higher ionic concentration and electro-conductivity of the pore solution leads to 
higher total electric current flow through the sample. These ions referred to include ions existing 
in the clay soil, ions introduced via enhancement solutions added to the anode, and ions released 
from the electrodes as they degrade. However, with the passage of processing time, ionic 
concentration decreases due to: (i) diffusion and advection within the sample, (ii) lower rate of 
electrochemical processes (electromigration) and (iii) probably adsorption of the ions to clay 
minerals, which all lead to lower ionic distribution across the sample and lower electric current 
flow.  

The current drop-off may also be attributed to some complex electrochemical changes 
during the EK treatment. As mentioned before, immediately after the application of voltage 
gradient to the soil sample, an acid front is generated at the anode and a base front is established 
at the vicinity of the cathode. These electrochemical changes bring about heterogeneity within 
the clay-water system’s ion concentration such as precipitation of metal hydroxides near the 
cathode and desorption of metal cations at the acidic region at the vicinity of the anode. Also the 
acidity generated near the anode dissolves metal oxide coatings and can attack clay minerals 
directly [25]. All these complex electrochemical reactions may affect the clay surface and 
decrease the electric current flow through the sample. The results are compatible with the results 
from Jayasekera [2], Ou, Chien [24] and Jeyakanthan, Gnanendran [25].  Having the electric 
potential divided by the current, the electric resistance of soil was obtained. Figure  3 also 
illustrates the variation of electric resistance of kaolinite across electrodes with time under total 
voltage of 10 V with respect to hydrated lime and saline enhancement solutions. As it can be 
seen both tests initiate with relatively low electrical resistance, while with processing time, the 
resistance of the soil increases gradually reaching almost constant values after 10-14 days of 
treatment.  
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Figure 3: Variation of electric current (EC) flow and electrical resistance (ER) across 
kaolinite with time under total voltage of 10 V with respect to hydrated lime and saline 

enhancement solutions 
According to the results and based on H-S theory, it is noted that the flow of electric current 

through a porous media depends on several factors such as: 

i. Initial ionic concentration of the pore solution 

ii. Electro-osmotic and hydraulic conductivity of the soil 

iii. Initial chemistry of the soil-liquid-medium 

iv. Duration of the EK treatment 

v. Initial Mc of the soil layer 

vi. Complex electrochemical reactions during the EK treatment technique 

 

EK effect on physico-chemical characteristics of kaolinite 
soil 

As discussed before, EK processes can modify the system chemistry of the porous media 
and as a result influences various physico-chemical and engineering characteristics of the soils. 

EK effect on moisture content (Mc) and undrained shear 
strength (Su) variations 

The undrained shear strength (su) and moisture content (mc) variations of kaolinite with time 
at different normalised distances from anode 10 V applied voltage with hydrated lime and saline 
enhancement are presented in Figs. 4 and 5 respectively. From the results it is noticed that under 
both EK processing conditions employed in this study, a clear Su gradient in soil increasing from 
cathode to anode was built up showing very good correlations with the changes in Mc of the soil 
across the sample. 
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Figure 4: Shear strength (Su) and moisture content (Mc) variation of kaolinite with time 
at different normalised distances from anode under total voltage of 10V with hydrated 

lime enhancement solution 
The passage of anode enhancement solutions through the soil reduced the production of 

extreme dry region near the anode and the existence of a vacuum pump at the cathode reduced 
the production of extreme wet area near the cathode. With passage of processing time, the soil at 
all sections (normalised distance from the anode) started to dry out possessing the lowest Mc 
values after 15 days of EK processing. With the development of differential zeta potential in soil 
under the influence of the electric field (associated with the changes in soil pH and the changes 
in the chemical concentrations of the soil pore solution), a change in the electro-osmotic 
potential occurs across the tank. Therefore, with passage of processing time certain areas across 
the soil start to dry out relative to other areas in the tank. The location of wet and dry regions 
depends on the mineralogical properties of the soil such as permeability characteristics, clay type 
and content, DDL characteristics, etc [23].  

With hydrated lime enhancement, the driest area occurs at a normalised distances of 0 and 
0.5 from the anode (Figure   4). The driest region occurs at the vicinity of the anode and the wet 
part occurs at the vicinity of the cathode. Since the liquid is collected from the cathode well, 
consolidation takes place at the vicinity of the anode, and EK cementation would be generated 
by Mc reduction. This would cause depression of DDL thickness at the vicinity of the anode 
leading to higher undrained shear strength of the soil (Figure  4).  

