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In use most geosynthetics play a passive role. 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 electro-osmosis, 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 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.
The majority of the uses of EKG are in hydraulic applications or applications with a signiﬁcant
hydraulic component. These can be grouped in separate engineering categories such as civil, mining, and
water engineering. The concept of electrokinetic geosynthetics is described and details of applications
and case studies are provided in the paper.
Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
In use most geosynthetics play a passive role, e.g. geomembrane
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 electro-osmosis, 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) (Nettleton et al., 1998; Hamir et al., 2001).
Electrokinetic geosynthetics (EKG) are a platform technology,
which combine a wide variety of materials 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
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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 14
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 EKG;
Electrical control and operation of the EKG; and
Management of the boundary conditions associated with the
EKG.

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
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Table 1
Functions used in practical applications of EKG.

Electrokinetic EK

Function

Effects

1. Electro-osmosis

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

2. Electrophoresis
3. Ion migration
4. Electrolysis of water

5. Heating
6. Oxidation reactions
7. Reducing reactions
Geosynthetics G

1. Drainage
2. Reinforcement
3.
4.
5.
6.

Filtration
Separation
Containment
Membrane action

7. Sorption

Water ﬂow
Gas ﬂow
Tensile strength
In-plane stiffness
Barrier to solids entrained in ﬂow
Strengthening and prevent mixing
Physical containment of solids
Barrier to ﬂow
(containment of ﬂuids)
Capture of liquids or
dissolved species

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

Parameter

Effect

Practical
implication

Electro-osmosis

Water ﬂow rate,
Q ¼ KeV/LA

Drainage and
water content

Pore water pressure
u ¼ (Ke/Kh)V/L

Consolidation or
decompaction

DpH ¼ f (I/A)

Acid/alkali changes

D [O2], [H2] ¼ f (I/A)

Oxygenation, i.e.
redox potential

Electrokinetic
hardening

f pH; CEC; electrode
composition

Stiffening of
soil/waste

Joule heating

f ¼ I2R, and
conductivity
of material (Ts)

Heat generation

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

Electrolysis

Fig. 1. Conceptual representation of electro-osmosis in soil.

(þve) to the cathode (ve), Fig. 1. 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) the following.
 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 stabilization).
Electro-osmosis 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. Fig. 2 shows that, whereas hydraulic
permeability is related to grain size, electro-osmotic 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 Fig. 2 is schematic and that electroosmotic ﬂow is a function of a number of factors (Jones et al., 2008).

Fig. 2. Comparison of hydraulic and electrokinetic ﬂow rates.
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Table 3
Values for Ke (after Mitchell, 1993).
Material

Water
content (%)

Ke  109
(m2/sV)

Approximate soil
permeability (m/s)

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

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
2.0e2.5
2.4e5.0
3.0e6.0

1010
1010
109
108
109
107
106
106
2.0  1010
2.0  1010
1.2e6.5  1010

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.
2.2. Electro-osmotic efﬁciency
Fig. 3. Conceptual view of double layer structure at solid/water interface.

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. Al3þ for Si4þ or Ca2þ for Al3þ. 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 (Fig. 3).
The most widely used description of the phenomenon of electroosmosis 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 as:

Qe ¼ Ke V=LA

(1)

where Ke ¼ n3wz/m, n ¼ porosity, 3w ¼ water permitivity (F/m),
z ¼ zeta potential (V), m ¼ viscosity (Ns/m2).

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, s
(and its contributing factors). The factors of the mineralogy which
have a positive effect on the potential for good electro-osmotic ﬂow
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 (s); low salinity; a high pH and a low
surface charge density per unit pore volume, A0.
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 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).
2.3. Cost of treatment
Cost can be the single driver for the use of EKG 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).
3. EKG material developments
The current forms of EKG materials which have been or are
under development are illustrated in Table 4. Table 4 shows that the
main forms of EKG currently developed are based on the electrokinetic functions of electro-osmosis, joule heating and ion
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Table 4
Embodiments of EKG technology that exploit speciﬁc electrokinetic and geosynthetic functions.
EK

G
Geosynthetic functions

Electrokinetic functions

Electro-osmosis

Electrophoresis
Ion migration
Electrolysis of water
Heating
Oxidation reactions
Reducing reactions

