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Abstract: New applications for geosynthetics have been identified if they can provide an active role, initiating
biological, chemical or physical change to the matrix in which it is installed as well as providing the established
functions. This can be achieved by combining the electrokinetic phenomena of electroosmosis, electrophoresis and
associated electrokinetic functions such as electrolysis with the traditional functions of geosynthetics of drainage,
filtration, containment and reinforcement to form electokinetic geosynthetics. Electrokinetic geosynthetics (EKG)
have been identified as a platform technology, which combines a wide variety of materials, functions and processes to
perform such diverse functions as dewatering, strengthening and conditioning in materials such as soils, sludges,
slurries, tailings and composts. Applications have been identified in a range of industrial sectors including water,
mining, civil and environmental engineering, food and sport. The benefits and drivers for the use of EKG applications
include, countering climate change, reduction in carbon footprint of processes, reduced costs, water recovery and
compliance with legal directives. Environmental legislation is driving organisations to ensure that their operations are
continually improving on energy efficiency and environmental protection. In the mining industry the use of
electrokinetic dewatering of tailings produces water recovery and a major reduction in the carbon foot print of mining
operations, both of which are growing priorities. On a technical level the use of electrokinetic techniques can be used
to counteract climate change and reduce the risk of liquefaction of tailings. In terms of waste reduction and efficiency,
full scale field trials have shown that the invention of EKG has meant very efficient utilisation of electrokinetic
functions. In the biological dimension the effectiveness of EKG methods relates to increased biological activity in
relation to increased oxygen availability and warmer temperatures.
Examples of current research and developments into EKG are provided to illustrate the breadth of application of
the technology.
Keywords: Electrokinetic geosynthetics (EKG), electro-osmosis, electrokinetic dewatering, seismic stability,
mining, innovative-geosynthetics
1. INTRODUCTION
In use most geosynthetics play a passive role, e.g. geomebrane barriers stop the passage of liquids; reinforcement
provides tensile resistance, but only after an initial strain has occurred; and drains provide a passage for water but do
not cause the water to flow. New applications for geosynthetics have been identified if they can provide an active role,
initiating biological, chemical or physical change to the matrix in which it is installed as well as providing the
established functions. This can be achieved by combining the electrokinetic phenomena of electroosmosis,
electrophoresis and associated electrokinetic functions such as electrolysis with the traditional functions of
geosynthetics of drainage, filtration, containment and reinforcement to form electokinetic geosynthetics (EKG).
Electrokinetic geosynthetics (EKG) have been identified as a platform technology, which combines a wide variety
of materials, functions and processes to perform such diverse functions as dewatering, strengthening and conditioning
in materials such as soils, sludges, slurries, tailings and composts. Applications have been identified in a range of
industrial sectors including water, mining, civil and environmental engineering, food and sport. Table 1 shows the
main technical components which form the backbone of EKG technology. These are explained further in Table 2.
Table 1 shows that electrokinetics and geosynthetics have fourteen separate functions between them. By
combining the different functions a range of EKG materials can be produced each with unique properties which may
be selected and controlled according to:
• Materials and settings in which the EKG is used
• Physical and chemical design of the EKGs
• Electrical control and operation of the EKGs
• Management of the boundary conditions at the EKGs.
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A wide range of new applications have been established for EKG materials which cannot be addressed by
conventional geosynthetic materials.
Table 1. Functions used in practical applications of EKG
Electrokinetic

Function
1. Electro osmosis

EK
2. Electrophoresis
3. Ion Migration
4. Electrolysis of water
5. Heating
6. Oxidation reactions
7. Reducing reactions
Geosynthetics
G

1. Drainage
2. Reinforcement
3. Filtration
4. Separation
5. Containment
6. Membrane action
7. Sorption

Effects
Water flow
Pore pressure change
Volume change
Particle movement
Particle orientation
Solute movement
Oxygen evolution
Hydrogen evolution
pH changes
Joule heating (electrode)
Resistive heating (soil)
Soil cementation
Reduction in soil plasticity
Electro-winning of metal ions
Evolution of ammonia
Water flow
Gas flow
Tensile strength
In-plane stiffness
Barrier to solids entrained in flow
Strengthening & prevent mixing
Physical containment of solids
Barrier to flow (containment of fluids)
Capture of liquids or dissolved species

Table 2. Key parameters, their effects and practical implications of the main electrokinetic functions of importance in
EKG
Electrokinetic
component
ELECTROOSMOSIS

ELECTROLYSIS

ELECTROKINETIC
HARDENING

JOULE HEATING

Parameter
Water flow rate, Q
Q = ke.V/L.A
Pore water pressure
u = (ke/ kh). V/L
pH
ΔpH = ƒ.(I/A)
[O2], [H2]
Δ [O2], [H2] = ƒ.(I/A)
ƒ pH. CEC. electrode
composition
ƒ = I2R, SHC &
conductivity of
material

Effect
Drainage & water
content
Consolidation or
Decompaction
Acid /alkali
changes
Oxygenation i.e.
Redox potential
Stiffening of soil /
waste
Heat generation

Practical implication
Produce water movement
in fine-grained materials.
Produces consolidation in
compressible materials
Permits control of pH
Promotes root/ growth and
soil microbial activity
Slope and tailings
stabilization
Increase chemical activity
and microbial activity

Where: Ke = Coefficient of electro osmotic permeability (m2/sV), Kh = Coefficient of hydraulic conductivity (m/s), σ
= Electrical conductivity of sludge/waste mixture, w = Water content, V/L = Potential gradient (V/m), A = Area (m2),
I = Current (A), Ts = Thermal conductivity of sludge/waste mixture, [O2], [H2] = Concentration of aqueous and
gaseous O2 and H2, CEC = Cation exchange capacity, ƒ = function.
1.1 Drivers for the development and use of EKG materials and techniques
The benefits and drivers for the use of EKG applications include:
• Countering climate change
• Ease of compliance with environmental regulations
• Legal requirements
• Reduction in carbon footprint
• Reduction/reuse of waste
• Water recovery
2
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Suppression of liquefaction in soils/tailings
Reduced cost
Improved efficiency
Improved speed of construction/processing
Improved performance
Resolve technical construction problems

