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Electro-Kinetic Flow Barriers in 
Compacted Clay 

}AMES K. MITCHELL AND ALBERT T. YEUNG 

Double li.ner systems are now required for new hazardous wa te 
landfills and impoundments to preveJlt groundwater conramina
tfon caused by leachate. However, uncertainty alway exi t about 
the longevity of the yntheric nexible membrane liner, and the 
compacted clay components of the liner sy tem may relea c ome 
seepage in time under a sustained hydraulic head. The mecha
ni ms of contaminant retention by clay minerals are not fu lly 
understood and the attenuation capacity of any containment y -
tern is finite. In addition, diffusion through the clay liner under 
a concentration gradient may increase the rate of contaminant 
migration into the environment above chat owing to advection 
alone. Electro-kinetic counterflow may be an effective measure 
to stop the migration of contaminant under a hydraulic gradient . 
An electro-kinetic fluid flow barrier can be created by the con
tinuou or periodic applicati n of an electrical gradient across a 
compacted clay liner. A coupled Oow theory to describe the simul
taneous fiOWS Of water, electrici ty a11d COLltaminant ions Ullder 
the influences of hydraulic, electrical , and chemical gradients has 
been developed by using the formalism of the thermodynamics 
of irrever ible proces e . An experimental testing program dem
onstrated the exi tence of electro-osmotic flow in partly aturated 
compacted clay and provided a basis to evaluate the validity of 
the theoretical predictions. An electrical gradient may move some 
inorganic species in soils much more effectively than hydraulic 
gradient. An electro-kinetic flow barrier halted the migrntion f 
the cation but accelerated that of the anion under laboratory 
testing conditions. 

In spite of intense efforts at waste minimization , recycling, 
and a lternative forms of waste disposal, landfill s and 
impoundments will continue to play a major role in environ
mental protection. 

The U.S. EPA issued regulations and performance stan
dards for liner systems as a part of the 1984 RCRA Amend
ments. Guidelines for the design, construction and operation 
of liner systems were promulgated in 1985 (J) to control 
groundwater contamination caused by those di posal facili
ties . A composite double liner system with leachate collection 
systems above and between liners is required for most disposal 
facilities. Those liners contain both synthetic flexible mem
brane layers (FML) and compacted clay layers. A recently 
publi'shed Technical Resource document (2) provide exten
sive information and data about clays and their role in the 
system. 

Unfortunately, the longevity of the FML is uncertain, and 
the FML, and the compacted clay component of the liner, 
may ultimately release some seepage under the influence of 
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a sustained hydraulic head. The mechanisms for retention of 
contaminants by clay minerals are not fully understood , and 
the attenuation capacity of the liner is finite. In addition, 
diffusion through the clay liner under the influence of a con
centration gradient may increase the rate of contaminant 
migration into the environment. An electro-kinetically induced 
counterflow has been proposed as a means to stop the migra
tion of contaminants . 

Electro-kinetic phenomena in clay are reviewed in this paper 
to establish the fundamental principles of electro-kinetic flow 
barriers. Theoretical analysis and experimental evaluation of 
electro-kinetic flow barriers to contaminant transport through 
compacted clay are described. Other potential applications of 
electro-kinetics for hazardous waste site remediation are also 
noted in the hope that they may stimulate future research. 

ELECTRO-KINETIC PHENOMENA IN CLAY 

The surfaces of clay particles are normally negative charged 
because of isomorphous substitutions and the presence of 
broken bonds. Adsorbed cations for electrical neutrality form 
diffuse double layers on the surfaces of clay particles when 
they are placed in water (3,4). The electro-kinetic properties 
of clay are determined principally by the structure of the 
diffuse double layer on the wet clay surfaces. 

Several electro-kinetic phenomena arise in clay when there 
are couplings between hydraulic and direct current electrical 
driving forces and flows . Those phenomena can broadly be 
classified into two pairs by the driving forces causing the 
relative movement between the liquid and the solid phases. 
The first pair consists of electro-osmosis and electrophoresis, 
where the liquid or the solid phase moves relative to the other 
under the influence of an imposed electrical potential. The 
second pair consists of streaming potential and migration or 
sedimentation potential , where the liquid or the solid phase 
moves relative to the other under the influence of hydraulic 
or gravity force and thus inducing an electrical potential. Those 
four electro-kinetic phenomena in clay are presented in Figure 
1. Detailed descriptions of these phenomena are given by 
Mitchell (3) and van Olphen (4). 