With saline enhancement by passage of processing time, areas in the middle of the tank with 
average normalised distance of 0.5 started to dry out reaching the lowest Mc value after 15 days 
of EK treatment (Figure  5). This can be due to the change in pore fluid characteristics such as 
viscosity of the saline enhancement solutions: CaCl2 and Na2SiO3. As mentioned before, sodium 
silicate (Na2SiO3) is a thick liquid having higher viscosity compared with distilled water. This 
higher viscosity of the pore fluid may lead to lower electro-osmotic and electrophoretic mobility. 
By passage of processing time the soil sample in the middle of the tank started to get drier and 
drier creating the least Mc value across the sample. Since the liquid is collected from the cathode 
well, consolidation takes place in the middle of the tank, and EK cementation is generated by 
reduction of Mc of the soil. This would cause reduction of the DDL thickness in the middle of 
the tank leading to higher undrained shear strength (Su) of the soil. As can be seen from the 
Figure s 4 and 5, there is a significant increase in the Su corresponding to the driest region across 
the soil. 
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Figure 5: Shear strength (Su) and moisture content (Mc) variation of kaolinite with time 

at different normalised distances from anode under total voltage of 10V with saline 
enhancement solution 

EK effect on pH variations 
During early stages of EK processing, different ionic species are readily available within the 

soil porous media mostly due to: 

i. The presence of some existing ions in the soil pore fluid 

ii. The presence of ions in the DDL of the soil layer 

iii. The production of two ionic species H+ and OH- due to electrolysis of the water 

iv. The introduction of Ca+ ions via stainless steel anode 

In this regards, at the initiation of EK treatment, the rate of electrolysis and generation of H+ 

and OH- ions was one of the most prominent and effective reaction, developing a clear pH 
gradient between the electrodes, creating an acidic medium at the anode and an alkaline medium 
at the cathode. Geotechnical reactions in the soil pores significantly impact EK phenomena and 
can enhance or cease the EK process. Geomechanical reactions such as precipitation, 
dissolution, sorption, and complications reactions are highly dependent on the pH conditions 
[28].  

The development of the pH gradient across the electrodes, for kaolinite with time at different 
normalised distances from anode under different 10 V applied voltage subjected to hydrated lime 
and saline enhancement is presented in Figs. 6 and 7. As it can be observed from these results, it 
is noticed that under both EK processing conditions employed in this study, a clear pH gradient 
was being developed in the kaolinite soil between the electrodes, creating an acid front at the 
anode and a base front at the cathode, although the passage of anode enhancement solutions 
through the soil reduced the extreme acidity near the anode. These significant changes in the pH 
value of the kaolinite soil also indicate that he soil has a low buffering capacity. The low pH 
created at the vicinity of the anode may cause clay flocculation, which may produce a more open 
clay structure. As mentioned in Table 2, the saturated hydrated lime had pH value of 12.4 and 
the saline solution (0.1 N calcium chloride mixed with 1:100 sodium silicate) had lower pH 

0

20

40

60

80

100

120

140

0

5

10

15

20

25

30

35

40

45

-0.25 0 0.25 0.5 0.75 1 1.25

U
nd

ra
in

ed
 sh

ea
r 

st
re

ng
th

, S
u 

(k
Pa

) 

M
oi

st
ur

e 
co

nt
en

t (
%

)  

Normalised distance from Anode 

kaolinite/ saline 

3 days, Mc

6 days, Mc

9 days, Mc

12 days, Mc

15 days, Mc

3 days, Su

6 days, Su

9 days, Su

12 days, Su

15 days, Su

http://www.ejge.com/Index_ejge.htm


Vol. 19 [2014], Bund. E 1228 
 
value of 9.5. Therefore with hydrated lime enhancement at the vicinity of the anode, the lowest 
pH value of the soil was found to be around 5, while with saline solution was found to be lower 
(around 2.2). In this regard, hydrated lime solution possessing higher basic characteristics 
showed stronger neutralising effects and reduced extreme acidity at the vicinity of the anode.  

As discussed in the preceding section, the acid front (H+) proceeds towards the cathode and 
the alkali front (OH-) migrates towards the anode. The advance of base front is slower than the 
advance of the acid front because of (i) the counteracting electro-osmotic flow and (ii) the higher 
ionic mobility of H+ than OH-. According to Figure   6, with hydrated lime enhancement under 
applied voltage of 10V after 15 days of treatment, the pH recorded at the 0.25 normalised 
distance from anode, was found to be around 6.  

