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Foreword

The twenty-two papers included in this record have been arranged in three groups. The first
group contains six papers on effects of natural and applied electrokinetic processes on con-
taminated soils. The second group has three papers on the use of waste materials in con-
struction. The information presented is useful in minimizing environmental impacts. The
remaining 13 papers comprise the third group and deal with different aspects of geotechnical
engineering.

Landfills and impoundments will continue to play a major role in environmental protection
in spite of the intense efforts at waste minimization, recycling, and alternate forms of waste
disposal. Therefore, geotechnical engineers are interested in the application of electrokinetic
phenomena as electrochemical processing techniques. The first six papers included in this
record deal with the theoretical, experimental, and field investigation of electrokinetic phe-
nomena in soils. Mitchell and Yeung describe results of theoretical analyses and experimental
evaluation of electrokinetic flow barriers to contaminant transport through compacted clay
and propose an electrokinetically induced counter flow to stop the migration of contaminants.
Gray and Outcalt report on measurements of soil water potential and temperature made in
the field during a freeze event to support the concept of variations in electrical potentials
during freezing and thawing caused by soil electrolyte concentration changes resulting from
phase transformations and advection. Olsen et al. review laboratory evidence for mechanisms
of groundwater movement related to chemico-osmosis and diffusion-osmosis and provide
data on loosely compacted kaolinite and an undisturbed sample of claystone. Acar et al.
review an analytical model and present the results of laboratory tests conducted to predict
electrical, hydraulic, and chemical gradients across saturated strata generated by application
of an electro-osmosis process. Korfiatis et al. describe an experimental approach to assess
relative magnitudes of hydraulic and electro-osmotic permeabilities under the application of
hydraulic or electric gradients or both and the extent of pH changes during the electro-
osmotic process. Pamucku et al. report on investigation of the feasibility of using electro-
osmosis to remove zinc from contaminated soil.

Information on engineering behavior and on economic and environmental assessments is
essential in considering the use of waste materials in transportation-related constructions.
The next three papers detail the use of waste materials in highway construction. The paper
by Ormsby and Fohs has a wealth of information on industrial, municipal, domestic, and
mining wastes, and the papers by Usmen and Bowders and Bowders et al. provide results
of tests conducted with Class F fly ash.

The third group of papers discuss various geotechnical aspects of highway engineering.
George reports on structural characteristics relevant to the design of cement-treated bases,
design criteria, and distress modeling. Ismael et al. describe expansive behavior of crushed
cemented-sand used as road base material in arid areas and appropriate remedial measures.
Berg et al. report on the economics of using reinforced soil slopes, particularly steepened
highway embankment slopes. Bathurst and Benjamin describe the results of tests conducted
on a large-scale reinforced soil wall built within the Royal Military College of Canada’s
Retaining Wall Test Facility. Pfeiffer and Higgins give the basic theory behind the Colorado
Rockfall Simulation Program (CRSP) and data on experimental verification and calibration
of CRSP. Katona describes the requirements for corrugated high-density polyethylene plastic
pipe to withstand vehicular loading when used as a culvert under roadways. Abdel-Karim et
al. examine load dispersion through soil and distribution of load through rigid pavements
and concrete box culvert top slab. Bang and Yeon report on a quasi-three-dimensional method
of analyzing earth-retaining structures with skew reinforcement (such as bridge abutments).
Boghrat describes four design methods for drilled piles used as foundation for sound barrier
walls on roadways in residential areas. Keaton and Eckhoff provide data to evaluate in
comparable terms all geologic hazards at a site and a method of intelligent decision making

vii



Viii

on the basis of the evaluation. Akinyede et al. report on application of probabilistic analysis
methods during the preengineering phase to predict construction and maintenance costs.
Roberds describes potential problems associated with subjective probability assessments related
to geotechnical investigations, ways of mitigating those problems, and methods of selecting
appropriate techniques. Sattler et al. report on implementation of a bearing-capacity design
procedure and describe a computer program that computes the stresses involved.
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Electro-Kinetic Flow Barriers in

Compacted Clay

JamEes K. MITCHELL AND ALBERT T. YEUNG

Double liner systems are now required for new hazardous waste
landfills and impoundments to prevent groundwater contamina-
tion caused by leachate. However, uncertainty always exists about
the longevity of the synthetic flexible membrane liner, and the
compacted clay components of the liner system may release some
seepage in time under a sustained hydraulic head. The mecha-
nisms of contaminant retention by clay minerals are not fully
understood, and the attenuation capacity of any containment sys-
tem is finite. In addition, diffusion through the clay liner under
a concentration gradient may increase the rate of contaminant
migration into the environment above that owing to advection
alone. Electro-kinetic counterflow may be an effective measure
to stop the migration of contaminants under a hydraulic gradient.
An electro-kinetic fluid flow barrier can be created by the con-
tinuous or periodic application of an electrical gradient across a
compacted clay liner. A coupled flow theory to describe the simul-
taneous flows of water, electricity, and contaminant ions under
the influences of hydraulic, electrical, and chemical gradients has
been developed by using the formalism of the thermodynamics
of irreversible processes. An experimental testing program dem-
onstrated the existence of electro-osmotic flow in partly saturated
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 migration of
the cation but accelerated that of the anion under laboratory
testing conditions.

In spite of intense efforts at waste minimization, recycling,
and alternative forms of waste disposal, landfills 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 () to control
groundwater contamination caused by those disposal 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
published Technical Resource document (2) provides 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

J. K. Mitchell, Department of Civil Engineering, 439 Davis Hall,
University of California, Berkeley, Calif. 94720. A. T. Yeung,
Department of Civil Engineering, Texas A & M University, College
Station, Tex., 77843-3136.

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.
[Adapted from Mitchell (3).]