POTENTIAL USES OF ELECTRO-KINETICS FOR 
HAZARDOUS WASTE SITE REMEDIATION 

Electro-kinetics may be useful for hazardous waste contain
ment or site remediation or both in several ways. Each of 
these ways is briefly described next. 
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FIGURE 1 Electro-kinetic phenomena in clay. 
[Adapled from Mitchell (3).l 

Electro-Kinetic Flow Barrier to Contaminant 
Transport 

The periodic or continuous application of an electrical gra
dient across a low permeability compacted clay liner of a 
hazardous waste landfill in the direction indicated in Figure 
2 to inhibit any outward migration of hazardous constituents 
is denoted as electro-kinetic flow barrier. The contaminant 
migration is opposed by the combined effects of electro
osmosis and the effective ionic mobility of contaminant ions 
in compacted clay under the influence of the imposed electric 
field. 

The in-place saturated hydraulic conductivity kh of the com
pacted clay component of a liner system for a hazardous waste 
landfill must be 1 x 10- 1 cm/sec or less to fulfill the require
ment'. of the Hazardou and Solid Wa te Amendments (H WA 
of 1984 .(1). The co fficient of clectro-o motic permeability 
k, i ·a soil properly that indicates lhe hydraulic flow veloci ty 
through soil under a unit electrical gradient (i.e. 1 V/cm and 
is genera lly in the range of L x io- s cm2N sec to 10 x 10- s 
cm2/V sec for most soils and is relatively independent of soil 
type (3) . Hydraulic flow induced by a small electrical gradient 
in such a system should be able to balance that induced by a 
large bydraulic gradient. Hence, a mall DC electrical gra
dient applied continuously or periodically in the direction 
indicated in Figure 2 may stop the advection component of 
contaminant migration. 

The movement of contaminants by hydrodynamic disper
sion and advection also may be resi ted by an electrical gra
dient. Molecular diffusion in fine-grained soi l ·, which are the 
soil types in which electro-kinetics are most likely to be effec-
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FIGURE 2 Concept of electro-kinetic flow barrier. 
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FIGURE 3 Movements of cations and anions under the 
influences of hydraulic, electrical, and chemical gradients. 

tive , can be expected to be the dominant component of hydro
dynamic dispersion. Ionic contaminants will move relative to 
the hydraulic flow under the influence of the imposed elec
trical gradient. However, the directions and velocities of the 
ionic migrations depend on the charges and the ionic mobil
ities of the cation and the anion. Figure 3 illustrates the move
ments of the cations and the anions under the influence of 
hydraulic, electrical, and chemical gradients in terms of con
centration against distance at a certain time t. The hydraulic 
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flow velocities are vh and ve owing to the imposed hydraulic 
and electrical gradients, respectively. The effective ionic 
mobilities of the cation and the anion in soil (i.e., the velocities 
of the ions under the influence of a unit electric field) are uc 
and u0 • The applied electrical potential across the soil is E. 
The theoretical analysis and experimental evaluation of the 
viability of the electro-kinetic flow barrier to contaminant 
tran port through compacted clay are the main subjects of 
this paper. 

Concentration, Dewatering, and Consolidation 

It takes a long time for waste sludges, slimes, coal washeries, 
mine tailings, or polluted dredged materials to settle by gravity 
and to consolidate. The shortage of long-term disposal sites 
and the increasing demand for reuse of dump sites for some 
other pmposes shortly after being filled necessitate techniques 
to accelerate the concentration, dewatering, and consolida
tion processes. 