 
Figure 6: Variation of pH of kaolinite with time at different normalised distances from 

anode under total voltage of 10V with hydrated lime enhancement solution 
With the introduction of saline solution through the soil, similar trends were observed in the 

development of pH gradient across the sample as shown in Figure   7. However, the pH gradient 
with saline enhancement seems to be more dramatic compared to hydrated lime enhancement 
(Figure  6). The increase in pH (near the cathode end) certainly accelerates the formation of 
cementitious compounds. It is known that alkali silicates and aluminates which are formed at 
high pH environments react with calcium which leads to the formation of mixed calcium sodium 
silicate [29]. With total applied voltage of 10 V the soil reaches lower pH value of about 3 at the 
vicinity of the anode after 9 days of EK processing. It can be observed that lower pH value of 
the saline enhancement (9.5) caused more drop in the pH value of the soil at the vicinity of the 
anode and in the middle of the tank, creating higher voltage gradient between the electrodes, 
compared to hydrated lime enhancement. In the other words, both enhancement solutions aimed 
to decrease the extreme acidity of the soil at the vicinity of the anode, especially with hydrated 
lime possessing higher pH value and greater neutralising potential. 
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Figure 7: Variation of pH of kaolinite with time at different normalised distances from 

anode under total voltage of 10V with saline enhancement solution 
Based on the results, following concluding remarks can be made regarding the EK effects on 

pH variations of the kaolinite soil: 

i. A clear pH gradient was being developed across the kaolinite soil between the electrodes 

ii. The passage of basic anode enhancement solutions decreased the extreme acidity 
produced at the vicinity of the anode, especially with lime enhancement possessing 
higher pH value and greater neutralising potential 

iii. With the passage of processing time, the pH value of the soil at different normalised 
distances from the anode started to decline, reaching the lowest pH value after 15 days 
of EK treatment  

iv. Lime enhancement decreased the extreme acidity of the soil at the vicinity of the anode, 
compared with saline enhancement possessing lower basic potential  

SUMMARY OF THE RESULTS 
In an attempt to demonstrate the various effects on the soil brought about by EK treatment 

using stainless steel electrodes, but avoiding the addition of enhancement solutions, the flow 
diagram in Figure   8 has been produced. This flow chart briefly summarises the chemical 
changes in the clay that are in turn manifested in an alteration in the physical and strength 
characteristics of the clay soil. 
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Figure 8: Summary mechanisms of EK treatment 

CONCLUSIONS AND RECOMMENDATIONS 
This paper has presented some laboratory results of a study undertaken to investigate the EK 

treatment effects in Kaolinite soil subjected to two anode enhancement solutions under a 
predetermined voltage gradient of 0.3 V/cm. From the analysis of the test results the following 
conclusions can be made: 
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i. With the application of DC electric potential through the sample, the soil-liquid medium 
undergoes several physico-chemical and electrical changes due to several complex 
electrochemical processes that take place within the soil porous media. The most 
prominent observation of these experiments was the development of wet and drier areas 
between the electrodes due to positive electro-osmotic flow from anode to cathode 

ii. Higher rate of electro-osmotic flow is observed during the early stage of the EK process 
under both EK processing while with processing time, a gradual decrease in the rate of 
electro-osmotic flow was noted. The electro-osmotic permeability (ke) of kaolinite soil 
was found to be higher with hydrated lime enhancement.  

iii. The tests began with relatively high currents, however with processing time, the current 
declined gradually after the 6-8 days of treatment, reaching almost constant values. The 
electric current through the sample found to be higher with saline enhancement. 

iv. Under both EK processing conditions employed in this study, a clear Mc gradient in soil 
increasing from anode to cathode was built up exhibiting very good correlations with the 
changes in Su of the soil. With hydrated lime enhancement after 15 days of treatment, 
the lowest Mc value of the soil was found to be at 0.25 normalised distance which 
decreasing by 20 % of the untreated soil, while with saline enhancement the driest point 
occurred in the middle of the tank by 25 % Mc reduction of the untreated soil.  

v. Under both EK processing conditions employed in this study, a clear Su gradient in soil 
increasing from cathode to anode. With hydrated lime enhancement after 15 days of 
treatment, the highest Su value of the soil was 10 times that of untreated soil (at 
normalised distance of 0.25) and 13 times with saline enhancement occurring at the 
middle of the tank.    

vi. Under both EK processing conditions employed, a clear pH gradient was being 
developed in the kaolinite soil between the electrodes, creating an acid front at the anode 
and a base front at the cathode, although the passage of anode enhancement solutions 
through the soil reduced the extreme acidity near the anode. This reduction in pH of the 
soil was higher with saline enhancement possessing lower neutralising effect than 
hydrated lime. 

Ou, Chien [24] suggested that in practical applications the amount of injecting chemical 
solution in the field should be more than the product of the amount used in the laboratory 
multiplied by the ratio of soil volume in the field to that in the laboratory. After the completion 
of injection, the pure EO should be continued until no water drained from the cathode. The rest 
of the procedure can follow the conventional electro-osmotic treatment. From the findings of 
this study, it is apparent that further research in terms of detailed chemical and mechanical 
analysis would be valuable in clearly identifying the EK processes in kaolinite soils. There is 
also a potential for new models to be developed to investigate and predict the modification of 
soil chemo-mechanical properties, which would be of great use in geotechnical design and 
construction applications. 
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