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 k, of the com-
pacted clay component of a liner system for a hazardous waste
landfill must be 1 x 10~7 cm/sec or less to fulfill the require-
ments of the Hazardous and Solid Waste Amendments (HSWA)
of 1984 (I). The coefficient of electro-osmotic permeability,
k., is a soil property that indicates the hydraulic flow velocity
through soil under a unit electrical gradient (i.e. 1 V/em) and
is generally in the range of 1 x 107% em®V sec to 10 x 10-°
cm?/V sec for most soils and is relatively independent of soil
type (3). Hydraulic flow induccd by a small electrical gradient
in such a system should be able to balance that induced by a
large hydraulic gradient. Hence, a small 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 resisted by an electrical gra-
dient. Molecular diffusion in fine-grained soils, which are the
soil types in which electro-kinetics are most likely to be effec-

TRANSPORTATION RESEARCH RECORD 1288

Landfill or impoundment

In—situ soil

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 ¢. The hydraulic
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flow velocities are v, and v, 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 u,
and u,. 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
transport 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 purposes 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 densified
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
consolidation can be achieved by electro-osmosis. Different
procedures of applying those electro-kinetic techniques to
densify and dewater coal waste slurry were outlined by Sprute
and Kelsh (5), whose laboratory and field test results 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.

(9). The bentonite suspension was injected from perforated
steel tubular anodes into the soils toward the cathodes to seal
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 minerals and by chelation
and may be removed from the soil by electrolysis, hydrolysis,
or redox reactions. Hamnett (10) reported that the chloride

Anode Cathode

= it
— 0 ©—

L Contaminated soil L]

FIGURE 5 Electro-kinetic extraction of ionic pollutants.



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. (/1) 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 (/2). 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 thermodynamics of irreversible
processes, the flows or fluxes J; are linear and homogeneous
functions of the gradients or driving forces X;. That is, any flux
or flow J; is related to the gradients or driving forces by

Ji = z Lini (l = 1’ 27 T n) (1)
j=1
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where the phenomenological coefficients L, are independent
of the driving forces. The L, are the conductivity coefficients
for direct flows, and the L, (i # 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 is
symmetric; that is,

L;=L; (:j=1,2,,n) @
provided a proper choice is made for the fluxes J; 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 (/6).

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(pg), and of the anion
V(ps). The fluxes are the volume flow rate of the solution per
unit area J,, the electric current density 7, 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

Lom i £y 3)

TABLE 1 COUPLED AND DIRECT-FLOW PHENOMENA

[adapted from Mitchell (3)]

Gradient X
Flow J
Hydraulic Themal Electrical Chemical
Hydraulic
Fluid conduction Thermo-osmosis Electro-osmosis Normal osmosis
(Darcy’s Law)
Isothermal Thermal
Heat heat conduction Pelter effect Dufour effect
transfer (Fourier's law)
Electric Diffusion and
Electric Streaming
Thermo-electricity conductlion membrane
curment potential (Ohm’s law) potentials
Streaming Diffusion
Ion Soret effect Electrophoresis
current (Fick’s law)
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where ¢, is the concentration of ion i and ¢, is the concentra-
tion of water. Hence, the set of phenomenological equations
relating the four flows and the four driving forces is

J, = Luv(—P) i lev('E)

+ LypV(=pd) + LiV(—n) (42)
I =L,Y(-P) + L,Y(-E)

+ LpV(—pd) + LaV(—ns) (4b)
J¢ = L,V(—P) + L,V(—E)

+ LaypV(= o) + LayV(— 1) (4c)

Ji = LyV(=P) + L,V(-E)
+ LV(—pd) + LaV(—po) (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,

L, =1L, (5a)
L= Ly (5b)
Ly = Ly (5¢)
L,, = Ly, (5d)
Ls; = Ly (5e)
Ly, = Lg (5%)

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;. 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; 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;s were determined to be (12)

k Ll
Lo o i 12421
- Ywlt B Ly, (6a)
k,
L = dy = = (6b)
n
—wc.k 1,1
L - L - c'Vh F 124423
13 31 Yo L, (6¢)
—wck, L,L
Ly =L, = e BB 3 12004 (ﬁd)

'y"'" L22

5
K
L,, = N (6e)
Ly, = Ly, = cu, (61)
L,y = Ly = —cu, (6g)
DCCC
Ly = 2= (6g)
Loy = Ly =10 (6h)
Dllcﬂ »:
L =37 (60)
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),

= the unit weight of water,
the concentration of cation,
the concentration of anion,
the effective ionic mobility of cation,
= the effective ionic mobility of anion,
the effective diffusivity of cation,
the effective diffusivity of anion,
= the porosity of soil,
= the universal gas constant, and
= the absolute temperature.
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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:

Jo=(Ly+ Can)'YwV(_'h) + Ly + Ccle)V( —E)

RT,
ks (L33 + CCL13)—C—V(_CC)

RT,
+ (Lyy + CCL]4)C—V( —iC;) (72)
Jo= Ly + L)V, V(—h) + (Lyz + ¢,.Lp)V(—E)

RT,
+ (Lo + CaL13)c—V(_Cc)
+ (Lt e L)V c) (70)

where V(—#) 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
ac

= -V -G, ®)

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.



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 ¥ 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 reactions, 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 test. The liquid limit, plastic limit and plasticity
index of the soil 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/cm? up to 5 kg/cm? 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 coelficients of 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.

L] fop=—g==ry

I Inflow
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e
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E] volume
devices

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 cm*V sec to 7 X 10-5 cm?¥
V sec. The decrease in measured k, at later stages of back-
pressure saturation may be due to the growth of micro-
organisms that block flow channels through the samples after
prolonged permeation. The measured hydraulic conductivi-
ties k, are in the range of 1 x 10°7 em/sec to 1 x 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

0.00008 T

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 saturated soils studied in earlier inves-
tigations (i.e., 1 x 1073 cm¥V sec to 10 X 10~% cm?%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~° cm/sec. The
coefficients of electro-osmotic permeability were measured to
be 2 X 105 cm?V sec. The diffusion coefficient of NaCl was
measured in a separate experiment on similar samples to be
3 X 107¢ cm?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
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FIGURE 7 The relationship between electro-osmotic permeability and dry density

for compacted Altamont clay.
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FIGURE 8 The relationship between electro-osmotic permeability and compaction

moisture content for Altamont clay.
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FIGURE 9 Distributions of contaminants after 20 days.
Continuous application of hydraulic gradient and periodic
(1 hr/day) application of electrical gradient.

migration of sodium ions was halted and the migration of
chloride ions was accelerated. In this case, the ionic mobility
of the chloride ions exceeded the electro-osmotic counterflow
and resulted in a net migration of chloride ions toward the
anode. However, the clcctrical gradient provided a very elfec-
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 be installed on the landfill
side of a clay liner when applied to a landfill. Transport of
contaminants by those mechanisms 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.