Electrophoresis and electro-osmosis may provide means to 
concentrate and dewater those fine-grained slurries. When 
an electric field is imposed on a slurry, suspended particles 
carrying negative charges will migrate toward the anode under 
the influence of the electric field (Figure 4). The den ·ified 
sediments at the anode can be removed periodically for fur
ther treatment or ultimate disposal without much difficulty. 
After the sediment has been densified sufficiently and the 
particle mobility has been reduced, further dewatering and 
con olidation can be achieved by electro-osmosis. Different 
procedures of applying those electro-kinetic techniques to 
density and dewater coal wa te slurry were outlined by Sprute 
and Kel h (5), who e laboratory and field resi re ults also 
indicated that a 100-acre by 110-ft-deep impoundment of 
coal waste sludge can be effectively consolidated by these 
electro-kinetic techniques. Moreover, the successes of electro
osmosis in dewatering polluted dredged materials and coal 
washery slimes were demonstrated in small scale experiments 
(6-8). However, attempts to dewater phosphate slimes in 
Florida have been only moderately successful. 

Electro-Kinetic Injection 

Electro-osmosis was successfully applied in lieu of injection 
pressure to cause bentonite suspension to move in controlled 
direction at an accelerated velocity through fine-grained soils 
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FIGURE 4 Densification of negatively charged particles from 
dilute suspension by electrophoresis. 
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(9). The bentonite suspension was injected from perforated 
steel tubular anodes into the soils toward the cathodes to eal 
off a building substructure from water percolation . Similarly, 
it may be possible to inject other chemical grouts to form a 
barrier in situ to mitigate contaminant migration and thus 
confine the contaminants within known boundaries. 

Electro-kinetic injection might be used to inject cleanup 
chemicals into contaminated soils to release adsorbed haz
ardous materials from the surfaces of soil particles, thus facil
itating subsequent removal by an appropriate method . Other 
chemicals may react with the toxics in situ to form harmless 
compounds or to fix the toxics on the surfaces of soil particles 
and render them immobile. 

Electro-Kinetic Extraction 

When an electric field is imposed on a wet soil mass, ionic 
migrations take place in directions dictated by the charges of 
the ions. The anions move toward the anode and the cations 
move toward the cathode (Figure 5) . The soil pore fluid moves 
toward the cathode because of electro-osmosis. The combined 
effects of electro-osmosis and ionic migration under the influ
ence of an imposed electric field may provide an effective 
means for removing contaminants from soils. 

Some factors affecting the effectiveness of electro-kinetics 
in contaminant removal were studied by Hamnett (10), whose 
experimental results on silica sand and by using carbon elec
trodes indicate the high potential for removing inorganic 
contaminants from soils by electro-kinetics. The possibility 
for movement of nonpolar organics through soil by electro
osmosis remains essentially unexplored. 

Electrochemical Effects in In Situ Cleanup 

A number of electrochemical effects other than electro
osmosis, electrophoresis, and ionic migration may develop 
when an electric field is imposed on a wet soil mass or clay 
suspension, such as ion diffusion, ion exchange, development 
of osmotic and pH gradients, desiccation owing to heat gen
eration at the electrodes, mineral decomposition, precipita
tion of salts and secondary mineral, electrolysis, hydrolysis, 
oxidation, reduction, physical and chemical adsorption, and 
soil fabric changes. 

Contaminants may be transformed into inert forms by pre
cipitation of salts and secondary mineral · and by chelation 
and may be removed from the soil by electrolysis, hydrolysis, 
or redox reactions. Hamnett (JO) reported that the chloride 
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FIGURE 5 Electro-kinetic extraction of ionic pollutants. 
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ions in silica sand evolved as chlorine gas at the anode as a 
result of electrolysis. The pH at the cathode becomes higher 
and that at the anode becomes lower owing to the electrolysis 
of water at the electrodes. Segall et al. (11) reported that the 
highly alkaline water at the cathode could desorb organics, 
pesticides, and heavy metals from the surfaces of soil particles 
and thus facilitated removal from soil by electro-osmosis. 