Environmental legislation is driving organisations to ensure that their operations are continually improving on
energy efficiency and environmental protection. The electrical running costs of EK systems demonstrate energy
efficiency. EC legislation, which became active in July 2005, does not permit the disposal of liquid waste to landfill;
however, the use of EKG permits wastes to be solidified prior to disposal. In the case of lagooned wastes this means
that these features can be remediated at a viable cost with the additional benefit of releasing brown field land for
development.
In the mining industry the use of electrokinetic dewatering of tailings produces water recovery and a major
reduction in the carbon foot print of mining operations, both of which are growing priorities. On a technical level the
use of electrokinetic techniques can be used to counteract climate change and reduce the risk of liquefaction of
tailings.
In terms of waste reduction and efficiency, full scale field trials have shown that the invention of EKG has meant
very efficient utilisation of electrokinetic functions. The performance of EKG systems results in reduced costs. The
electrokinetic belt filter press exceeds the performance of dewatering centrifuges but uses only 1/3 the power for an
equivalent throughput. Similarly in sports turf applications the use of EKG to improve plant tolerance to shaded
conditions would require an electrical running cost of less than 1/10th of an artificial lighting system. Improved speed
generally relates to faster water flow and associated mechanical or volumetric changes associated with electro osmotic
flow. In the biological dimension it relates to increased biological activity in relation to increased oxygen availability
and warmer temperatures. Improved performance relates to the ability of EKGs to be active agents in whatever setting
they are in. The use of ePVDs to consolidate soft ground can speed up the period of consolidation from 2 years to less
than six months. Examples of these benefits are provided in the paper.
2. ELECTROKINETICS
Traditional geosynthetics and industrial textiles are used in the civil, mining, environmental and waste engineering
industries to carry out a range of functions which include drainage, reinforcement, filtration, separation, containment,
encapsulation and sorption. All of these functions, in one way or another are influenced or limited by the rate at which
water is able to flow through the materials with which the geosynthetics are being used to improve or treat.
Water normally flows in response to a difference in pressure identified as hydraulic head. The rate of water flow is
determined by the permeability of the material and is directly related to grain size such that coarse grained materials
such as sands and gravels have a high hydraulic permeability, whereas fine grained materials such as silts, clays or
sludges have a low permeability. The practical consequence of this is that it is usually very difficult to move water in,
out or through materials such as silts and clays. Engineers from many backgrounds need to control water content or
water movement in these materials in order to influence characteristics such as strength, volume and content of the
water phase such as contaminants, cementitious elements or bacteria.
Electrokinetics refers to the relationship between electrical potential and the movement of water and charged
particles. Effects directly related to the application of a voltage via electrodes include; heating, electrolysis of water,
and other electrochemical processes. Under a DC voltage water flows by electro osmosis from the anode (+ve) to the
cathode (-ve), Figure 1.
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Figure 1. Conceptual representation of electro osmosis in soil
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Removal of water from the cathode causes changes in the material such as an increase in strength (useful in ground
engineering) and a reduction in volume (useful in waste engineering). Additional processes include (Table 2):
• Movement of positive and negative ions (useful in soil conditioning or decontamination)
• Movement of particles in the water (e.g. removal of pathogenic bacteria)
• Production of oxygen at the anode (useful for composting and sports turf aeration)
• Production of heat (useful for composting and frost prevention in sports turf)
• Evolution of ammonia at the cathode (useful in sewage treatment to reduce total nitrogen)
• Changes in pH (useful in regulating the acidity of growing media for sports turfs)
• Oxygenation reactions or electrochemical hardening of soils (useful in slope stabilisation).
Electroosmosis is the most useful of the electrokinetic processes activated with EKG because it holds the potential
to overcome the limitations of very slow and in some cases effectively zero hydraulic flow in fine grained, low
permeability materials such as silts and clays. Figure 2 shows that, wheras hydraulic permeability is related to grain
size, electroosmotic permeability is effectively independent of grain size. This means that electroosmosis can result in
flow rates 100 to 10,000 times greater than hydraulic flow in fine grained materials. Since water is directly related to
strength, volume and the movement of contaminants or nutrients, the ability to effect water movement is highly
valuable. It is important to recognize that Figure 2 is schematic and that electroosmotic flow is a function of a number
of factors identified below.
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Figure 2. Comparison of hydraulic and electrokinetic flow rates.
2.1 Electro osmotic flow
Electro osmotic flow will occur if the material has an acceptable coefficient of electro osmotic permeability, Ke,
and if an effective voltage gradient can be maintained across the material. In many materials, such as clays, the solid
particles have a negative surface charge caused by imperfections and substitutions in the crystal lattices, e.g. Al3+ for
Si 4+ or Ca2+ for Al3+. Water in the pore spaces contains a mixture of negative and positive charges and the latter are
attracted, together with surrounding water molecules, towards the negatively charged surface of the solids. Here the
water forms a boundary layer which has an inner immobile zone (Stern layer) and an outer mobile zone. The potential
at the junction between these layers is known as the zeta potential, Figure 3.
The most widely used description of the phenomenon of electro osmosis is the Helmholz-Schmoluchowski theory,
(Smoluchowski, 1914). This considers that, upon the application of a voltage gradient, the surface of the Stern layer
forms the locus of the electrostatic forces causing positively charged cations with their surrounding water molecules to
be drawn towards the negatively charged cathode. This boundary layer movement of water drags along water in the
central parts of the pore throats. The rate of flow is controlled by the balance between the electrical forces causing
water movement and frictional forces retarding water movement, (Shang, 1997).
In general terms, boundary layer flow, which is fundamental to electro osmosis, will occur in materials with an
appropriate Ke value. However, Ke, together with the associated parameter of zeta potential are non-standard tests,
therefore other indices may be used to estimate Ke. Electro osmotic flow will only really be noticeable in reference to
hydraulic flow, (Qh), if Qh </= Qe. If Qe </= Qh then any theoretical electro osmotic flow will be counteracted by
hydraulic flow unless there are perfect open conditions at the anode and cathode i.e. no pressure gradient across the
boundary. The equation for electro osmotic flow Qe is written:
Qe = Ke V/L.A
Where Ke = nεwζ/μ
And: n = porosity, εw = water permitivity (F/m), ζ = zeta potential (V), μ = viscosity (Ns/m2).
4
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Thus for a given area, Qe is maximised by maximising the voltage gradient and maintaining Ke. Table 3 shows some
typical values for Ke from published data.
Double layer
Rigid (Stern)
layer

Diffuse Layer
(internal phase )
Bulk solution
(External phase)

Clay particle
surface
( -ve charge)

Clay
surface

Concentration of positive ions

.

Concentration of negative ions
Surface
potentia l

( ψ 0)

Plane of shear
Zeta potential ( ζ)
Electric potential distn.

Figure 3. Conceptual view of double layer structure at solid / water interface
2.1.1 Porosity
The greater the proportion of the material that is composed of voids filled with water then the greater the
opportunity for flow. So, whilst Ke is independent of grain size (and by association a range of pore-throat diameters) it
is not independent of porosity, i.e. the overall proportion of the material that is void. Therefore in dewatering
applications, Ke is likely to gradually reduce as the material compacts. This will be observed as a reduction in flow and
can be calculated according to volume changes measured.
2.1.2 Zeta potential
Zeta potential is probably the most variable parameter defining Ke (with porosity a close second). Zeta potential is
not a fundamental property of the material and varies according to the salinity of the pore fluid and the pH. Zeta
potentials of clays and sludges are usually negative and represent the potential in mV at the junction between the
mobile and immobile parts of the boundary layer. Thus a very low (or high negative value) is preferable. Increasing
salinity tends to reduce the negativity of the zeta potential by compressing the boundary layer, Figure 4. A high pH has
the effect of increasing the negativity of the zeta potential.
Table 3. Values for Ke (after Mitchell 1993)
Material

London Clay
Boston Blue Clay
Kaolin
Clayey Silt
Rock Flour
Mica Powder
Fine Sand
Quartz Powder
Ås Quick Clay
Bootlegger Clove Clay
Silty Clay, West Branch
Dam

Water Content

Ke x 10-9

(%)

(m²/sec-V)

Approximate soil
permeability
(m/sec)

52.3
50.8
67.7
31.7
27.2
49.7
26.0
26.5
31.0
30.0
32.0

5.8
5.1
5.7
5.0
4.5
6.9
4.1
4.3
2.0-2.5
2.4-5.0
3.0-6.0

10-10
10-10
10-9
10-8
10-9
10-7
10-6
10-6
2.0 x 10-10
2.0 x 10-10
1.2 - 6.5 x 10-10
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Double layer

Compressed Double layer

Electrostatic Potential

Distance from solid surface
Reduction in zeta potential
caused by increasing pore
water salinity
Zeta potential with high salinity
porewater

Diffuse (mobile)
layer

Zeta potential with low salinity
porewater

Stern layer (immobile)

Figure 4. Schematic of the compression of double layer and reduction in zeta potential caused by increase in pore
water salinity (After Pugh, 2002)
2.1.3 Permittivity
The permittivity of the water defines the attenuation of an electric field and will be reduced by increasing the
electrical conductivity of the water. This means that increasing pore water salinity has multiple detrimental effects on
Ke.
2.1.4 Viscosity
Viscosity is related to temperature and dissolved solids but the range is likely to be small except where long chain
organics are involved. Excessive dosing of material to dewater with polymer flocculants may have an effect of
reducing Ke and thus electro osmotic flow.
2.1.5 Mineralogy / pore water interaction
In the absence of data on Ke or zeta potential it is necessary to make reference to other factors which will help to
elucidate the potential for electro osmotic flow. Electro osmotic flow will occur best in those situations where:
• Electro-negativity of the zeta potential is of greatest magnitude
• Double layer is of greatest thickness (i.e. mobile portion of the boundary layer is maximised)
• Electro osmotic efficiency (defined as the volume of water moved per unit charge) is maximised.
2.1.6 Electro-negativity of zeta potential
The electro-negativity of the zeta potential is defined by the surface charge on the solid particles combined with
the composition of the pore water. Surface electric charges are derived from:
• Isomorphous substitution of cations at their surfaces; this gives most clay particles a net negative surface
charge. This process is a source of Cation Exchange Capacity (CEC). If clay surfaces have a high degree of
exchangeable cations, this means that cations are present at the solid surface thus helping to reduce the zeta
potential. However the Ke of clay with a high CEC (active clay) is less susceptible to changes in pore water
salinity than clay with low CEC (inactive clay).
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Surface disassociation of hydroxyl ions is the replacement of hydrogen in exposed hydroxyl groups by other
cations. Hydroxyls tend to disassociate in water: SiOH→SiO- + H+
This process is catalysed by high pH conditions, leading to a greater net negative surface charge i.e. increased
electro-negativity of the zeta potential and thus a higher Ke.
Breaking of bonds at particle edges gives rise to unsatisfied negative charges, which may be balanced by
sorption of cations. This is the major source of CEC in Kaolinites. The importance of this process increases
with decreasing particle size.
Adsorption of anions.
Presence of organic matter which can influence the dewatering of sewage sludges, (Lamont-Black et al.,
2006).