TRANSPORTATION RESEARCH RECORD 1288

Analysis indicates that for values of hydraulic conductivity
and electro-osmotic permeability typical of those for com-
pacted clay liner materials (i.e., k, = 1 X 10~7 cm/sec and
k, =5 x 10~ cm?V 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 clay 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 1073 cm?V sec to 7 X 10~° cm?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.
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Thermally Driven Electrical Coupling
Effects and Pore Water Advection

in Soils

DonALD H. GrRAY AND SaAMUEL I. OutcALT

Measurements of near-surface temperature fluctuations during a
period of night frost were used in conjunction with a surrogate
measure of soil water ion concentration to attemplt to trace inflec-
tions in these time series to soil water advection effects. Major
inflections in the ion concentration time series were traceable to
water and water vapor processes as a freeze-thaw front propa-
gated vertically through a soil profile at shallow depths. Relative
ion concentration was related to the electrical potential measured
between a probe at different depths of interest and a ground
spike. The field probe electric circuit was modeled as an electro-
lytic cell without transference. Field time series data illustrated
that effects of water migration toward near-surface evaporation/
freezing fronts, solute expulsion from a freezing region, internal
evaporation, and clean melt water release could be detected by
variations in the electric potential or its surrogate, the relative
ion concentration index. The spatial/temporal pattern of tem-
perature and relative ion concentration helps to explain inter-
actions or coupling between induced hydraulic, osmotic, and elec-
trical gradients during the propagation of a thermal disturbance
through a soil.

Electro-osmosis and streaming potential are manifestations
of isothermal coupling of flows of water and electricity in a
soil. Coupling effects become more complex when a thermal
gradient or disturbance (e.g., freezing and thawing) are pres-
ent. Passive generation of electrical potential gradients in soils
by thermal gradients has been reported in a number of lab-
oratory experiments (/-3). Measurements of electric poten-
tial variation across the freezing isotherm have been reported
from permafrost regions in recent years (4-6). Those mea-
surements demonstrated significant changes in electric poten-
tial near the freezing front. Outcalt et al. (7) propose that
those electrical potential variations during soil freezing and
thawing events may be interpreted as the product of soil elec-
trolyte concentration variations resulting from phase changes
and advection.

A primary purpose of this paper is to present additional
evidence in support of this hypothesis based on soil-water
potential and temperature measurements during a night frost
event in the field. Another objective is to test the significance
of electrical potentials associated with soil freezing and thaw-
ing. For example, Kelsh and Taylor (8) have claimed that
freezing potentials depend in complex ways on so many dif-
ferent variables that it is hard to sort out their individual

D. H. Gray, Department of Civil Engineering, University of Mich-
igan, Ann Arbor, Mich. 48109. S. I. Outcalt, Department of Geo-
logical Sciences, University of Michigan, Ann Arbor, Mich. 48109.

effects. Accordingly, they assert that although freezing of
water may indeed influence water migration and modify pore
water ion concentrations freezing potential is not a useful
measure of such effects.

An opposite view is that thermally induced concentration
changes appear to explain best the gross features of the
measured electrical potentials, which does not preclude, how-
ever, the presence of other coupling effects similar to those
noted by Elrick et al. (9). Several types of coupling effects
could conceptually manifest themselves during freeze-thaw
events in a soil-water-electrolyte system as a result of complex
interactions between the flows of matter and energy. If pres-
ent, those effects would tend to modulate but not dominate
concentration-induced potentials associated with freezing and
thawing.

As an example of a secondary coupling effect, freezing of
soil water can give rise to a large soil-water suction with a
strong advective flow of water into the freezing region. This
advective flow in turn can produce an electrokinetic streaming
potential. However, the “electrokinetic potentials” cannot
account for the magnitude and pattern of the observed elec-
tric potentials associated with frost-thaw events. Gray and
Mitchell (10) measured streaming potential by using revers-
ible Ag-AgCl electrodes on either side of homoionic clays and
silty clays saturated with sodium chloride solutions varying
from 1073 to 10~* N in concentration. The measured stream-
ing potentials varied from 1 to 60 mV/atm with potentials
decreasing sharply as either the concentration of the pore
water electrolyte or the exchange capacity of the clay soil
increased. Those potentials are an order-of-magnitude lower
than the electric potentials measured between our near-
surface probes and reference ground spike.

Other types of induced electrical potentials associated with
freeze-thaw events (diffusion potentials, phase boundary
potentials, and freezing potentials) have also been cited from
time to time in the technical literature. So-called “‘freezing”
potentials in the range of 1 to 25 mV have been reported by
Drost-Hansen (11) in dilute aqueous solutions (10~ — 102
N KCl) between the advancing ice front (negatively charged)
and unfrozen water (positively charged). This potential is alleged
to arise as the result of the incorporation of ions into ice and
the crystallographic rearrangement of water molecules as
freezing occurs. However, gentle stirring obliterated this
potential. Stirring would also have eliminated ion concentra-
tion differences and suggests that the “freezing” potential is
caused in large part by ionic concentration differences near
the ice interface.
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EXPERIMENTAL PROGRAM

A field study was conducted in a grass lawn area at the Uni-
versity of Michigan Matthaei Botanical Gardens northeast of
Ann Arbor, Michigan. The soil at the site is a pebble-rich
upland sandy loam of glacial origin with a plow zone approx-
imately 10 cm deep. A mixture of loess and sandy loam is
present in the disturbed plow zone.