THEORETICAL ANALYSIS OF ELECTRO
KINETIC FLOW BARRIERS 

The theoretical formulation is only outlined here . The com
plete development is given by Yeung (12). Contaminant 
migration through a compacted clay liner equipped with an 
electro-kinetic flow barrier involves several coupled simul
taneous flows (i.e., water, electricity, and ions under the influ
ences of hydraulic, electrical, and chemical gradients). Those 
transport processes are formulated by the formalism of the 
thermodynamics of irreversible processes to give a quantita
tive description of the phenomenological coefficients (13-16). 

By the assumptions of the thermodyn::imics of irreversible 
processes, the flows or fluxes l; are linear and homogeneous 
functions of the gradients or driving forces X;. That is, any flux 
or flow l; is related to the gradients or driving forces by 

n 

l; = 2: L ;j X j 
j = l 

(i = 1, 2, ... , n) (1) 
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where the phenomenological coefficients L;j are independent 
of the driving forces. The L;; are the conductivity coefficients 
for direct flows, and the L;j (i f- j) are called coupling coef
ficients, which quantify the cross phenomena (3). The coupled 
flows that can occur under the influences of hydraulic, ther
mal, electrical, and chemical gradients are given in Table 1. 
Moreover, the matrix of phenomenological coefficients L;j is 
symmetric; that is , 

(i,j = 1, 2, .. ., n) (2) 

provided a proper choice is made for the fluxes l; and driving 
forces X; (13). Those identities are called the Onsager recip
rocal relations (14,15). The proper choice has to be formu
lated from the local balance equations of mass, energy, and 
momentum (16). 

Assuming the contaminant consists of an ionic salt that 
dissociates into one cation and one anion, the driving forces 
are identified to be the hydraulic gradient V( - P), the elec
trical gradient V( - E), the concentration dependent parts of 
the chemical gradients of the cation V(µ,~), and of the anion 
V(µ,~). The fluxes are the volume flow rate of the solution per 
unit area Jv, the electric current density/, the diffusional flow 
rate of the cation J~, and of the anion J~ per unit area relative 
to the flow of water. The diffusional flows are related to the 
absolute flows by 

- fd C; J .T; - . ; + w 
Cw 

(3) 

TABLE 1 COUPLED AND DIRECT-FLOW PHENOMENA 
(adapted from Mitchell (3)] 

GradientX 

AowJ 

Hydraulic Thermal Electrical Chemical 

Hydraulic 

Au id conduction Thenno-osmosjs Electro-osmosis Normal osmosis 

(Darcy's Law) 

Isolhermal Thermal 

Heat heat conduction Peltier effect Dufour effect 

transfer (Fourier's law) 

Electric Diffusion and 
Electric Streaming 

Thermo-electricity conduction membrane 

current potential 
(Ohm's/aw) potentials 

Streaming Diffusion 
Ion Soret effect Electrophoresis 

current (Fick' s law) 
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where c, is the concentration of ion i and cw is the concentra
tion of water. Hence, the set of phenomenological equations 
relating the four flows and the four driving forces is 

Jv = L 11V(-P) + L 12V(-E) 

+ L13V(-µ~) + Li4V(-µ~) (4a) 

I = L11V(-P) + L12V(-E) 

+ L13V(- µ~) + Lz4V(- µ~) (4b) 

Jd = c L31V(-P) + L32V(-E) 

+ L33V(-µ~) + L34V(-µ~) (4c) 

Jd = a L41 V(-P) + L 42V(-E) 

+ L43V(-µ~) + L44V(-µ~) (4d) 

Those equations contain four conductivity coefficients, L;; as 
defined next, and 12 coupling coefficients. Those phenome
nological coefficients are not independent. As a result of the 
Onsager reciprocal relations, 

L12 L11 (Sa) 

L13 L 31 (Sb) 

L 14 L 41 (Sc) 

L13 L 31 (Sd) 

L14 L42 (Se) 

L34 = L43 (Sf) 

Hence, there are only 10 independent coefficients character
izing the system. If any three of the driving forces can be set 
to zero in different experiments, then the quantities of flows 
are determined by a single driving force. The ratios of the 
measured quantities of flows to this force give the L;i· How
ever, it is not always possible or convenient to perform exper
iments with only one driving force. Instead, it is often more 
convenient to set two forces and one flow to zero and to 
evaluate the appropriate L,i by solution of the simultaneous 
equations that represent the actual test conditions. 