Drainage

Reinforcement

Filtration

Separation

Containment

ePVD
eMat
eStrip
Rekg
ePD
eFDC
eBFP
ePFP
eFCB
eBFP
ePVD
eMat
eStrip
EMat
eStrip
ePVD
eBFP

REKG
eSN
eMat

ePVD
Rekg
ePD
eFDC
eBFP
ePFP

eMat

eFCB

eSN

ePVD
ePVD eBFP ePFP
eMat
eMat

eMat

eSN
eBFP

eFCB

migration, together with the geosynthetics functions of drainage,
ﬁltration and reinforcement.
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.
All geosynthetic materials have to fulﬁl the function for which
they are designed and this is also the case with EKGs. Some EKGs,
particularly in hydraulic applications, 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 eSN, eFCB and ePDs (Table 4).
Examples of some EKG materials that have been developed to
perform hydraulic functions are shown in Figs. 4e6.

materials (Table 5). Consideration of Table 5 shows that the majority
of the uses of EKG are in hydraulic applications or applications with
a signiﬁcant hydraulic component. Typical applications in civil engineering include consolidation of weak soils and the strengthening/
stabilization of embankments and cuttings (Pugh, 2002; Chew et al.,
2004; Kulathilaka et al., 2004; Glendinning et al., 2005; Jones et al.,
2006; Lamont-Black and Weltman, 2010). In the case of mining EKG
applications include dewatering and recovery of water from tailings
(Pavlakisi et al., 2002; Fourie et al., 2002, 2004a,b, 2007; LamontBlack et al., 2007a,b). In the water industry EKG applications include
real time dewatering of sewage and consolidation of old sludge
lagoons (Lamont-Black et al., 2005; Glendinning et al., 2006). Details
of these forms of application and case studies are shown below.

4. Applications of EKG

Q ¼ Kh ih A

A wide range of new applications has been established for EKG
materials which cannot be addressed by conventional geosynthetic

where Kh ¼ the hydraulic conductivity, ih ¼ the hydraulic permeability produced by the surcharge loading and A ¼ the area.

4.1. Electrokinetic consolidation
Conventional consolidation uses prefabricated vertical drains
(PVDs) and surcharge loading. Consolidation is a function of
hydraulic ﬂow and can be expressed by Darcy’s law:

Fig. 4. EKG electrodes for slurries/sludge dewatering and cutting/slope stabilization.

(2)
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Fig. 5. EKG electrodes for planar conditioning in sports turf/agriculture applications.

Electro-osmotic consolidation can be expressed by a similar
equation:

Q ¼ Ke ie A

(3)

where Ke ¼ the coefﬁcient of electro-osmotic permeability and
ie ¼ the potential gradient used in place of surcharge loading.
In the case of ﬁne-grained soils the effectiveness of electroosmotic consolidation compared with conventional hydraulic
consolidation can be illustrated by comparing the electro-osmotic
and hydraulic permeability of a range of soils (Fig. 2).
The concept of electro-osmotic consolidation of a low impermeable soil mass is illustrated in Fig. 7. The application of an electrical potential difference to an impermeable soil with the
appropriate drainage conditions (usually anode closed and cathode
open) generates negative pore water pressures within the soil mass;

u ¼ Ke gw V=Kh
where V ¼ voltage.

(4)

The generation of negative pore water pressures (u) causes an
increase in the effective stress (s0 ) within the clay with no change in
total stress (s):

s0 ¼ s  u

(5)

As there is an increase in effective stress the soil particles pack
together more tightly resulting in consolidation. For the 1-D case
the increase in effective stress is equivalent to an equivalent surface
loading which would generate the same increase in effective stress
and hence the same settlement.
The consolidation settlement caused by electro-osmosis is
assumed to continue until the hydraulic force that drives water
back towards the anode exactly balances the electro-osmotic force
driving water towards the cathode. The amount of consolidation
that will take place depends upon the soil compressibility as well as
the change in effective stress. Electro-osmosis is of little use in over
consolidated clay unless the increase in effective stress is large
enough to bring the soil back onto the virgin compression line.