Whilst, in most cases clay surface charges are negative, it is possible for positive surface charges to form.
Aluminium, which is amphoteric may become ionised positively at low pH values and negatively at high pH values.
Hence a positive edge charge may form in acidic environments e.g. Kaolinite at low pH values, (Mitchell 1993). Of
these charge affecting factors, isomorphous substitution is the most important, (Lambe & Whitman 1969). In addition
to a net charge, a soil particle can carry a distribution charge because the seat of the negative charge and positive
charge do not coincide.
Since the magnitude of the electrical charge is directly related to the surface area of the soil particle, it follows that
the larger the surface area per unit mass of dry soil the greater the relative influence of the electrical forces on the
behaviour of the soil particle over mass derived forces. The adjective for particles whose behaviour is controlled by
surface derived forces, rather than mass derived forces is “colloidal”. The size range of colloids has been set at
between 1nm to 1μm. Smaller than 1nm approaches the diameter of atoms and molecules, larger than 1μm and the
particles are predominantly influenced by forces of mass. A lower limit of a specific surface of 25m2 /g has also been
suggested as the lower limit for colloidal behaviour, (Lambe & Whitman 1969). However, the distinction between silts
and clays has been based partially upon the basis of laboratory settlement times calculated using Stokes’ Law, which
assumes spherical particles. True “clay” particles are however found with particle sizes up to 20μm, whereas “nonclay” particles are found with sizes as low as 1μm. Hence, some silt particles demonstrate colloidal properties. Table
4 presents typical soil particle properties for the range of particle sizes usually encountered in soils.
2.1.7 Double layer thickness
Factors affecting the double layer thickness are shown in Figure 5
Table 4. Characteristics of soil particles
Particle

-

Number of particles per
gram
90

Surface area per
gram (cm2)
11

Coarse sand

2.00 - 0.02

720

23

Medium sand

-

5,700

45

0.20 - 0.02

46,000

91

722,000

227

5,776,000

454

Very coarse sand

Fine sand

Diameter (mm)

Very fine sand
Silt

0.02-0.002

Clay

Below 0.002

90,260,853,000

8,000,000

2.2 Electro osmotic efficiency
Electro osmotic efficiency is defined as the quantity of water moved per unit of electricity and is proportional to Ke
(and its contributing factors) and inversely proportional to conductivity σ (and its contributing factors). The factors of
the mineralogy which have a positive affect on the potential for good electro osmotic include: high water content wc;
clay minerals with low cation exchange capacity (CEC), low valency exchange cations, high surface charge density
and a high surface area, a water composition which has low conductivity (σ), low salinity, a high pH and a low surface
charge density per unit pore volume A0. The effects are shown schematically in Figures 5 and 6.
In the absence of knowledge about the clay mineralogy, a particle size distribution curve can be used to estimate
the proportion of clay that may be present. It should also be noted that the absence of clay does not necessarily
indicate the lack of potential for electro osmotic flow. Electro osmotic flow has been recorded in materials such as
quartz powder, rock flour, ochre and alum sludge, and in sewage streams including those comprising humic, anaerobic
digested, surplus activated and primary sludges. The key factors are the origin and magnitude of the negative surface
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charges and the salinity of the pore water which would act to compress the double layer and thus minimise the
effectiveness of the surface charge.
Studies in China have shown that the energy consumption during electro osmotic treatment is influenced by the
electrical conductivity of the electrodes if this is much smaller than that of the soil. The interface electrical resistance
is inversely proportional to the ratio of the electrical conductive areas between the electrodes and the soil, (Zhuang and
Wang, 2007).

INCREASING DOUBLE LAYER THICKNESS

Electrolyte
concentration

Exchangeable
cation valency

Temperature

Dielectric
constant

DECREASING DOUBLE LAYER THICKNESS
Low Value

High Value

Figure 5. Factors affecting the thickness of the double layer (after Pugh 2002)

HIGH ELECTRO-OSMOTIC EFFICIENCY

pH

CEC

wc

Free electrolyte
conc.

σ

A0

LOW ELECTRO-OSMOTIC EFFICIENCY
Low Value

High Value

Figure 6. Influence of soil variables on E-O efficiency

2.3 Cost of treatment
Cost can be the single driver for the use of EK technology. However, the use of electrokinetic methods may
involve alternative treatment strategies and the overall cost can be dominated by external requirements such as the cost
of transport or disposal costs. Examples of the latter are provided by electrokinetic dewatering of sewage and mine
tailings, (McLaughlin 2005, Huntley et al 2006).
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Table 7. Embodiments of EKG technology that exploit specific electrokinetic and geosynthetic functions
EK

Electrophoresis

Drainage
ePVD
eMat
eStrip
Rekg
ePD
eFDC
eBFP
ePFP
eFCB
eBFP

Ion Migration

ePVD

Electrolysis of
water
Heating

eMat
eStrip
EMat
eStrip
ePVD

Electrokinetic functions

Electro
osmosis

G
Geosynthetic functions
Reinforcement Filtration Separation
REKG
ePVD
eMat
eSN
Rekg
eMat
ePD
eFDC
eBFP
ePFP
eFCB

Containment
eFCB

ePVD
eSN

ePVD
eBFP
ePFP
eMat
eMat

eMat

Oxidation
eSN
reactions
Reducing
eBFP
eBFP
eFCB
reactions
Where: ePVD = (electrokinetic prefabricated vertical drain), eMat = (electrokinetic mat), eStrip = (electrokinetic
strips), ePD = (electrokinetic prefabricated drain – horizontal or sub horizontal), eFDC = electrokinetic filtration
drainage curtain), REKG = (reinforcement EKG), eBFP = (electrokinetic belt filter press), ePFP = (electrokinetic plate
filter press), eFCB = (electrokinetic filtration containment bag), eSN = (electrokinetic soil nails)
3. EKG MATERIAL DEVELOPMENTS
The current forms of EKG materials which have been or are under development are illustrated in Table 7. Table 7
shows that the main forms of EKG currently developed are based on the electrokinetic functions of electro osmosis,
joule heating and ion migration, together with the geosynthetics functions of drainage, filtration and reinforcement. It
is also clear from Table 7 that there is ample scope for new products and applications by developing combinations
which include the geosynthetic functions of separation, containment, membrane action and sorption. Some of these
potential applications relate to environmental clean up.
3.1 Electrical design
The aim of the design of the electrical component of any EKG is to:
• Distribute current throughout the length of the electrodes whilst maintaining a sufficiently high voltage
throughout the length or area of the EKG thereby minimising voltage drop.
• Maximise the effective area of contact of the conductive surface to the soil/sludge or material being treated.
• Optimise the total amount of conductive materials in the EKG without compromising the voltage or the
contact area, whilst ensuring economic viability.
• Allow polarity reversal if required
3.1.1 Voltage drop
Depending on the chemistry of the material being treated it is expected that the voltage will be limited to an
operating voltage of approximately 40V. If the material has a high level of dissolved sulphate the permissible
operating voltage can be raised to 80V if suitable materials are used to form the EKG. It is desirable to have a steep
and stable voltage gradient and to limit voltage drop to 20% to ensure that the voltage is used, not to overcome
resistance in the system, but to create electro osmotic flow. Voltage drop is minimised by reducing the current and or
the resistance. However, it is inappropriate to reduce the current as it is this which drives electro osmosis, and
attention is focused on the resistance of the conductive elements. Resistance is minimised by minimising resitivity,
maximising the cross sectional area of the conductive elements and minimising the path length.
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3.1.2 Maximising area of contact of the electrodes
Current can only pass into the target material where it comes into contact with the electrodes, for effective
treatment the area of contact must be maximised. This is achieved by:
• Maximising the number of conductive elements
• Maximising the circumference/cross sectional area ratio of conductive elements
• Maximising the exposed area of the conductive element
• Minimising the electrolytic production of gasses
• Maximising the removal of electrolytically produced gasses.
3.1.3 Electrolytic gasses
Hydrogen is released at the cathode and oxygen at the anode. The conditions at each electrode are different. The
cathode is usually bathed in liquid for the duration of the treatment. Provided that the electrode functions so as to
remove the hydrogen, there should be no net reduction in the proportion of surface area contact of the submerged or
embedded cathode with the soil/sludge.
The anode gradually becomes dried out due to electro osmosis. As a result the area of contact of the electrode may
be reduced. This has a knock on effect such that, if the anode is not continually bathed in water, there is a greater
possibility for menisci to be created and for gas drainage to be reduced. The aim of the anode therefore is to reduce the
amount of gas produced and to vent the gas effectively. The former can be achieved by:
• Reducing the current per anode (i.e. have more anodes than cathodes)
• Include sacrificial elements that dissolve so as to transmit the current into the ground but without producing
gas.
3.1.4 Polarity reversal
Anodes and cathodes provide different functions and this can be reflected in their designs. However, in many cases
a period of polarity reversal is desired, in which case it may be appropriate to use an anode as the cathode although
this may incur a cost penalty.
3.2 Materials
Depending on the design options chosen an EKG material will include several distinct components including:
• Corrosion resistant conducting elements
• Corrodible conducting elements
• Non-woven filter fabrics
• Woven or knitted fabrics
• Additional drainage media
• Method for venting gases
3.2.1 Conducting elements
Conducting elements can be formed from corrosion resistant material or by the use of mixed metal coatings
(MMO) on suitable metals. Alternatively the conducting elements can be covered in electrically conducting polymer;
however this may result in a large voltage drop. Pugh (2002) has reported that carbon doped polymer coatings raised
resistances to >2MΩ, creating a reduction in current and electro osmotic flow.
3.2.2 Corrodible conductive elements
It can be beneficial to include sacrificial or corrodible elements into the structure of the EKG in order to:
• Dissolve and thus pass current into the soil to reduce resistance at the electrode-soil contact (thus maintaining
the voltage gradient which drives electro osmosis) without evolving oxygen. The advantage of dissolution as
opposed to oxygen evolution is that dissolution avoids the loss of electrode – soil/sludge contact area
associated with the formation of bubbles. Dissolution of metal also helps to ‘soak-up’ the high current
demand at the start of treatment without resulting in the hydrolysis of water surrounding the anode. This
means that the speed of desiccation of the anode is reduced such that a higher current density though the
electrode will be maintained for a longer period as the treatment proceeds.
• Release cations by dissolution of corrodible elements in order to contribute to the movement of water under
the Helmholtz-Shmoluchowsky model of electro osmosis with the effect that Ke should increase. The choice
of corrodible material and the amount to be included in the EKG will be determined by cost and the
effectiveness in improving electro osmosis.
• Release metal ions to combat liquefaction in silty/clay materials.
Options for the choice of corrodible material include steel and aluminum. Using aluminum may help improve Ke
more than steel because the charge density around the small Al3+ ion will be greater than that around the larger and
lower valency Fe2+ ion. Further, Al3+ will exchange for other ions such as Ca2+ from materials such as clay with the
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result that electrochemical hardening of the clay will take place. A disadvantage of using aluminum is that it is has a
much lower density than steel and the consumption rate will be higher.
3.2.3 Cathodic applications
Conductive elements in the cathode will not be subject to corrosion during phases of normal polarity. During
normal polarity operation, corrodible primary conducting elements (PAC) may be used as heavy duty current
collectors. During reverse polarity, cathodes of normal polarity become the new anodes. In these situations corrodible
materials will be consumed. Therefore, depending on the duration and frequency of reverse polarity operations, the
new anodes must be either corrosion resistant or designed such that there is sufficient material present to last for the
duration of the reverse polarity phase. Consumption rates of potential corrodible PAC materials are shown in Table 8.
3.2.4 Venting gasses
In addition to imparting current into the ground, the removal of gasses is an essential physical functioning of some
EKGs such as ePVDs. With increasing depth in the ground, lateral earth pressure improves physical contact between
the soil and the ePVD, but at the same time makes it more difficult for gasses to be expelled. (Bjerrum et al 1973)
noted that below approximately 6m depth gas became trapped against steel electrodes by lateral earth pressure. The
entrapment of gasses means that the effective surface area of contact between the electrodes and the soil decreases
causing a rise in the resistance of the soil/electrode contact and thus a larger voltage drop which contributes to
reducing the electro osmotic driving force.
3.3 Physical form
Geosynthetics can be made singly or from combinations of woven, non-woven, needle punched knitted, extruded
or laminated materials and can be formed in any 2D or 3D shape. Electrokinetic geosynthetics are formed by the
inclusion of conducting elements using woven, knitting, needle punching and extrusion or laminating techniques and
can take the form of a conventional geosynthetic material.
Table 8. Consumption rates of different material options for corrodible conductive elements.
Material