Considering the testing conditions used for the measure
ments of hydraulic conductivity, electro-osmotic permeabil
ity, electrical conductivity, osmotic efficiency , effective dif
fusivities, and the effective ionic mobilities, and assuming the 
solution is dilute with no interaction between the cation and 
the anion, the L,is were determined to be (12) 

Lu = ~ Li2L21 
(6a) +--

'Ywn Ln 

L12 L = ~ 21 n (6b) 

L 13 L31 
- week,, Li2L 23 

(6c) =-- -+--
'Ywn L21 

Li4 L41 
- wc,,k,, L 12L24 

(6d) +--
"(.,)I L21 

5 

L12 
K 

(6e) 
n 

L z3 L 32 ccuc (6f) 

Lz4 L 42 -caua (6g) 

L 33 
= Dccc (6g) 

RT 

L34 = L43 = 0 (6h) 

L44 
= D.,c0 (6i) 

RT 

where 

k,, = the hydraulic conductivity, 
k, = the electro-osmotic permeability, 

K = the bulk electrical conductivity of soil, 
w the reflection coefficient (the ratio of the measured 

osmotic pressure to the theoretical value) , 
'Yw the unit weight of water, 
cc = the concentration of cation, 
c. = the concentration of anion , 
uc = the effective ionic mobility of cation, 
u. = the effective ionic mobility of anion, 

De = the effective diffusivity of cation, 
D

0 
= the effective diffusivity of anion, 

n = the porosity of soil, 
R = the universal gas constant, and 
T = the absolute temperature. 

The contaminant flows relative to the soil are of more sig
nificance than the diffusional flows relative to water. Com
bining Equations 3 and 4 gives the flow equations for cations 
and anions under the influences of hydraulic, electrical, and 
chemical gradients: 

Jc = (L31 + ccL11hw V( - h) + (L32 + ccL12)V( - E) 

RT 
+ (L33 + ccLu)-V( - cc) 

cc 

J. = (L41 + c.L11 )'Y.vV(-h) + (L42 + c.L12)V(-E) 

RT 
+ (L43 + caL13)-V( - cc) 

Cc 

(7a) 

(7b) 

where V(-h) is the hydraulic gradient (dimensionless). 
Applying the principle of conservation of mass for steady flow , 
the governing equation for the concentration of species i is 

OC; = -V·J - G,. 
i)t ' 

(8) 

where G; is a source-sink term denoting the removal rate of 
species i per unit volume. Solution of this equation gives 
concentration of species i as a function of time and position. 
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Special cases of the general coupled flow theory were com
pared with existing solutions describing the phenomena for 
consistency (12), such as the diffusion potential equation, the 
advection dispersion equation, the van't Hoff equation, and 
the chemical osmosis and ultrafiltration equations. Those 
comparisons indicate that the developed theory is general and 
incorporates all flow phenomena as special cases. 

A one-dimensional computer model was developed to solve 
Equation 8 by finite differences as a function of time and 
position. The electrical and hydraulic gradients are assumed 
constant. However, the time and position dependencies of 
the chemical gradients are taken into account. The program 
allows input of all the required parameters and the application 
of periodic or continuous electrical gradients. When no exter
nally applied electric field exists , the computer simulation 
converges to the analytical solution given by Ogata and Banks 
(17) for contaminant transport by advection and dispersion. 

EXPERIMENTAL EVALUATION OF THE 
THEORY 

A laboratory testing program was developed to establish the 
effectiveness of electro-osmosis in driving water through both 
partially saturated and fully saturated compacted clay, to eval
uate the validity of the theoretically developed equations, and 
to establish the viability of the electro-kinetic flow barrier 
concept. 