The data were collected by using copper probes (elec-
trodes), each with an enclosed thermistor, and were installed
in a vertical array or stack at shallow depths (0, 3, 6, and 9
cm) in the sandy loam. The surface probe was placed at the
base of the grass mat, or organic-mineral soil interface, and
the deeper probes were centered at the indicated level. The
electric potential measurements were made relative to a 2-m-
long copper-plated ground spike driven vertically into the soil
and separated horizontally from the probe array by a distance
of 2 m. A detailed description of the field installation, data
system, and derivation of the C-index (a linear surrogate mea-
sure of relative ion concentration) is presented in an earlier
publication (7).

Because the use of the C-index is critical, the derivation
will be repeated here. The electrical potential developed by
an electrolytic cell without transference is given by Equation
1. The basis for this equation may by found in Glasstone (/2).

AE = —-2K log C,/C; @

where the electric potential (AE) in mV is measured and used
to calculate the natural logarithm of the ratio of the probe/
ground spike soil water ion concentrations (C,/C,). The
parameter (K) is the product of the gas constant and absolute
temperature divided by the Faraday constant and has a value
of approximately 23.5 mV near the ice point. The mid-range
value of potentials was 500 mV at the experimental site. By
using 500 mV, the (C,/C,) ratio is 4.17 X 10% Substituting
4.17 x 10* for (C,) in Equation 1 and solving for the probe
concentration (C,) yields a relative index of soil water con-
centration on a linear scale (Equation 2).

C-index = 4.17 x 10* exp(— AE/47) (2)

The C-index is normalized to unity at 500 mV and corre-
sponds to a (C,/C,) ratio of 4.17 x 10%. The C-index calcu-
lation assumes that the ion concentration at the ground spike
is quasi-constant during a single data acquisition period. This
assumption appears valid, because all data sets show a rapid
attenuation in C-index variation with depth at the shallow
near-surface probes. During the summer drought of 1988, in
the U.S. middle west, the C-index of the surface probes
increased nine orders-of-magnitude and returned to near mid-
range values with drought-terminating rains. No attempt is
made to update the quasi-constants in Equation 2, because
only relative change is of interest.

A table-top analog of the field probe electric circuit is two
glass jars filled with a low concentration brine (probe) and
high concentration brine (ground spike) “jumped’ by a cop-
per wire and connected to a voltmeter by copper electrodes
in the two jars. Brine solutions need not be in physical contact
because the electric potential is generated only by the con-
centration contrast. In the soil the “jump wire” is the soil
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water. Use of the electrolytic cell model without transference
is based on the rapid response of the probes to ice nucleation
and thaw. However, all models of electrolyte cells are based
on the same general algebraic expression where the electrode
potential is a function of the logarithm of the concentration
ratio regardless of the absence or presence of transference.
Therefore, in a strict sense, this model is equally applicable
to both conditions. Reservations have been expressed (13)
concerning the application of equilibrium thermodynamics to
electrolyte cells. However, after the C-index transfer has been
applied to the electric potential data, a lengthy series of soil
frost and thaw events can be interpreted in terms of well-
known processes (14).

The laboratory data described by Kelsh and Taylor (8) were
collected by using methods that differed significantly from
those employed here. Those differences are summarized:

1. Kelsh and Taylor reported electric potential across the
freezing isotherm, and the system used in the present study
yielded probe potential relative to a ground spike.

2. The Kelsh and Taylor test cell appears to be a closed
hydraulic system, and the configuration used in the present
study was open. Measurement in a closed cell may generate
masking effects in the freezing region where pore water is
mobile and tends to circulate as the freezing front advances.

3. Kelsh and Taylor reported their data as electric potential
rather than converting to a relative measure of ion concen-
tration, which was possible with the configuration in the pres-
ent study.

EXPERIMENTAL RESULTS

Temperature and electric potential readings were collected at
10-min intervals by using an automatic acquisition system dur-
ing a 1-day period from 14:00 EST on March 12, 1987, to
14:00 EST March 13, 1987. Figure 1 is a time series record
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FIGURE 1 Temperature plotted on a linear scale. Time index
divisions represent observations at 10-min intervals for a 24-hr
period. The labels ““nuc.,”” ““bump,’” and “warm”’ indicate ice
nucleation, warm water advection, and the onset of warming,.
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of the temperature at different probe depths. Figure 2 is a
time series record of the C-index plotted on a logarithmic
scale. Figure 3 is a time series plot of C-index values that
have been normalized to a 0—1 scale to provide a more detailed
perspective of fluctuations over time.

Interpretation of Time Series

The interpretation of events in the temperature and C-index
plots is given in Table 1. Different events and their manifes-
tations in either the thermal or C-index record at the 0-cm
probe are referenced by their corresponding 10-min time ob-
servation index. Each of those events will be discussed in turn.

Hallet (15) described the expulsion of solute toward the
warm side of the freezing region. Accordingly, as the tem-
perature of the 0-cm probe declines while the freezing iso-
therm moves downward, the typical undercooling-nucleation
pattern in the temperature record and steep increase in the
C-index followed by a purification decline would be expected
(see Figures 2 and 3 at time index 41). This pattern appears
after ice nucleation (labeled “nuc.” in Figure 1),

As the surface temperature declines, an increase in tem-
perature at 0 cm exists that interrupts the smooth parabolic
decline curve. This region near time index 60 is labeled “bump”
in Figure 1 and can be interpreted as a consequence of a
sudden and steep increase and decline in solute concentration
from 3 to 9 cm. The increased ion concentration in the pore
water can only be produced by two mechanisms in the absence
of frost or a local solute source/sink. Those mechanisms are
the advection of relatively solute rich soil water or, alterna-
tively, the evaporation of water, both of which produce a
concentration increase. Water advection or vapor conden-
sation or both also can produce a decrease in ion concentra-
tion in an analogous manner.