Consumption
rate (kg/Ayr)

Density
(Mg/m3)

Effective
Effective recession
recession rate on
rate on a 10m x
a 1m2 surface
6mm PAC in 4
(mm/yr)
weeks
Ferrous alloys
10
8.78
1.14 mm/yr
1.47
Aluminium
3.4
2.70
1.26 mm/yr
1.625
Carbon
1.0
3.52
0.284 mm/yr
0.365
Copper
?
8.92
1.12 mm/yr *
1.45
* Estimate based on density comparison with iron. The consumption rates may not be relevant to the specific
conditions associated with electro osmotic treatment
All geosynthetic materials have to fulfil the function for which they are designed and this is also the case with
EKGs. However, some EKGs have a dual function having an initial active role which may be of short duration and
which is followed by a long term passive role. The materials used to form these EKGs need to reflect the requirements
and particularly the longevity of the active and passive functions. Examples of these forms of EKG are REKG, eSN,
eFCB and ePDs, Table 7.
Examples of some EKG materials that have been developed are shown in Figures 8, 9, 10 and 11.

Figure 8. Linear EKG materials
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Figure 9. EKG electrodes for slurries/sludge/composting

Figure 10. EKG electrodes for planar conditioning

Figure. 11 EKG filter belt and EK drainage bag

4. APPLICATIONS AND DEVELOPMENTS OF EKG
Research into EKG applications and material development is being conducted in a number of countries, Table 9.
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Table 9. Research and development into EKG applications and material development
Dewater
Australia
Canada
China
Finland
Germany
Singapore
S. Africa
Sri Lanka
Sweden
Thailand
UK
USA

3
3
3

Strengthen

Condition

Clean up

Sport

Horticulture/
Agriculture

3

Material
development/
manufacture

3
3

3
3
3
3

3
3

3

3
3
3
3

3
3
3

3

3

3

3
3

In general terms the embodiments of EKGs currently being developed apply to six broad application areas, Tables 10
and 11. Examples of work being conducted into the understanding of EKG behaviour and applications are shown
below. The majority of the development is in response to the strong drivers identified in Section 1.1.
Table10. Industries, markets and sectors of current EKG applications and developments
Industry
Water

Market
Sewage treatment

Market sector
Dewatering machinery

Food
Mining

Processed foods and drinks
Copper
Diamond
Iron Ore
China clay
Coal & coal waste
Tailings lagoon stabilization
Combating liquefaction

Composting
Dewatering
Dewatering
Consolidation
Dewatering
Stabilisation
Dewatering
Dewatering
Product dewatering
Dewatering
Dewatering
Stabilization

Civil Engineering

Ground engineering

Dewatering

Waterways engineering

Dewatering dredgings
Embankment
stabilisation
Slope and embankment
stabilisation
Reinforced soil
Ground consolidation
Ground consolidation
Waste solidification
Waste solidification

Water treatment

Sport

Railway & highway
maintenance
General and highway
construction
Brown field development /
land reclamation
Highway maintenance /
dewatering gulley waste
Nuclear waste
Construction

(Horticulture)
Geoenvironmental
Engineering

Maintenance
Decontamination / Brown
field development

Waste solidification
Football
Cricket
Golf
Football
Environmental
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EKG embodiment
EKG belt press
EKG plate press
ePD systems
EKG filtration bags
EKG plate press
ePVD systems
EKG Belt press & EKG bags
ePVDs
EKG belt press
ePVDs
EKG plate press
EKG belt press & vacuum
belt
ePVDs
ePVDs/& electrokinetic soil
nails
EKG filtration bags
EKG belt press
EKG filtration bags
ePVDs & electrokinetic soil
nails
ePVDs & electrokinetic soil
nails
REKG
ePVD
ePVDs
EKG filtration drainage
curtains
EKG filtration bags
EKG filtration bags
ePD mat system
eMat twin mat system
eMat & ePD system
eRibbon & ePD system
ePD system
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4.2 Studies into electrokinetic function and behaviour
An example of research into the understanding of electrokinetic phenomena is provided by a recent study at
Tsinghua University in China. The research considered the effect of electro osmotic consolidation of Kaolin clay and
the change of various parameters during the consolidation process. A feature of the study was the investigation of the
influence of salt concentration on the efficiency and effectiveness of dewatering. The dry density of the Kaolin was
0.55 g/cm3, and the salt content in the pore water ranged from 0%, 0.01%, 0.1%, and 1% to 10%. During the tests, a
vertical load of 12.7 kPa was applied on the soil column. Four soil samples were tested with different dry densities of
1.12, 1.22, 1.36 and 1.54 g/cm3 respectively. Each experiment lasted 12 hours. The electric current, volumes of
effluent, voltage along the sample were observed during the tests and pH values and the moisture contents at
difference position were detected after the tests.
The electric current and effluent flow during the electro osmotic process is illustrated in Figures 12 and 13. It can
be shown that the higher salt content significantly increased the electric current in the soil mass while improving the
power consumption. The pore water with salt increases the effluent; however, the increase is not significant when the
salt content is more than 0.01%. The power consumption for dewatering different soil sample is listed in Table 12. It
can be concluded that the electro-osmosis treatment is not effective for the Kaolin clay with a high saline content. In
addition:
• Under the constant applied voltages, the current in the soil samples diminished gradually and the resistivity of
specimens increased during the electroosmostic process. The increase of resistivity at both electrodes was
greater than other parts of the soil column.
• The moisture content of all samples decreased during the treatment process. The cathode zone had the highest
water content, while the zone with lowest water content is located in middle part of soil column.
The electro-osmosis treatment is not effective for Kaolin with saline pore water due to the high power consumption

Salt content in pore water
0 wt%
0.01 wt%
0.1 wt%
1 wt%
10 wt%

Electric current/mA

2500
2000
1500
1000
500
0
0

1

2

3

4

5

6

7

8

Time/h

Figure 12. Electric current during electro-osmosis process in Kaolin clay with different salt concentrations