Because the experimental apparatus required for this lab
oratory testing program could not be adapted from conven
tional soil testing equipment, a new apparatus was designed, 
fabricated, and assembled and contains two sets of fixed wall 
permeameters with five identical permeameters in each set. 
One set of permeameters is equipped with electrodes, and 
the other serves as controls to compare the efficiency of the 
electro-kinetic flow barrier. The schematic diagram of the 
experimental apparatus is depicted in Figure 6. The com
pacted clay samples are 1.4 in. in diameter and 4 in. in length. 
All samples are permeated under identical hydraulic gra-

.--------- Compressed air supply 

Inflow reservoir 
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dients. Each permeameter is equipped with independent 
measuring devices for inflow and outflow volumes. The volt
age across each sample and the electric current passing through 
can be monitored independently. The voltage measurement 
electrodes are separated from the electric current supply elec
trodes so that any adverse effects on voltage measurements 
arising from electrode reactions during the electro-kinetic 
process are eliminated. The current anodes are made of plat
inum mesh to minimize electrode reaction , and the other 
electrodes are made of stainless steel mesh for economic 
reasons. 

The soil used in this laboratory test program is a gray brown 
silty clay of moderate plasticity (Unified Soil Classification 
CH), comes from Livermore, California, and has been used 
to construct the compacted clay liner of a landfill at Altamont 
(it is referred to as Altamont soil throughout this paper). The 
maximum dry density is 110 pcf, and the optimum water con
tent is 17.4 percent as determined by the modified Proctor 
compaction te t. The liquid limit, plastic limit and plasticity 
index of the soi l are 52, 27 and 25 percent, respectively. 

Five samples were prepared to establish the effectiveness 
of electro-osmosis as a means of water transport by kneading 
compaction at different moisture contents into the permea
meters equipped with electrodes. The samples were saturated 
to different degrees of saturations using back pressures of 1 
kg/cm2 up to 5 kg/cm2 applied in five steps. Different electrical 
gradients were applied to the samples at each saturation stage, 
and the respective volume flow rates of water were measured 
to determine the 1.:udfi<.:it'.nls uf electro-osmotic permeability. 

Ten uniform replicate samples were compacted to evaluate 
the viability of an electro-kinetic flow barrier. All the samples 
were fully saturated with tap water and then were permeated 
with sodium chloride solution under identical hydraulic gra
dients. A periodic electrical gradient of 1 V/cm was applied 
for 1 hr/day to the group of permeameters equipped with 
electrodes. One sample from each group was dismantled from 
the system at an interval of 5 days. Each sample was then 
sectioned into eight pieces, and complete chemical analyses 
were performed on the pore fluid extracted from each piece. 

& ·r----T--- .. -.-----T ........ -,----r-r--------r--------T---------r--------0 
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FIGURE 6 Schematic diagram of the experimental apparatus. 
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RESULTS AND DISCUSSION 

The measured coefficients of electro-osmotic permeability of 
Altamont clay at different stages of back-pressure saturation 
are plotted against compacted dry densities and compaction 
moisture contents in Figures 7 and 8 respectively. Here k, 
is within the range of 1 x 10- 5 cm2/V sec to 7 x 10- 5 cm2/ 

V sec. The decrease in measured k, at later stages of back
pressure saturation may be due to the growth of micro
organi ms that block flow channel through the amples after 
prolonged permea tion . The measured hydraulic conductivi
tie k,, are in the range of 1 x 10- 7 cm/sec to 1 x w- 10 

cm/sec, depending on the compaction water content and den
sity, and are decreased with time even though the degrees of 
saturation were increased by the increase of back pressure. 
The growth of micro-organisms in the samples was evident 

7 

after careful examination of the samples at the end of the 
test. Nonetheless, the experimental results demonstrate the 
existence of electro-osmotic flow in both partially saturated 
and fully saturated compacted clay. The k. measured is in the 
range of that for most satu.rated soils studied in earlier inves
tigation (i.e . , 1 x 10- 5 cm2/V sec to 10 x 10- 5 cm2/V sec). 

The replicate samples for the electro-kinetic flow barrier 
study were compacted wet of optimum to 90 percent relative 
compaction. The hydraulic conductivities of those samples 
were measured to be on the order of 1 x 10- 9 cm/sec. The 
coefficients of electro-osmotic permeability were measured to 
be 2 x 10- 5 cm2/V sec. The diffusion coefficient of NaCl was 
measured in a separate experiment on similar samples to be 
3 x 10- 6 cm2/sec under conditions of standard temperature 
and pressure. The periodic application of an electro-kinetic 
flow barrier to the compacted clay samples indicated that the 

~0.00008 ~~-~-~-~-~~-~-~-~-~~-~-~-~ 
"' I 
~ 
0 

< 
NE 0.00006 
~ 

~ 
ii 
0 E 0.00004 
L.. 
Q) 

a. 