The 0-cm level begins to warm near time index 108 (marked
“warm’ in Figure 1). The solute concentration or its surro-
gate, the C-index, increases after the thaw is completed at
time index 113 after a slight drop owing to melt water dilution
(see Figures 2 and 3). Strongly correlated ion concentration
variations at the 3-, 6-, and 9-cm levels are evident as well
when the C-index values are normalized to a 0—1 scale (as
indicated in Figure 3). Because of the rapid propagation of

TABLE 1 EVENTS AT THE 0-cm PROBE BY TIME INDEX NUMBER

Event

Undercooling-Nucleation

Pre-Freezing Upturn
Solute Expulsion Start
Warm Water Advection
Melt Start

Thaw Downturn

Melt End

Post-Thaw Upturn

30

Time Index  Record Manifestation

Temp. trough (-0.25°C)
C-index upturn
C-index peak

Temp.

convex "bump"

Temp. upturn
C-index downturn
Temp. > 0°c

C-index upturn
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those disturbances, they may be produced by internal evap-
oration and distillation processes strongly modulated by both
the total (matric and osmotic) potential-vapor pressure var-
iations near the surface [as discussed by Henry (16)].

In the case of those field measurements, relatively slow soil
water migration toward the freezing-thawing or evaporating
regions or both near the surface would bring relatively pure
soil water into the near-surface zone as the solute concentra-
tion decreases downward below the freezing-thawing region.
The tendency for local dilution by soil-water advection from
3 cm downward is countered by evaporation concentration
events. Those events are initiated by changes in the near-
surface water vapor pressure gradient, which in turn is mod-
ulated by the water potential. The C-index at the lower levels
increases when there is strong evaporation below the surface.
At times, when the vapor flux toward the surface is reduced
the lower levels are diluted by the upward movement of rel-
atively pure liquid water. As was observed previously by Out-
calt (17), the vertical velocity of liquid water flow reaches
maximum values of about 2 cm/hr under night-frost condi-
tions. Therefore, the rapid propagation of surface disturb-
ances downward must occur in the vapor phase.

A final demonstration of the detail available in C-index
records is provided by a logarithmic plot of the 0-cm probe
presented in Figure 2. Interpretation of this record indicates
that thaw is complete at the level of this probe at time index
113. An initial release of melt water exists that lowers the C-
index. As melting begins at the 0-cm probe, the solute-rich
water below the lower boundary of the freezing isotherm is
hydraulically separated by a subfreezing ice-rich zone. Because
this cold zone warms toward the ice point and thaws the water
(thereby increasing the hydraulic conductivity in the subfreez-
ing zone), a solute-rich “pool” is advected toward the evap-
orating organic mat surface and thus reduces the C-index at
the probe.

Role of Water Advection

If the position is accepted that the C-index is a good surrogate
for solute concentration, then observations indicate that the
solute concentration of the near-surface layers is strongly
modulated by both liquid water and water vapor advection.
The strongly correlated and rapid solute concentration fluc-
tuations (C-index readings) in the upper 9 cm of the mineral
soil must be initiated by changes in the water system state
owing to phase transitions and meteorological variation near
the surface. Those rapid fluctuations are transmitted to depth
by fluctuations in the water vapor pressure gradient and alter
the magnitude of internal evaporation/condensation.: Evap-
oration increases the local solute concentration, and conden-
sation reduces solute concentration. In those data there may
have been a continuous liquid water migration toward the
surface that varied in magnitude but not direction.

Pressure on both the liquid and the vapor phases of water
is decreased with increased solute concentration [as pointed
out by Henry (/4)]. The soil water potential is composed of
both the gravitational, the matric, and the osmotic potentials.
The osmotic potential, produced by solute concentration gra-
dients, is usually neglected. However, Hallet (13) indicated
that osmotic effects may be significant near an advancing frost
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front owing to the high solute concentration of the soil water
on the warm side of the freezing region. An advancing freez-
ing front will increase both the water and the vapor pressure
gradients, which in turn favor liquid and vapor advection from
depth toward the freezing region.

CONCLUSION

The preceding interpretation of these data demonstrates that
Kelsh and Taylor (8) are to some degree correct, because the
time series variations they measured are indeed the products
of several interacting natural processes. However, the pre-
dictable response of the probe at the organic-mineral soil
interface to the passage of the freezing isotherm (during both
freezing and thawing) and the strong correlation of the solute
concentration (C-index) patterns between the 3- and 9-cm
levels indicates that electric potential variations follow the
concentration cell model.

Variations of the vertical electric potential gradient in
the near-surface soil is traceable to a finite group of well-
documented physical-chemical processes that increase or
decrease the local solute concentration. The spatial-temporal
variations in soil electric potential are produced by variations
in solute concentration and can be interpreted by the calcu-
lation of a relative index of solute concentration called the
C-index.

Constrained horizontal dimensions of typical laboratory test
cells can complicate the analysis of electric potential data
because frost-expelled water may tend to migrate vertically
along cell walls. Therefore, it may be prudent to carry out
future laboratory tests in cells where the cell horizontal
diameter/vertical depth ratio is much greater than unity.

ACKNOWLEDGMENTS

The initial funds to purchase the instrumentation were pro-
vided by the Office of Vice President for Research, University
of Michigan. Scott Baird, Electronics Technician, Depart-
ment of Geological Sciences, constructed the probes and data
acquisition system essential to the project. The authors thank
Stanley J. Bolsenga, Great Lakes Environmental Research
Laboratory, NOAA, who reviewed the manuscript and made
numerous editorial suggestions.

REFERENCES

1. T. O. Hanley and S. Ramachandra Rao. Freezing Potential Stud-
ies in Wet Clays, 1, Early Results, 2, Specific Systems. Cold
Regions Science and Technology, Vol. 3, 1981, pp. 165-175.

2. D. H. Gray. Thermo-Osmotic and Thermoelectric Coupling in
Saturated Soils. In TRB Special Report 103: Proc. International
Conference on Effects of Temperature and Heat on Engineering
Behavior of Soils, TRB, National Research Council, Washington,
D.C., 1969, pp. 66-77.

3. L. G. Yarkin. Natural Electrical Potentials That Arise When Soils
Freeze. CRREL Special Report 86-12, U.S. Army Corps of Engi-
neers, 1986.

4. V. R. Parameswaram and J. R. Mackay. Field Measurements of
Electrical Freezing Potentials in Permafrost Areas. In Proceed-
ings, 4th International Conference on Permafrost, National Acad-
emy Press, Washington, D.C., 1984, pp. 962-967.