Effluent flow/ml

Salt content in pore water:
0 wt%

140
120
100
80
60
40
20
0

0.01 wt%
10 wt%

0

1

2

3

4

5

6

7

8

Time/h
Figure 13. Effluent flows during electro osmotic consolidation of Kaolin clay with different salt contents
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Table 11. Graphic representation of EKG applications
Dewatering

Strengthening

Conditioning

Reduce water
content

Reduce water
content and
Increase strength

Harnessed
Electrokinetic
effects

Electro osmosis

Electrode
configuration
Geosynthetic
functions

Closed anode

Electro osmosis
Pore pressure
modification
Electrokinetic
hardening
Closed anode

Drainage
Filtration
Containment

Drainage
Filtration
Reinforcement

Reduce water
content
Increase
strength
Promote
biological
activity
Pathogen
reduction
Electro osmosis
Pore pressure
modification
Electrolysis
Joule heating
Closed/semi
closed anode
Drainage
Filtration

Normal polarity

Normal &
reversed

Objectives

Polarity
regulation
Examples

Normal &
reversed

Clean up
Flush water
through
Mobilise/entrain
contaminants
Treat all soil
Capture
contaminants
Electro osmosis
Electrolysis
Joule heating
Open anode and
cathode
Drainage /
irrigation
Filtration
Sequestration
Normal

Belt/plate filter press
Containment (bags)
Slope stabilization
& reinforced soil
Sludge lagoon solidification
Mine tailings stabilisation
Composting / conditioning
Bioremediation
Sports turf

Table 12. Power consumption during electro osmosis
Soil sample density (g/cm3)
Salt content in pore water
Applied vertical load (kPa)
Voltage potential U(V)
Average current I (mA)
Power consumption (W)
Total effluent (ml)
Power consumption per volume of effluent (10-3 W• h/ml)

15

0.55
0%
12.7
5
24.5
0.98
107
9.17

0.55
0.1%
12.7
5
28.3
1.13
121
9.36

0.55
10%
12.7
5
1081.9
43.28
112
404.46
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4.3 Model tests and analytical theory of EK reinforcement of soft clay slopes
A series of model tests have been conducted in China to study the effect of EK reinforcement on increasing the
stability of saturated soft clay slopes. The EK material used in the tests was formed from electrically conductive
plastic with a resistivity of 0.064Ωm, (Zhuang et al 2006).
Analysis of the results of the tests lead to the development of a new analytical theory for electrokinetic
strengthening based on energy analysis. The new method has been found to be applicable for both saturated and
unsaturated soil during the consolidation process if the soil is saturated at the beginning of the process, (Zhuang,
2005). A numerical simulation program for electro osmosis based on the energy analysis theory has been developed to
simulate the model tests. Examples of the model test results and the results obtained by the numerical model are
shown in Figures 26 and 27.

Figure 14. Model test isolines of water content after electro osmosis (%)

Figure 15. Program simulated isolines of water content after electro osmosis (%)
4.4 Application of electro osmosis to consolidate and strengthen materials
The drivers for the use of EKG materials and systems to consolidate difficult soils/materials are to resolve
construction problems, accelerate construction or to provide a more economical solution to foundation design.
Electrokinetic strengthening of soil has been undertaken by a number of practitioners including: Casagrande (1949,
1952, 1983), Fetzer (1967), Bjerrum et al (1967), Chappell and Burton (1975), Lo et al (1991a and b, 2000). The
technique was also used for the dewatering and consolidation of mine tailings by; Sprute and Kelsh (1975), Lockhart
(1983), Shang (1997). Cementation agents and bio remediation agents have been introduced into the soil through the
technique by; (Mohomadelhassan and Shang 2003, Shang et al (2004).
These applications involved the use of conventional metallic electrodes which exhibit problems of durability and
loss of efficiency. In 1996 the concept of electrically conductive geosynthetics was introduced which offered the
potential of an improvement in electrode performance, (Jones et al 1996). The first full scale EK drain was formed as
an electrically conductive geonet core surrounded by a thermally bonded non woven filter fabric. The geosynthetic
material used in the product was made conductive by the addition of carbon black powder to the conventional
polymers. Monofilament wires were located at the centre of alternate ribs to act as current distribution stringers,
Figure 8. The wires were of much higher electrical conductivity than the conductive polymer and this arrangement
provides a more efficient distribution of current through the length of the EKG, (Nettleton et al 1998). The efficiency
of the EK drain was studied by (Hamir et al 2001) who found it to compare well with copper electrodes. This form of
electrode has been used in a wide range of laboratory studies in Australia, South Africa and the United Kingdom.
It is possible to make a conventional prefabricated vertical drain (PVD) conductive by the addition of conductive
elements as illustrated by (Abiera et al 1999) who used a wrapping of carbon fibres. However, coating the PVD with
conductive paste was unsuccessful. Mohomedelhassan and Shang (2003) used graphite electrodes in their study and
reported that the loss of voltage at the anode was much greater in the graphite electrode compared to a copper or steel
electrode. The voltage loss at the cathode was not influenced by the electrode type. The voltage transferred to the soil
was defined in terms of an efficiency factor and it was found that the efficiency improves with the applied voltage
gradient.
4.4.1 Consolidation of Singapore marine clay
Chew at al (2004) have reported a field trial of electro osmotic consolidation of Singapore marine clay using EK
drains. The objective of the trial was to consolidate the clay and improve the engineering properties. Before
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embarking on the field study, laboratory tests were conducted on remoulded clay samples. Electro osmotic
consolidation was reported to have caused: a decrease in the compression index Cc, coefficient of secondary
consolidation, and an increase in Cv, together with a substantial increase in shear strength.
The test site consisted of an 18.7 m thick layer of recently placed sand fill overlying an 8 m thick layer of soft
marine clay which in turn was underlain by stiff clay and sedimentary rock. It is reported that the EK drains produced
a noticeable increase in shear strength in a period of 13 days. Similar strength improvement using conventional drains
alone was calculated to take 130 days. The energy cost of treatment was reported to be 1.8kWh/m3.
4.4.2 Electro osmotic strengthening of peat in Sri Lanka
The presence of soft peaty clays, sometimes in layers of thickness as high as 10m, is a major problem faced by Sri
Lankan engineers involved with new infrastructure developments. In a number of proposed highway projects, several
kilometres are underlain by soft peaty clays with water contents as high as 300-400% and almost zero shear strength.
They exhibit relatively low organic contents of less than 30%.
Finding effective, economical and speedy methods to consolidate the peat is a major geotechnical challenge.
Preloading using prefabricated vertical drains has been used in some instances, but, due to the very low shear strengths
surcharge fill has to be placed in stages and the length of the project increased considerably. In some instances, it has
not been possible to place any surcharge due to the soft nature of the peat. The use of deep mixing techniques has been
tried at the laboratory level but is not considered to be an economic solution.
Electro osmosis is a potentially viable solution to the consolidation problem. Laboratory studies by (Kulathilaka et
al 2004) have shown that the moisture contents of the peaty clays could be reduced effectively using a voltage gradient
in the range of 25 – 120 V/m. The tests showed that Sri Lankan peat clay possesses conductivity and electro osmotic
permeability values comparable and of the same order as kaolin. The ke/kh ratio was greater than 0.1 m/V, and is in the
acceptable range for treatment. The undrained shear strength, compression index, coefficient of volume
compressibility and the coefficient of secondary consolidation were also improved. A notable finding of the
electrokinetic tests on the peat was that conventional metallic electrodes were very susceptible to corrosion but that
this problem was resolved by using EKG electrodes.
A notable finding of the tests on peat was the response to polarity reversal. Following polarity reversal a delay
occurred with regard to dewatering although the voltage differences and gradients responded immediately. A zone of
increased resistance developed in the vicinity of the cathode making the voltage gradient along the sample non
uniform as the test progressed
4.4.3 The use of EKG reinforcement.
Conventionally reinforced soil requires the use of high quality fill. In many areas this may be difficult to obtain.
The use of EKG reinforcement permits the use of very poor materials to be used as fill in reinforced soil structures,
(Jones et al 1996). Details of the construction of a reinforced wall using wet cohesive fill which was poured into place
have been provided by (Glendining et al 2005). In this application the EKG reinforcement not only causes the wet fill
to dewater and gain strength but also produces a major increase in fill/reinforcement bond. Following electrokinetic
treatment the EKG remains as the primary reinforcement.
4.5 Dewatering of mine tailings and wastes
Mining has a major environmental impact with regard to the carbon foot print of the operations, very high demand
for water and excessive energy costs. Disposal of mine tailings requires the use of tailings impoundments which are
amongst the largest man made structures. The stability of these dams can be a major concern and closure costs
associated with the dams is so high as to require government action. Similarly industrial wastes and waste generated in
the water industry are a major problem both with regard to treatment but also with respect to the cost of disposal.
The method of application of electrokinetic dewatering of wastes depends upon the nature of the material to be
treated, Table 13. Table 13 shows the potential EK methods available using different EKG material forms. The EK
belt press is a continuous method of dewatering, electrokinetic prefabricated vertical drains (ePVDs) are used in-situ
and EK bags and tubes are suitable for batch processes. The applicability of the different methods depends upon the
volume and uniformity of the tailings or material to be treated and the rate of supply. Thus the dewatering of mine
tailings and sewage sludge are particularly suited to EK belt filter press treatment as they occur in large continuous
volumes and are homogeneous, whilst the occasional dewatering of sludge from gully emptying or the inhomogeneous
arising from tunneling are candidates for batch treatment using EK tubes or bags. In-situ dewatering of sludge lagoons
can be undertaken using ePVDs.
4.5.1 Dewatering of diamond mine tailings
Metallurgical processing of kimberlite to obtain diamonds uses water as the processing and transport medium. The
process results in two broad types of discard material, which are differentiated according to their dominant grain size:
grits (>75 μm) and slimes (<75 μm). With the increasing importance of sustainable use of water in the mining industry
practices such as Paste and Thickened Tailings Disposal (P&TTD) are being adopted increasingly in the diamond
mining sector (Vietti, 2004). Water recovery prior to disposal offers a number of advantages including reuse of water,
reduction in size of the disposal facility and an increased lifespan for a given facility, (Fourie, 2003; Welch, 2003).
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Materials