" :;::; 

E 0 .00002 

"' 0 
I 
0 
L.. ..... 
" 

Bock pressure : 

~1 kg/cm~ ) ~2 kg/cm
2 

~3 kg/cm
2 UJ...U 4 kg/cm
2 a 

~5 kg/cm 

~ 0.00000 ,____. _ __._ _ _._ _ _,__,____,..___._ _ _._ _ __._ _ _.__,____, _ __._ _ _, 
90.0 92.0 94.0 96.0 98.0 100.0 102.0 104.0 

Dry density (pcf) 

FIGURE 7 The relationship between electro-osmotic permeability and dry density 
for compacted Altamont clay. 
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FIGURE 9 Distributions of contaminants aflcr 20 days. 
Continuous application of hydraulic gradient and periodic 
(I hr/day) application or electrical gradienl. 

migration of sodium ions was halted and the migration of 
chloride ions was accelerated . In this case , the ionic mobility 
of the chloride ion exceeded the electro-osmotic counterflow 
and resulted in a net migration of chloride ions toward the 
anode. However, the electrical gradient provided a very efft:c
tive flow barrier to the migration of the cation. 

The distributions of contaminants (NaCl) after 20 days of 
permeation is presented in Figure 9. The curves give the com
puter model predictions by using the measured parameters as 
input. The measured concentration profiles are observed to 
be in good agreement with the predicted profiles given by the 
theory. 

PRACTICAL APPLICATION 

The results from this continuing research indicate that electro
osmosis can stop advective and dispersive flows through com
pacted clay. The cathode would l>e installed on the landfill 
side of a clay liner when applied to a landfill. Transport of 
contaminants by those mechanfams would be prevented by 
maintaining a small net inward flow (i.e. a greater inward 
electro-osmotic flow than outward hydraulic flow). 

However, the results also show that ionic transport in the 
electric field would cause migration of anions to the anode 
underneath the liner. Should those anions pose a risk to the 
environment, then a collection system would be required for 
their removal. 
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Analysis indicates that for values of hydraulic conductivity 
and electro-osmotic permeability typical of those for com
pacted clay liner materials (i .e., kh ::s 1 x 10- 7 cm/sec and 
k, = 5 x 10- s cm2N sec) the required sustained DC voltage 
across a liner of typical thickness (i.e., 3 ft) would be quite 
low (of the order of a few tenths of a volt) . Thus, problems 
resulting from gas and heat generation and cracking often 
associated with electro-osmosis when used for day consoli
dation may be minor. Because both the voltage and the cur
rent density would be low, the power costs would be low . 

CONCLUSIONS 

1. The existence of electro-osmotic flow in partially saturat
ed and fully saturated compacted clay of the type used in 
waste landfill liner systems was demonstrated experimentally. 

2. The coefficients of electro-osmotic permeability of com
pacted Altamont clay were measured to be in the range of 1 
x 10- 5 cm2/V sec to 7 x 10- 5 cm2/V sec. Those values are 
in the range of values for most of soils (3). 

3. An electro-kinetic flow barrier such as the one depicted 
in Figure 2 halted the migration of the cation but accelerated 
that of the anion under laboratory testing conditions . 

4. The developed coupled flow theory reasonably predicted 
the migration of the contaminant ions under the influences 
of the hydraulic, electrical, and chemical gradients. 

5. An electrical gradient may move some inorganic species 
in soils much more effectively than a hydraulic gradient. 

ACKNOWLEDGMENTS 

This research was supported by the University of California 
Water Resources Center under Project W-699, Waste Con
tainment and Cleanup Usi•ig Electro-Osmosis; by the Envi
ronmental Institute for Waste Management Studies of the 
University of Alabama; and by The Earth Technology Cor
poration, Long Beach, California, which selected the second 
author as The Earth Technology Corporation Fellow 1987-
1989. The support is gratefully acknowledged. This paper has 
not been subjected to the peer and administrative revi ew of 
those organizations and therefore does not necessarily reflect 
their views and no official endorsement should be inferred. 