14

S.

10.

11

V. R. Parameswaram, G. H. Johnson, and J. R. Mackay. Elec-
trical Potentials Developed During Thawing of Frozen Ground.
Proc., 4th International Symposium on Ground Freezing, Sap-
poro, Japan, 1985, pp. 9-15.

. V. P. Borovitskii. The Development of Inherent Electric Fields

During the Freezing of Rocks in the Active Layer and Their Role
in the Migration of Trace Elements. Journal of Geochemical
Exploration, Vol. 5, 1976, pp. 65-70.

. S. I. Outcalt, D. H. Gray, and W. S. Benninghoff. Soil Tem-

perature and Electric Potential During Diurnal and Seasonal Frost.
Cold Regions Science and Technology, Vol. 16, 1989, pp. 37-43.

. D. I. Kelsh and S. Taylor. Measurement and Interpretation of

Electric Freezing Potential of Soils. CRREL Report 88-10, U.S.
Army Corps of Engineers, Hanover, 1988.

. D. E. Elrick, D. E. Smiles, N. Baumgartner, and P. H. Groen-

velt. Coupling phenomena in saturated homoionic montmoril-
lonite, 1, Experimental. Soil Science Society of America Pro-
ceedings, Vol. 40, 1976, pp. 490-491.

D. H. Gray and J. K. Mitchell. Fundamental Aspects of Electro-
Osmosis in Soils. Journal of the Soil Mechanics and Foundations
Division, ASCE, Vol. 93, 1967, pp. 209-236.

W. Drost-Hansen. Freezing Potentials in Dilute Aqueous Solu-

12.

13.

14.

15.

16.

17,

TRANSPORTATION RESEARCH RECORD 1288

tions. Journal of Colloid and Interface Science, Vol. 25, 1967,
pp. 131-160.

S. Glasstone. Textbook of Physical Chemistry, 2nd. ed., Van
Nostrand Reinhold, New York, 1946.

D. Miller. Application of Irreversible Thermodynamics in Electro-
lyte Solutions, I, Determination of Tonic Transport Coefficients.
Journal of Physical Chemistry, Vol. 70, 1966, pp. 2638-2659.
D. H. Gray and S. I. Outcalt. Two Electric Potential Signatures
of Serial Diurnal Frost. Physical Geography, Vol. 9, 1988, pp.
354 -360.

B. Hallet. Solute Redistribution in Freezing Ground. Proc., Third
International Conference on Permafrost, National Research Council
of Canada, Ottawa, 1978, pp. 86—89.

K. Henry. Chemical Aspects of Soil Freezing. CRREL Report
88-17, U.S. Army Corps of Enginccrs, [lanover, 1988.

S. I. Outcalt. The Climatology of a Needle Ice Event: An Exper-
iment in Simulation Climatology. Arch. Met. Geoph. Biokl. Ser.
B., Vol. 19, 1971, pp. 325-338.

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



TRANSPORTATION RESEARCH RECORD 1288

15

Chemico-Osmosis Versus Diffusion-

Osmosis

HarorLp W. OrsgeN, ELLiOoT N. YEARSLEY, AND KARL R. NELsON

During the 1960s it became widely recognized that chemico-
osmosis is a mechanism by which chemical gradients cause
groundwater to move from dilute to more concentrated pore-
fluid solutions and is most effective in densely compacted mate-
rials of high exchange capacity. Evidence has been accumulating
since about 1970 that an additional mechanism may cause ground-
water movement in response to chemical gradients and reactions.
Some data show that the direction of soil-pore-fluid movement
in response to a concentration gradient is opposite to that of
chemico-osmosis. Other data suggest that chemically induced
groundwater movement may be significant not only in densely
compacted materials of high exchange capacity but also in poorly
consolidated materials of low exchange capacity. Laboratory evi-
dence is reviewed for the additional mechanism and include recent
data on loosely compacted kaolinite and an undisturbed sample
of claystone. The additional mechanism appears to be diffusion-
osmosis (i.e., the convection, or drag, of bulk pore fluid by the
diffusion of solute species). It is suggested that electro-osmosis
is a special case of diffusion-osmosis where pore fluid moves in
response to the migration of solute species caused by an externally
imposed electrical potential gradient.

The term “osmosis” refers to nonhydraulic components of
groundwater movement that arise from thermal, electrical,
and chemical causes. This paper is concerned with osmosis
having chemical causes and, more specifically, with the
mechanisms by which chemical gradients cause groundwater
movement.

Osmosis generated by naturally occurring chemical causes
is referred to in the literature by different names, including
osmosis (I-5), chemical osmosis (6), normal osmosis and
chemico-osmosis (7), and natural electro-osmosis (8), sug-
gesting that more than one mechanism is involved and that
the characteristics of and differences among those mecha-
nisms have yet to be clarified adequately.

One of those mechanisms, referred to as chemico-osmosis
in this paper, became widely recognized during the 1960s as
a possible source of anomalous pore-fluid pressures and a
cause of groundwater movement from dilute to more con-
centrated pore-fluid solutions. Evidence has been accumu-
lating since about 1970 that an additional mechanism, denoted
here as ‘‘diffusion-osmosis,”” may cause groundwater move-
ment in response to chemical gradients and reactions and that
this mechanism drives soil-pore-fluid movement in the direc-
tion of decreasing solute concentrations, which is opposite to

H. W. Olsen, Branch of Geologic Risk Assessment, U.S. Geological
Survey, Box 25046, Mail Stop 966, Denver, Colo. 80225. E. N. Year-
sley, Colog Inc., 1019 8th Street, Golden, Colo. 80401. K. R. Nelson,
Department of Engineering, Colorado School of Mines, Golden, Colo.
80401.

that for chemico-osmosis. This paper reviews laboratory evi-
dence for those mechanisms, including recent data on loosely
compacted kaolinite and an undisturbed sample of claystone.