Treatment
method

Table13. Types of treatment and method

Existing
Homog
eneous

Mixed

Supply
Constant

Intermittent

Large vol.

Small vol.

Large vol.

Belt presses

Small belt

Temp. lagoon

Plate presses

Transport

Small vol.
Transport
Mobile
dewatering

Centrifuges
EKG

EK Belt
presses

EK belt

EKG Tubes

EKG Bags

Existing

Screen +
thicken &
dewater

Screen
thicken/transp
ort

Temp. lagoon

Screen
thicken/
spread

EKG

Screen +
EK Belt/
Tube

EKG Bags

EKG Tubes

EKG Bags

Whilst P&TTD processes reduce disposal volumes and recover water, the lack of a dewatering stage means that
thickened tailings or pastes must be pumped in a liquid state to the disposal site using high pressure, high volume
positive displacement pumps, Figure 16. Electrokinetic dewatering offers a method of further water recovery,
reduction in energy costs and provides a means of reducing the carbon footprint of the mining process.
Laboratory trials of the electrokinetic dewatering potential of kimberlite tailings from Kimberley, Orapa and
Premier mines in Botswana and South Africa have established that they can be treated using electrokinetic belt press
technology, Figure 17, (Lamont-Black et al 2007). Full scale trials at Kimberley have confirmed the results of the
laboratory trials and demonstrated that major savings can be obtained with regard to energy costs associated with
disposal, reduction in waste volumes requiring disposal, recovery of water and a significant reduction in the carbon
footprint (CO2 ) of the mining process. The dewatered tailings are suitable for transportation to the disposal site by
conveyor, Figure 18. The results of the trials gave:
•
•
•
•
•

Reduction in carbon dioxide: 5700 TCO2 /yr (55%)
Reduction in power consumption: 5800 MWhr/yr (55%)
Reduction in water discard (67%) with water recovery of 1.75 MT/yr.
Reduction in volume of tailings: 49%
The potential elimination of the need for a tailings dam

Figure 16 Disposal of kimberlite slimes

Figure 17 Electrokinetic belt press
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Figure 18 Dewatered tailings (11V, 78%ds) and recovered water
4.5.2 Dewatering of coal tailings in Australia
The processing, transport and management of ultra fine coal tailings often represents major financial and logistical
concerns for owners and operators of collieries. The problems almost invariably relate to the volume of water that has
to be managed when dealing with ultra fine tailings. In an investigation of the viability of either in-situ or in-plant
dewatering of fine and ultra fine coal tailings using EKGs, material was obtained from six collieries, representing a
wide range of coal tailings, with some of the tailings having fines contents (finer than 75μm) of 70% and in excess of
50% finer than 2μm. A range of characterisation tests were carried out on all samples, including particle size
distribution tests, Atterberg Limits and zeta potential, as shown in Table 14 and Figure 19.
Table 14. Details of six coal tailings materials tested.
Liquid

Plastic

Plasticity

Linear

Zeta potential

Limit (%)

Limit (%)

Index (%)

Shrinkage (%)

(mV)

Griffin

67

49

18

4

0

Wambo

65

24

41

12.5

-40

Bulga

43

20

23

7

-67

Bengalla

67

23

44

12.5

-45

Dawson

45

25

20

6.5

-28

Peak Downs

42

22

20

6.5

Percentage finer than (%)

Material

Griffin

Wambo

Peak Downs

Bengalla

Balga

Dawson

100
80
60
40
20
0
0.001

0.01

0.1

1

Particle size (mm)

Figure 19. Particle size distributions of the six coal tailings tested.
Two different testing procedures were used to determine the viability of dewatering these materials electro
kinetically. These were bench top tub-tests, and the use of a purpose built electro-osmotic (EO) cell. The tub tests
required about 25 litres of material and utilised EKG electrodes, with water being collected in the cathode drain over
time. In addition, control tests were carried out in which no voltage was applied, in order to ascertain how much of the
dewatering was due to evaporation. The power consumption rates and efficiencies were evaluated in all tests.
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The second test protocol used the EO cell, in which both stress or voltage were applied to a specimen. In these
tests, the sample was initially consolidated in the cell under a vertical stress of 20kPa and the drainage outflow
measured. A relatively small (0.5 V/cm) voltage gradient was then applied, and the drainage again measured. The ratio
between these two flow volumes was used as an indicator of the relevant benefits of electro-dewatering versus applied
stress (which generates hydraulic dewatering, much like what would occur in a filter press).
All of the tailings responded favourably to electrokinetic treatment, although the response of the Dawson tailings
was much poorer than the other five materials. The Griffin tailings provided a surprisingly good result, given the
relatively coarse nature of the material. The remaining four materials, (Bengalla, Bulga, Peak Downs and Wambo) all
responded extremely well, and very substantial dewatering was possible.
For example, four tests on Wambo tailings were completed in the tubs, and the longest running of these (35 days)
improved the solids content from an initial value of 30% to 47.6%. The four tests on Wambo tailings all started from
different initial solids content values, ranging from 30 to 45%, and effective electrokinetic dewatering was achieved in
all four cases.
The tests in the EO cell confirmed the data obtained from the tub tests, with the Dawson tailings again performing
poorly relative to the other five materials. Although the EO cell should provide useful fundamental property
information because the applied electrical field is uniform (one-dimensional), the drawback with the cell is that it uses
metallic (brass) electrode disks, whereas this study was concerned with the viability of using EKG electrodes.
Therefore although the tub tests appear to be less sophisticated than the EO cell tests, they at least utilise the correct
electrode material, and also effectively represent a scaled-down version of a possible field installation. For these
reasons, the tub tests were used to calculate power consumption and efficiency rates for the different materials, and the
cell tests were used to verify these findings.
The literature on electrokinetic dewatering can be misleading when it comes to power consumption rates. This is
because the unit that is usually used is kWhr/tonne. This unit of measure does not distinguish between material that is
initially very wet (low density) and that which is very dry. In the case of initially low density material (i.e. low solids
content), dewatering might remove a significant volume of water, but result in relatively little increase in solids
content. The opposite is true for a material with high initial solids content – removal of a relatively small volume of
water produces a big change in solids content. The unit of measure adopted in this study was therefore kWhr/dry
tonne, which removes the misleading effect of initial solids content, and focuses on the material that is being
dewatered – the mass of solid material. For the tests conducted in this study, power consumption rates of between 5.9
and 37.8 kWhr/dry tonne were achieved. The high value (37.8) was for the test on Wambo tailings that was run for the
longest time (35 days) and achieved the greatest volume of water reduction.
4.5.3 Dewatering of sewage sludge
Treatment of raw sewage produces sludge with solids content in the range 1-3%. Dewatering of these materials is a
persistent and complex problem for all water companies in country. Conventional dewatering of sewage sludge
involves the use of belt filter presses or centrifuges to reduce the water content to permit disposal. Disposal is best
effected if the sludge material has a dry solids content greater than 25 - 30 %. In general terms conventional belt press
treatment systems produce a sludge cake with a dry solids content of 16 - 20% and centrifuges produce dry solids
contents not exceeding 25%.
A step change in belt press dewatering performance has been achieved by combining conventional belts press
technology with EKG to permit electro osmotic dewatering to occur in addition to the conventional hydraulic
dewatering. The form of the EKG used was a 2-dimentional woven polyester sheet providing: filtration,
reinforcement, containment and electro osmosis, Figure 11.
The result of using EKG technology in sewage dewatering by Thames Water Company (London) is shown in
Figure 20. Similar results have been obtained in Germany.