Fig. 6. EKG ﬁlter belt and EK drainage bag.
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Table 5
Industries, markets and sectors of current EKG applications and developments.
Industry

Market

Market sector

EKG embodiment

Water

Sewage treatment

Dewatering machinery

EKG belt press
EKG plate press
ePD systems
EKG ﬁltration bags
EKG plate press
ePVD systems
EKG Belt press and EKG bags
ePVDs
EKG belt press
ePVDs
EKG plate press
EKG belt press and vacuum belt
ePVDs
ePVDs and/or electrokinetic soil nails
EKG ﬁltration bags
EKG belt press
EKG ﬁltration bags
ePVDs and 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 and ePD system
ePD system

Water treatment
Food
Mining

Civil Engineering

Processed foods and drinks
Copper
Diamond
Iron Ore
China clay
Coal & coal waste
Tailings lagoon stabilization
Combating liquefaction
Ground engineering
Waterways engineering
Railway and highway maintenance
General and highway construction
Brown ﬁeld development/land reclamation

Sport

Highway maintenance/dewatering gulley waste
Nuclear waste
Construction

(Horticulture)
Geoenvironmental Engineering

Maintenance
Decontamination/Brownﬁeld development

It has been shown that the minimum negative pore water pressure
generated by electro-osmosis is limited to approximately 100 kPa
and the magnitude and distribution of settlement can be obtained
based upon conventional consolidation theory.
The advantages of electrokinetic consolidation using ePVDs over
consolidation using conventional prefabricated vertical drains
(PVDs) include removing the need of surcharge loading, reduction
in the time required for consolidation to occur (by an order of
magnitude) and the elimination of problems of kinking and smear
which degrade the effectiveness of conventional PVDs which do not
occur with ePVDs (Satibi, 2001). In the case of dewatering waste
lagoons in-situ surcharge loading is not possible and the use of
ePVDs is the only practical treatment method.
The design and analysis of electokinetic consolidation of soils
has been detailed by Jones et al. (2006).
4.2. Strengthening of slopes and cuttings
The concept of EKG strengthening of a slope is shown in Fig. 8.
The orientation of the electrodes is selected to intercept any
potential failure plane. Electro-osmotic treatment results in an
immediate reduction in pore water pressure and accelerated

Fig. 7. Concept of Electro-osmotic consolidation.

Composting
Dewatering
Dewatering
Consolidation
Dewatering
Stabilization
Dewatering
Dewatering
Product dewatering
Dewatering
Dewatering
Stabilization
Dewatering
Dewatering dredgings
Embankment stabilization
Slope and embankment stabilization
Reinforced soil
Ground consolidation
Ground consolidation
Waste solidiﬁcation
Waste solidiﬁcation
Waste solidiﬁcation
Football
Cricket
Golf
Football
Environmental

dewatering of the slope which results in an increase in the shear
strength of the soil, reducing the risk of a slip plane developing. In
addition, the electrodes can be formed to act as permanent passive
drains and reinforcement (soil nails) once the electrokinetic treatment is complete. An additional beneﬁt of stabilization using EKG
materials is a major improvement in the bond between the EK
reinforcement and the soil (Hamir et al., 2001). The design and
analysis of the strengthening/stabilization of slopes and cuttings
has been described by Lamont-Black and Weltman (2010).
4.2.1. Case study: electrokinetic stabilization of a railway
embankment
There are 20,000 km of earth structures (cuttings and embankments) on the UK highway and rail networks. The railway
embankments and cuttings were mostly developed during the
Victorian period (1840e1900) and were not built to modern
geotechnical engineering standards. The ongoing maintenance and
remediation of the railway infrastructure, partly caused by climate
change, has become a major engineering issue. In the case of

Fig. 8. Electrokinetic strengthening of slopes.
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highway embankments climate change is resulting in an increase in
the rate of failures caused by the development of excessive pore
water pressures and residual conditions.
Toe weighting and/or slope regrading is commonly used to
tackle the problem, but these do not address the problem of
shrinkeswell associated with annual changes caused by vegetation
which is a particular problem on railways or pore water pressure
changes and may delay failure rather than prevent it. In addition,
these methods can consume large quantities of primary aggregate
and energy and are becoming less viable.
Electrokinetic ground treatment has been recognized as a novel
slope treatment method which can:





Stabilize the slope;
Address pore pressure changes;
Address shrinkeswell behaviour;
Require only modest access owing to the absence large plant;
and
 Involve low relative energy consumption.
On behalf of Network Rail (UK) a 9 m high Victorian embankment in London was stabilized in 2009. The embankment had been
constructed by end tipping a mixture of weathered London Clay
and other material such as brick and stone fragments onto underlying alluvium and terrace gravels (Fig. 9). An assessment of the
embankment identiﬁed several sections as unstable. Inclinometer
readings near the top of the embankment indicated a slip surface at
approximately 2.5 m depth, which could either be a shallow
translational slide or part of a deeper circular failure. Stability
calculations indicated a Factor of Safety for the slope of 1.0.
EKG treatment was designed to accommodate either of the
identiﬁed failure mechanisms. The treatment was based around an
array of EKG electrodes installed at 2 m centres in the form of
tessellating hexagonal cells, with the hexagon being deﬁned by
anode stations and a central cathode. The electrodes at the top of
the slope were installed at a sub-horizontal inclination; the others
were installed normal to the slope. The EKG electrodes were
installed in 10 days by a two man team (Fig. 10). Upon application of
a DC potential (60e80 V) electro-osmosis forced water to ﬂow from
the soil adjacent to the anodes to the cathodes. The treatment took
six weeks and resulted in the following.
 Dewatering from the cathodes >25 times that from control
drains.
 Cation exchange processes caused a reduction in plasticity and
shrinkage characteristics.

Fig. 9. Cross section of slope showing the postulated failure planes.

Fig. 10. EKG anode/cathode installations using a P45 drill rig.

An increase in groundwater temperature from 10  C to 20  C.
DC power consumption was 11.5 kWh/m3 of soil treated.
Improvements in shear strength parameters (c0 and F0 ).
A 263% improvement in the bond strength of the anodes acting
as nails (Fig. 11).
 Slope movement tending to zero after treatment.





Following EK treatment the anodes were retained as permanent
soil nails and the horizontal cathodes were retained to act as
permanent drainage.
Slope stability analyses were undertaken pre- and post-treatment. Input data was the lowest measured values for the
improvements in shear strength parameters and the lowest
measured values for improvements in nail bond strength. The
analytical results are shown in Table 6.

Fig. 11. Anode pullout test results.
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Table 6
Results of slope stability analyses.

Table 7
Disposal cost comparison relating to Fig. 12 (after McLaughlin, 2005).

Analysis

Reinforcement

Factor of safety (ULS)

Pre-EK treatment
Post-EK treatment
Post-EK treatment

No
No
Yes

0.96
1.47
1.71

4.2.2. Permancy of treatment
The use of EKG to stabilize slopes is permanent because:
 Soft weak embankment materials consolidate and improve in
shear strength with EK treatment. This consolidation is
permanent. In addition, EKG treatment works best on those
materials which are critical to the stability, and in this way the
treatment can be considered ‘self selecting’;
 Modiﬁcations in soil clay chemistry such as cementation and
plasticity changes occur under conditions induced by electroosmotic ﬂow and without such a ﬂow to reverse the changes,
the effects are permanent;
 Enhancement of soil/reinforcement bond is permanent; and
 Passive drainage (de-activated cathodes) is retained in the
slope.
4.2.3. Costs and carbon footprint
A cost analysis comparing like for like slope stabilization using
the EKG method with the use of conventional treatment based upon
the use of gabion baskets and slope slackening, showed that the EKG
treatment produced cost savings of 26%. The carbon footprint of EKG
treatment was 47% lower than that of conventional treatment.
4.2.4. 4Induced currents
Issues have been raised regarding the possibility of ‘stray’
currents which could inﬂuence signalling systems. The term “stray
current” is used to denote electric currents which do not ﬂow
where intended and are caused by two mechanisms:
 Direct conduction; and
 Induced currents.
An analysis of the EKG treatment indicated that such currents
are negligible.
4.3. Dewatering of sewage sludge
The treatment and disposal of sewage sludge is one of the most
problematical issues affecting waste water treatment in the