CHEMICO-OSMOSIS

Here, chemico-osmosis is used to describe water movement
from less concentrated to more concentrated solutions sepa-
rated by a semipermeable membrane, which restricts solute
flows but allows water flow. The driving force for chemico-
osmosis is the chemical potential difference of the water
phase between the two solutions, the more concentrated solu-
tion having the lower potential. In a perfect semipermeable
membrane (i.e., a membrane that totally excludes the flow
of solutes), the driving force equals the pressure difference
that must be applied to the concentrated side to stop water
flow. This chemico-osmotic pressure for a perfect semiperme-
able membrane is given by the well-known thermodynamic
relation

RT  a
Ar=—=—In—= 1
v na 0
where
Am = chemical potential difference of water across mem-
brane,
R = gas constant,
T = absolute temperature,

V, = molar volume of water,
a, = activity of water on the less concentrated side, and

a, = activity of water on the more concentrated side.

Flow of water through a perfect semipermeable membrane
is governed by both the hydraulic pressure difference and the
chemical potential difference in the water phase across the
membrane.

q = k[AP + Afn’][l:l (2)

w

where

q = flow rate per unit cross-sectional area,
k = hydraulic conductivity,
AP = hydraulic pressure difference across membrane,
Aw = chemical potential difference of water across mem-
brane, and
v,, = unit weight of water.
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The so-called “membrane properties” of clays result from
charge deficiencies on the surfaces of clay particles balanced
by a deficiency of anions compared with cations in the pore
fluid adjacent to the particle surfaces. Because of this defi-
ciency of anions, which is commonly referred to as “‘anion
exclusion,” the flow of solute is restricted relative to the flow
of water. In consequence, clays behave, to some degree, like
a semipermeable membrane and are commonly called imper-
fect or leaky membranes. Therefore, chemico-osmotic pres-
sures and flows in argillaceous materials are generally some
fraction of those predicted from Equations 1 and 2.

The degree to which clays exhibit membrane behavior has
been characterized by terms such as ‘““ideality” and “mem-
brane efficiency” and is generally quantified by a parameter
Staverman (9) introduced and named the “reflection coeffi-
cient.” Some investigators of membrane behavior in geologic
materials adopted both Staverman’s parameter and the term
reflection coefficient to describe it (5,10). Others, such as
Kemper and Rollins (11), adopted Staverman’s parameter but
describe it with a different name, “osmotic efficiency coef-
ficient.”” Staverman (9) defined this parameter o as presented
in Equation 3. Comparison with Equation 2 indicates that the
reflection coefficient o modifies the chemico-osmotic driving
force for water flow through a perfect membrane Am. Here,
o varies from zero to unity for membranes having efficiencies
that vary from zero to 100 percent.

1
q = k[AP + oAm] [;—} 3)
Similarly, the chemico-osmotic pressure difference that devel-
ops when flow is prevented is

AP,_, = oAm “

where Aw is given by Equation 1.

A more useful form of Equation 3 is obtained for this paper
by separating the osmotic and hydraulic components of flow
and then by defining separate hydraulic and chemico-osmotic
conductivities, as follows.

f[. = qll 2 qcu (5)
1
qn = k/.AP[_] (6)
1
q\:ﬂ = kC()A‘n'[ﬁ] (7)
kCO
= (®
whcre

q, = total flow rate per unit cross-sectional area,

hydraulic flow rate per unit cross-sectional area,

= chemico-osmotic flow rate per unit cross-sectional
area,

k, = hydraulic conductivity, and

k., = chemico-osmotic conductivity.

R
i} >
Il

Figure 1 illustrates the experimental system used by Kem-
per (12) and data he obtained to demonstrate chemico-osmotic
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FIGURE 1 Kemper’s test cell and data (12).

pressures across compacted clay specimens in response to a
5.4 N NaCl solution above the specimen and distilled water
below the specimen. Figure 2 illustrates the experimental sys-
tem used by Young and Low (13) and the data they obtained
to demonstrate chemico-osmotic flow of water in two siltstone
samples (A and B in Figure 2) composed of 8 to 12 percent
of clay-size material of which 40 to 50 percent was illite, 30
to 40 percent kaolinite, and the remainder was montmoril-
lonite or mixed-layer clays. The Kemper and the Young and
Low studies are two of the earliest studies that demonstrate
chemico-osmotic pressures and flow in argillaceous earth
materials.

Various investigators have demonstrated that the chemico-
osmotic efficiency coefficient o increases with the cation
exchange capacity of an argillaceous material, increases with
its degree of compaction, and decreases with increasing con-
centration of dissolved solutes in the pore fluid of the material
(5,11,14). Figure 3 illustrates the Kemper and Rollins (17)
test cell and some of the classic data they obtained on ben-
tonite that illustrate the variation of chemico-osmotic effi-
ciency with the degree of compaction, as reflected in the
moisture content of the clay, and with pore-fluid solute con-
centration, which is reflected in the average normality of the
solutions on either side of the clay specimen.
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FIGURE 2 Young and Low’s experimental system and data
(13) on two siltstone samples.

DISCREPANCIES FROM CHEMICO-OSMOSIS

In 1972, Kemper and Quirk (15) published the data in Figures
4 to 6 that expanded the scope of Kemper and Rollins’ (/1)
1966 investigation (illustrated in Figure 3) in three ways:
(a) Ag-AgCl electrodes were used to measure the electric
potential differences induced by solute concentration differ-
ences across the clay sample, (b) data were obtained over a
larger range of average solute concentrations, and (c) data
were obtained not only on bentonite but also on illite and
kaolinite.

Those data show that the direction of soil-pore-fluid move-
ment in response to solute concentration gradients is often
opposite to that for chemico-osmosis. This is reflected in osmotic
efficiency coefficients having negative values. Kemper and
Quirk describe this discrepancy from chemico-osmosis as
“negative osmosis,” and they suggest the mechanism to be
electro-osmosis, as follows: “The osmotic flow was often from
the high salt to low salt concentration side and was generally
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FIGURE 3 Kemper and Rollins’ test cell and data on
bentonite (11).

in the direction of more negative [electric] potential, indicat-
ing electro-osmosis as the mechanism involved in osmotic
flow.”” Negative osmosis occurred primarily where the average
solute concentrations were very high and became increasingly
pronounced in illite and kaolinite when compared with ben-
tonite. Under such conditions the chemico-osmotic efficiency
of the clay samples is low because anion exclusion and, hence,
the degree of restriction to the solute flux, is low, as is noted
previously.