Figure 20. (a) Conventional treatment
19% dry solids content

(b) EKG enhanced treatment
31% dry solids and 39% volume reduction
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Figure 20(a) shows that, at a dry solids content of 19%, the material is still in liquid form and difficult to transport.
Recent European law does not permit the disposal of liquids to landfill and additional treatment is required, this
usually includes mixing in straw to provide mechanical stability. If disposal is by incineration then fuel oil has to be
added to increase the thermal content of the sludge.
The 31% dry solids content produced by the EKG treatment, Figure 20(b), show that the sludge is no longer a
liquid and can be handled without the addition of bulking material and that the volume of material to be disposed of is
reduced by 39% which is significant. In addition, at 30+% dry solids many sludge cakes are auto-thermic and can be
used as a fuel.
The economics and cost savings of using EKG technology to dewater sewage sludge has been identified by
McLoughlin (2005), (Lamont-Black et al 2006), (Huntley et al 2006), Table 15.
Table 15. Disposal cost comparison relating to Figure 39 (After McLoughlin 2005)

Loading Kg. dry solids/hour
Operating hours
Cake % dry solids
Disposal cost £/m3
Disposal cost per £/year
EKG saving £/year per
machine
(There are six machines at the
site)

Conventional
Belt press
540
8000
19
15
340500

EKG
Belt press
540
8000
31
15
208500
132000 ($230000)

4.5.4 Consolidation of in-situ sludge lagoons and tailings
Past industrial practice in a wide range of industries was to dispose of waste in sludge lagoons. The reason for this
approach was that environmental law was non existent, space was available and alternatives were considered too
expensive. The result is that there are a significant number of these historical features which present major technical
challenges and which are very costly to remediate as they have very low hydraulic permeability and usually contain
toxic compounds, Figure 21. The conventional method of treating old lagoons is to excavate and stabilize the sludge
by mixing in cementations material in the form of cement or lime followed by disposing of the resultant solid material
to landfill.

Figure 21. Nature of historic sludge lagoons
Dewatering the lagoons in-situ has economic and technical benefits as the resultant material is lower in volume and
can be left on site (no landfill disposal is required). The concept of using electrokinetic geosynthetics to perform insitu dewatering of sludge lagoons was introduced by (Walker & Glendinning 2002) The EKG electrodes need to be
formed as prefabricated vertical drains in order to permit effective dewatering, Figure 9. Both the anodes and the
cathodes have the same form to permit polarity reversal
Details of trials of in-situ dewatering of lagoons and mine tailings have been provided by a number of authors
including: (Fourie et al 2004, 2007), (Jones et al 2006), (Glendinning et al 2007, 2008).
4.5.5 EKG bag dewatering
There are a large number of situations which give rise to the need to dewater a medium quantity of sludge on an
irregular basis. The material can be homogeneous or consist of a wide range of particle sizes. These materials can
sometimes be dewatered using geobags/tubes but the technique has limitations. Lawson (2006) has identified the
technical benefits of applying electrokinetics to geobag dewatering using EKbags. Details of current developments in
EKbag dewatering are discussed by (Hall et al 2008)
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4.6 EKG stabilization of slopes and cuttings
Failure of cuttings, slopes or tailings embankments are caused by three main factors; the development over time of
residual strength soil parameters, the fairly recent phenomena of climate change or, in the case of tailings dams,
seismic events which cause liquefaction to occur in the materials forming the impoundment. Traditional methods for
the repair of failing slopes have included the provision of additional drainage, replacing the fill with high quality
material, slackening the slope by the provision of dwarf walls at the toe or the acquisition of additional land, although
the latter is seldom possible. In-situ strengthening is difficult by conventional means and may not be possible at all in
some conditions.
The primary objective in the maintenance of slopes is to identify potential failing slopes and to return them to full
stability before failure occurs. As the failures are predominantly caused by the development of residual shear strength
conditions or uncontrolled pore water pressures, an ideal remedial method would be to effect a reduction in pore water
pressures and an increase in the shear strength of the material forming the embankment/impoundment. This can be
achieved by electro osmosis. Electro osmosis can be used, either to aid construction of remedial works or as a means
to effect permanent improvement. A major advantage of the electro osmotic process is that it can be installed quickly
and with the use of limited equipment. Treatment is rapid and the strengthening can be permanent. The concept of
electrokinetic strengthening of a slope is shown in Figure 22. Electro osmotic dewatering of a slope results in a
reduction in pore water pressure and an increase in the effective shear strength of the soil, thereby, reducing the risk of
a slip plane developing.
Electrokinetic treatment provides benefits identified as:
• immediate effects
• long-term strenghtening measures.
4.6.1.1 Immediate effects – pore water pressure reduction
The immediate effect of the application of an electrokinetic force is a reduction of pore water pressure identified by;
u = - Ke/Kh. gw. V
Where: u = pore water pressure, Ke = coefficient of electro osmotic permeability, Kh = coefficient of hydraulic
permeability, gw = density of water and V = voltage applied between electrodes.
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Figure 22. Electrokinetic strengthening of slopes
During soil treatment, electro osmotic flow is independent of hydraulic permeability and the degree of negative
pore water pressure or suction that builds up is proportional to the ratio of the coefficients of electro osmotic and
hydraulic permeabilities. Therefore, electro osmosis is most effective in fine-grained soils such as clays and silts
similar to thickened tailings. By adjusting the parameters of electrode spacing and voltage control, different factors
can take priority. For example, if treatment time is critical then the use of close electrode spacing is appropriate. On
the other hand if cost is the main driver a wider spacing of electrodes can be used to reduce the number of electrodes
and spread the treatment out over a longer duration, Figure 23.
4.6.1.2 Immediate effects – increase in shear strength
Application of an electrical current between the electrodes results in a flow of water towards the cathode;
Q = Ke.V/L. A
Where Q = electro osmotic water flow, Ke = coefficient of electro osmotic permeability, L = spacing between
electrodes (anode-cathode), V = voltage applied between electrodes and A = area.
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Figure 23. Relationship of electrode spacing, applied voltage and treatment time for a slop stabilization project
In many slope materials there is a direct link btween shear strength and water content and a small reduction in
water content results in a significant increase in shear strength, Figure 24. When the tailings are in the form of clay
materials the result of dewatering is to produce consolidation. With tailing in the form of silty materials there can be
an increase in strength resulting from chemical effects such as cementing. The increase in shear strength by
electrokinetic dewatering has been used as the basic design criteria for the strengthening of clay railway embankments
by Casagrande (1952) and the construction of steep/vertical structures formed from very weak materials, Glendinning
et al., (2005).
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Figure 24. Relationship between shear strength and water content
4.6.1.3 Long-term benefits – reinforcement
By using steel reinforcing soil nails as the anodes the embankment can be strengthened in the long term by the
presence of the nails. The bond between the nail and the soil is a function of the shear strength of the soil and
accordingly is enhanced by the electro osmotic treatment, (Hamir et al 2001). In addition the increase in soil/nail bond
is permanent, (Milligan 1994). Slope stabilization with EKG nails can be designed to treat either shallow translational
slides, deep circular slips or wedge failures. With shallow failures the top 2m of soil can be treated. With deep failure
mechanisms, field data and the results of global stability analyses can be used to identify a target depth requiring
treatment. The electrode array can then be installed with electrical insulation around the upper parts of the electrodes
to target the electrokinetic treatment to the appropriate zone.
Orientation of the electrodes depends on the nature of the potential slip. In the case of shallow slips and failure
planes which do not pass beneath the toe of the embankment the ideal orientation of the anodes/nails is slightly subhorizontal, in which case the anodes are optimally orientated to act as nails, Davies (2007), Figure 25. Placing the
cathodes parallel to the anodes can produce optimum electrical field conditions and simplifies installation; there are
also benefits with regard to long term drainage when the cathodes have a sub horizontal orientation. In the case of a
deep slip plane passing beneath the toe, orientation of the electrodes is determined by the geometry of the case. The
effects of the soil nail array on slope stabilization factors of safety can be analysed using standard slope engineering
software.
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Anodes
Cathodes
Figure 25. Orientation of electrodes/nails/drains: option for a shallow translational slide (left), option for a deeper
failure (right)
4.6.1.4 Long-term benefits – drainage
A critical part of any electrokinetic treatment is removal of water and gas at the cathode. This is achieved with
EKG materials by having the cathode formed round a porous polymeric pipe (geodrain), Figure 9. By orientating the
cathodes in the embankment at a sub-horizontal angle drainage occurs naturally. Once the electrokinetic treatment is
complete the cathodes are retained as permanent drains, Figure 25. With thickened tailings in the form of silt (siltyclay) these additional drains act to prevent the build up of pore water pressures and are thus complimentary to the
anodes which act as soil nails post electrokinetic treatment. In the case of tailings which are predominantly clay (claysilt) the presence of the permanent drains is not as critical to retaining long term stability as the clay will have
consolidated during the electrokinetic treatment but still provide drainage. In the case of deep seated failures not all of
the cathode drains can be orientated in a horizontal plane.
4.6.1.5 Analysis
Analysis of electrokinetic strengthening of slopes and tailings dams can be undertaken using the procedure detailed
in the (Design Manual for Roads and Bridges 1994) for soil nailing. The strengthening mechanisms are different for
tailings which are predominantly clay or silt. In the case of clay materials consolidation is the main strengthening
factor whilst with silty material reinforcement and cementation predominate.
4.7 Reduction of liquefaction potential
Liquefaction of soil is a major geotechnical hazard which is very difficult to resolve. Of particular concern is the
situation of tailings dams as failure of these can lead to major environmental damage. Many tailings dams are formed
using thickened tailings which can be susceptible to liquefaction when subjected to a seismic event. Figure 26 shows
the nature of thickened tailings which form part of the wall of a large tailings dam. The tailings are benign at low
water content but are susceptible to liquefaction when saturated. Sections of the susceptible material are saturated and
the dam is located in a seismically active zone.
The behaviour of this material if stabilization using conventional soil nails is attempted is illustrated in a nail
pullout test, Figure 27. This shows that the material round the nail liquefies completely on pullout nullifying any
potential benefit of the nail, i.e. trying to stabilize the tailings dam by conventional soil nailing would be ineffective.
However, if electrokinetic soil nails are used and the susceptible material is subjected to an initial period of
electrokinetic treatment then the situation is changed and the thickened tailings no longer liquefies when the nail is
pulled out, Figure 28. In this case there was a six fold increased in pullout resistance. The explanation is chemical
cementation developed in the vicinity of the nail resulting from migration of metallic ions from the anode/nail. Ions
precipitated from solution cement the silt around the anode thus stiffening the material and forming a ‘mini pile’;
effects such as these have been reported by Milligan, (1994). Create a very strong bond with the anode/nail by the
formation of a larger effective surface area for the nail thus increasing its pullout capacity.This is illustrated in Figures
29, 30 and 31.