Loading (kg dry solids/hour)
Operating hours
Cake, % dry solids
Disposal cost, £/m3
Disposal cost, £/year
EKG savings, £/year/machine

Conventional
belt press

EKG belt
press

540
8000
19
15
340,500

540
8000
31
15
208,500
132,000

developed world. Historically, water companies disposed of large
quantities of sludge in unengineered lagoons because this represented the cheapest possible method for ‘dealing with’ the problem.
Unfortunately these lagoons did not in fact deal with the sludge, but
just postponed the time when it would have to be tackled properly. It
has been demonstrated that electrokinetic dewatering of these old
lagoons is both feasible and economic (Lamont-Black et al., 2005;
Jones et al., 2006; Glendinning et al., 2006, 2008).
Treatment of raw sewage produces sludge with solid contents in
the range 1e3%. Dewatering of these materials is a persistent and
complex problem for all water companies. 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
25e30%. In general terms conventional belt press treatment systems
produce a sludge cake with a dry solids content of 16e20% and
centrifuges produce dry solid 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 suitable for use is a two-dimensional woven polyester sheet providing:
ﬁltration, reinforcement, containment and electro-osmosis (Fig. 6).
The result of using EKG technology in sewage dewatering by
Thames Water Company (London) is shown in Fig. 12. Similar
results have been obtained in Germany. Fig. 12(a) shows that, at
a dry solids content of 19%, the material is still in liquid form and
difﬁcult to transport, this can require 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
(Fig. 12(b)), resulted in a sludge that is no longer a liquid and can be
handled without the addition of bulking material. In addition, the
volume of material to be disposed of was reduced by 39%. At 30þ % dry
solids many sludge cakes are auto-thermic and can be used as a fuel.

Fig. 12. (a) Conventional treatment, 19% dry solids content; (b) EKG enhanced treatment, 31% dry solids and 39% volume reduction.

C.J.F.P. Jones et al. / Geotextiles and Geomembranes 29 (2011) 381e390

389

Fig. 15. Dewatered tailings (78%) dry solids.

Fig. 13. Disposal of kimberlite slimes.

The economics and cost savings of using EKG technology to
dewater sewage sludge has been identiﬁed by McLaughlin (2005),
Lamont-Black et al. (2006), Huntley et al. (2006). (Table 7).
4.4. Dewatering and recovery of water from 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 mm) and slimes
(<75 mm). 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. 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 et al., 2004a,b, 2007).
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 (Fig. 13).
Laboratory and full scale trials at Kimberley (South Africa) using an
electrokinetic belt press have 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 (Fig. 14). The dewatered tailings are suitable for
transportation to the disposal site by conveyor, Fig. 15. The results of
the trials gave:
 Reduction in carbon dioxide (55%): TCO2/yr;
 Reduction in power consumption (55%): MWhr/yr;
 Reduction in water discard (67%) with water recovery of 1.75
MT/yr;
 Reduction in volume of tailings (49%); and
 The potential elimination of the need for a tailings dam.
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. Many
applications of EKG materials and methods have a major hydraulic
component in that they depend on inducing the ﬂow of water
through ﬁne-grained materials which previously could not be
achieved. EKG applications 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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Notation
A: area (m2),
CEC: cation exchange capacity,
f : function,
Ke: coefﬁcient of electro-osmotic permeability (m2/sV),
Kh: coefﬁcient of hydraulic conductivity (m/s),
I: current (A),
L: length (m),
[O2], [H2]: concentration of aqueous and gaseous O2 and H2,
Ts: thermal conductivity of sludge/waste mixture,
V: voltage
V/L: potential gradient (V/m),
w: water content,
s: electrical conductivity of sludge/waste mixture,
gw: unit weight of water
Electrokinetic materials
ePVD: electrokinetic prefabricated vertical drain,
eMat: electrokinetic mat,
eStrip: electrokinetic strips,
ePD: electrokinetic prefabricated drain e horizontal or sub-horizontal,
eFDC: electrokinetic ﬁltration drainage curtain,
REKG: reinforcement EKG56,
eBFP: electrokinetic belt ﬁlter press,
ePFP: electrokinetic plate ﬁlter press,
eFCB: electrokinetic ﬁltration containment bag,
eSN: electrokinetic soil nails.