REFERENCES 

1. Draft Minimum Technology 11idi1i'1ce 011 Double Liner y.~tem. 
for Landfills and Surface f111 po11111i111e111 : Design, 011 tmction, 
a11d Operation , 2nd version . Report - PA/530/SW-85/014, · PA 
Cincinnati, 1985. 

2. L. J . Goldman, L. I. Greenfield A .. Damle. G. L. Kingsbury, 
c. M. Nor1heim, and R. . True dale. De ig11 , Co11strncrio11 and 
Evaluation of Cla Liners for Waste Ma11nge111e11t Facilities. Report 
E PA/530/ W-86/007F, EPA, W11shington, D . . , L9 8. 

3. J. K . Mitchell . F1111dame111al. of, oil Behavior, John Wi.ley ew 
York , 1976. 

4. H . van Olphen . An Introductio11 to Clay Colloid Chemistry, 2nd 
edition, John Wiley, New York . 1977. 

5. R. H. Spnnc and R. H. Kclsh . Electroki11etic De11sijicfltio11 of 
Solids i11 11 Coal Mine Sedi111e11 / Ponti: A Fcasibifily 111dy : l. 
Laboratory and Field T t . Rep rt f lrwe·tigntion 8666, Bureau 
of Mines , U.S. Department o( the Interior, Washington, D. . , 
1982. 



Mitchell and Yeung 

6. R. J. Krizek, F. B. Gularte, and P. L. Hummel. Stabilization of 
Polluted Dredgings by Electro-Osmosis. Proc., ASCE National 
Water Resources and Ocean Engineering Convention, San Diego, 
1976. 

1. N. C. Lockhart. Sedimentation and Electro-Osmotic Dewater
ing of Coal-Washery Slimes. Fuel, Vol. 60, No. 10, 1981, pp. 
919-923. 

8. N. C. Lockhart and R. E. Stickland. Dewatering Coal-Washery 
Tailings Ponds by Electro-Osmosis. Powder Technology, Vol. 
40, No. l - 3, 1984, pp. 215-221. 

9. W. J. Holmes. Electro-Osmosis and the Civil Engineer. Civil 
Engineering Public Works Review, Vol. 58, No. 682, 1963, pp. 
624-626. 

10. R . Hamnett. A Study of the Processes Involved in the Electro
Reclamation of Contaminated Soils. M.Sc. dissertation, Univer
sity of Manchester , 1980. 

11. B. A. Segall, . " O'Bannon, and J. A. Mathia . E lectro-0 mosi 
Chemistry and Water Quality. Journal of the Geotecf111icnl Dilii
sion, ASCE, Vol. 106, No. GTlO, 1980, pp. 1148-1152. 

9 

12. A. T. Yeung. Electro-Kinetic Barrier to Contaminant Transport 
Through Compacted Clay. Ph.D. dissertation, University of Cal
ifornia, Berkeley, 1990. 

13. S. R. de Groot and P. Mazur. Non-Equilibrium Thermody
namics, North-Holland, Amsterdam, 1962. 

14. L. Onsager. Reciprocal relations in irreversible process, 1. Phys
ical Review, Vol. 37, No. 4, 1931, pp. 405-426. 

15. L. Onsager. Reciprocal Relations in Irreversible Process, 2. Phys
ical Review, Vol. 38, No. 12, 1931, pp. 2265-2279. 

16. D. D. Fitts. Nonequilibrium Thermodynamics, McGraw-Hill, New 
York, 1962. 

17. A. Ogata and R. B. Banks. A Soluri(l11 of the Differential Equa
tion of Longitudinal Dispersion in Porous Media . Pro(essional 
Paper 411-A, U.S. Geological Survey, 1961. 

Publication of this paper sponsored by Committee on Physicochemical 
Phenomena in Soils. 