Figure 26. Tailings at 17% moisture content liquefies when saturated (24% moisture content)
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Figure 27. Pullout of nail from tailings without electrokinetic treatment (note liquefaction)

(a)

(b)

Figure 28. Post electrokinetic treatment, (a) showing cementation spreading from the anode, (b) nail pullout test
eAnode (+ve)
2H2O → 4H+ +O2 + 2e-

M2+
2H2O + 2e- → 2OH- + H2

DC power source
Cathode (-ve)

e-

Figure 29. Schematic of the function of short term sacrificial anodes

Figure 30. Cementation of tailings radiating from the anode
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Initial diameter,
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Figure 31. Increase in effective diameter of nail
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Figure 32. Schematic models of the electrokinetic effects in windrow conditioning
4.8 Reuse of waste - conditioning and composting
An alternative strategy in the management of waste is to provide a means of reuse. An example of this is being
provided by Yorkshire Water in the use of sewage sludge and green waste to produce compost. The function of a
composting operation is to promote biological degradation of products such as dewatered sludge to produce a sanitary
nuisance free humus-like material which can be used/sold as compost. EKG can be used to improve the dewatering
and aeration of the sludge conditioning operations.
The degradation process can involve a reduction in the volatile solids of 20 – 30%, accompanied by the
development of heat to raise the temperature into the pasteurisation range of 50 – 70 OC. Composting can be carried
out under aerobic and anaerobic conditions but it is the former, which produces the most rapid degradation of
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materials and the highest rise in temperature. Therefore the design of an aerobic composting process aims to maximise
aeration and minimise heat losses. Figure 32 shows a schematic arrangement of the EKG elements and the
electrokinetic effects which are developed.Details of the results of full scale tests of EK composting have been
provided by (Lamont-Black et al 2006). Details of advanced trials are provided by (White et al 2008).
4.9 EKG application to sports turf
There are approximately 40,000 natural turf football pitches in the UK alone, with many more for other sports
including rugby, golf, cricket, bowling and tennis. The most common problems afflicting the majority of these
grounds are invariably related to one or more of the following factors: drainage, aeration, and nutrient concentrations.
However, conventional maintenance regimes frequently prove inadequate in dealing with these problems in any long
term sustainable way.
EKG applied to sports turf can yield significant improvements in the physical performance and chemical
conditions of sports surfaces and have the potential to improve reliability, performance and sustainability, Table 16,
(Lamont-Black, 2003), (Lamont-Black et al 2006).
The EKG turf system is illustrated in Figure 35. This is shown in the normal polarity mode of operation with the
anode at the top. This is most effective for releasing oxygen to the root zone and for creating the maximum change in
pore water pressure to improve surface shear strength and ball bounce following periods of heavy rain. Decompaction
and increasing the water content of the near surface zone is achieved by polarity reversal.
Table 16. Common problems associated with sports turfs and the mechanism and effects of treatment with EKGs
Problem

Electrokinetic
process

Benefit to sports turf surfaces

Poor
drainage

EO control of moisture
content and drainage at
cathode

No clogging, washing away, or loss in effectiveness. Macro pores not
required and effects are uniform. Fine control of performance quality
standards (PQS). Can incorporate soils with higher clay contents, requiring
less application of fertilizer and irrigation. More sustainable.

Low oxygen
content

Oxygen gas generated at
anode. Also decompaction
is possible.

Oxygen gas available throughout root zone. Substantially less thatch
formation, increasing traction and general plant health. Uniform
decompaction leads to further aeration. Can incorporate soils with higher
clay contents, requiring less application of fertilizer and irrigation. More
sustainable.

Over
compaction

Polarity reversal generates
negative pore pressure and
decompaction

Decompaction is uniform, without formation of macro pores.

Low
nutrient
content
“Foreign”
invasion

Higher percentage fines
maybe possible

More nutrients retained, boosting plant health. Less frequent application of
fertilizer. Lower maintenance costs.

Healthier plants more
resistant to invasion

Less frequent application of biocides etc. Lower maintenance costs.

Low
levels

Healthier plants able to
cope better with low light
levels

Plants generally more robust.

light

Oxygen

Water is
drawn off

+
–

Figure 37. Schematic of the Turf-EKG system
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4.10 Bioremediation of contaminated sites
Various forms of electrokinetic phenomena can be used to influence the situation in the subsurface at sites
contaminated with organic recalcitrant xenobiotic compounds. The most common form of remediation is simply
excavation and replacement with clean soil. However this does not deal with the contamination itself but only
relocates it. Furthermore, in many cases, such as when the contaminated soil is under a building, excavation is not
feasible. If, on the other hand, natural attenuation is not progressing or not considered safe, active treatment in situ
may be needed, and here electrokinetics has a potential role. In coarse soil types electro migration/electrophoresis are
the dominant factors, and then the charge of the compound in question determines the direction of the motion:
negatively charged compounds (anions) migrate to the anode and positively charged (cations) to the cathode. If there
is no liquid movement, uncharged compounds will not be mobilized. Uncharged molecules are often also non-polar
and hydrophobic, i.e. posses a low solubility in water.
In dense soils electro osmotic forces pump water and solutes towards the cathode. Electro osmosis is also the only
way of generating efficient and relatively uniform movement of water through dense soil such as clay. In these
conditions negatively charged ions may still migrate towards the anion more efficiently than the liquid body moves in
the direction of the cathode, but the big difference is that non-polar dissolved compounds move with the water, and
can be collected at the cathode. Most organic soil contaminants, such as oil derived hydrocarbons or PAH compounds
such as creosote, have a very low solubility in water, and are therefore not extractable by pumping water through the
contaminated site. These hydrocarbons are in principle biodegradable, but the degradation rate in subsurface
conditions is often very low, the possible bottlenecks including: low bioavailability, low temperature, anaerobic
conditions (not always an obstacle), wrong nutrient balance (often lack of nitrogen), lack of degradative microbes and
suboptimal physical-chemical conditions. Many of these bottlenecks can be eliminated by electro osmosis by
arranging for missing nutrients (N, P) and electron acceptors (O2, SO4, Fe3+ etc.) to be introduced with water at the
anode. When needed, bacteria can also be introduced and Joule heating of the soil can stimulates bacterial activity and
also increase the bioavailability of the hydrocarbons. The bioavailability may further be increased by using
surfactants/detergents, which also improves the possibilities to remove the contaminant from the soil by extraction.
However, the electro osmotic approach is not without obstacles. Anodes are prone to corrosion if formed from
steel. The supply of oxygen or other electron acceptors will always be a limiting factor and variations in soil structure
and contaminant distribution are challenges to the successful use of electokinetics in bioremediation of contaminated
soil. The use of EKG material to under take the bioremediation can over come many of these problems by removing
the problem of anode corrosion and providing the ability to develop an oxygen environment.
5. CONCLUSIONS
Active geosynthetics in the form of EKG materials open up a new range of applications for geosynthetics. The
nature of these applications are fundamentally different to those conventionally associated with geosynthetics in that
the EKGs effect a change in the nature and form of the material in which they are placed. Current applications of
EKG materials relate to a number of main drivers including legal requirements, climate change, the need to reduce
carbon footprints, reclamation of water and reduction and reuse of wastes. Development of electrokinetic techniques is
spreading rapidly with research being under taken on most continents.
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