In 1976, Elrick et al. (16) reported data on osmotic pres-
sures and electrical potentials caused by concentration gra-
dients across homo-ionic montmorillonite by using the test
cell illustrated in Figure 7 (top). Their data, also in Figure 7
(bottom), show dramatic changes can be caused by short cir-
cuiting the reversible Ag-AgCl electrodes on either side of
the clay specimen. The rate of transfer of salt increases, and
the direction of the osmotic pressure is reversed.

The explanation given by Elrick et al. for those changes is
illustrated in Figure 8. The top half of Figure 8 illustrates the
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FIGURE 4 Kemper and Quirk’s (I5) data presenting
variations in osmotic efficiency and chemically induced
electrical potential differences across bentonite with average
normality of external solutions and exchangeable cations.

case when the potential difference between the electrodes is
being measured with a high-impedance voltmeter, or poten-
tiometer. The clay sample behaves like a membrane because
anions are excluded from the pore space and thus are pre-
vented from migrating across the clay. Electroneutrality
restrains the cations, and, hence, the flux of solute through
the clay is prevented. Water migrates toward the chamber
having the high solutc concentration and thus generates a
chemico-osmotic pressure gradient needed to stop water
movement.

In contrast, the bottom half of Figure 8 illustrates the case
when the electrodes are short circuited. The Ag-AgCl elec-
trodes provide a mechanism for chlorine ions in the left cham-
ber to become attached to the electrode in the left chamber
and release their electrons to the interconnecting wire. Those
electrons can flow through the wire and combine with chlorine
atoms attached to the electrode in the right chamber, which
converts the chlorine atoms into ions and releases them from
the electrode into the adjacent solution. Electroneutrality allows
cations to flow through the clay, consistent with the rate at
which anions are adsorbed and released at the electrodes in
the left and right chambers, respectively. The cation flow
exerts drag on the water in the direction opposite to the direc-
tion of flow in chemico-osmosis. Because short circuiting
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reversed the direction of the osmotic pressure, the tendency
for water flow induced by cation diffusion was considerably
greater than that induced by chemico-osmosis.

The discrepancies from chemico-osmosis in the Kemper and
Quirk (Figures 4 to 6) data are identical to those in the Elrick
et al. data (Figure 7) in that the discrepancies appear when
solutes are able to migrate through the clay pores in response
to externally imposed solute concentration gradients. There
are two differences between the systems. One difference is
that cations and anions migrate together through the Kemper
and Quirk samples whereas only cations migrate through the
Elrick et al. sample. The other difference is that solute migra-
tion rates in the Kemper and Quirk data vary with the com-
position of the samples and their pore fluids whereas in the
Elrick et al. sample the solute migration rate is externally
controlled with reversible Ag-AgCl electrodes. Neverthe-
less, the fundamental mechanism causing discrepancies from
chemico-osmosis appears to be the same in both studies (i.e.,
solute migration). In other words, solute diffusion in response
to a concentration gradient imposes drag on, or momentum
transfer to, the pore fluid and thus tends to move the pore
fluid in the direction of decreasing solute concentration, which
is opposite to the direction of pore-fluid movement in
chemico-osmosis.
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DIFFUSION-OSMOSIS

Olsen et al. (I7) introduced the term “‘diffusion-osmosis” to
describe the transport of water in response to diffusion of
dissolved solutes. They demonstrated this process on a loosely
compacted specimen of kaolinite mounted in a triaxial system.

The triaxial system, illustrated in Figure 9, consists of a
triaxial cell (A), two differential pressure transducers (C and
D), a single-syringe flow pump (E), and a dual-syringe flow
pump (F). The differential pressure transducers monitor the
effective stress in, and the pressure difference across, the
specimen (B). The single-syringe flow pump controls the vol-
ume of the specimen. The dual-syringe flow pump controls
pore-fluid movement in either direction through the specimen
without changing its volume and provides a means to exchange
the permeant solution at either end of the specimen without
changing its volume or its effective stress.

Figure 10 illustrates diffusion-osmotic pressures measured
on a 5.08-cm diameter by 2.55-cm high specimen at a void
ratio of 1.03 after having been consolidated to 90 psi and
subsequently rebounded to 20 psi. The graph shows head
difference (Ah) values across the specimen when flow through
the specimen is prevented. Positive values (values above the
zero axis) indicate higher pore pressure at the top of the
sample than at its base.
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During the initial period, while distilled water was circu-
lated through porous discs in the top cap and base pedestal,
no head difference or osmotic pressure developed across the
specimen. However, when 1 M NaCl was circulated through
the porous disc in the base pedestal, an osmotic pressure of
a few centimeters of water developed, which is on the order
of the 2.55-cm height of the specimen. In this case, the higher
pore pressure was at the top of the sample. Hence, the solute
concentration difference tends to drive pore-fluid movement
from a high concentration to a low concentration. This is
consistent with diffusion-osmosis but inconsistent with
chemico-osmosis.

Subsequently, as the 1 M NaCl solution leached upward
through the specimen, the magnitude of the osmotic pressure
diminished substantially after leaching about 50 to 75 cm?
upward through the sample. Because this quantity of flow is
equivalent to 2 to 3 pore volumes of the specimen, solute
should have migrated upward through the specimen and into
the porous stone in the top cap. In consequence, a decrease
in the solute concentration difference across the specimen,
and a corresponding decrease in osmotic pressure, are to be
expected.

In the next period, distilled water was alternately circulated
through the porous disc in the base pedestal and leached
upward through the specimen. The higher pressure is now at
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FIGURE 8 Models of the mechanisms involved in Elrick et
al.’s (16) experimental data (Figure 7) when the electrodes were
connected to a high-impedance voltmeter (top) and when they
were short circuited (bottom).

the base, because the higher solute concentration is at the
top, and the direction of solute diffusion is downward through
the sample. While leaching takes place, the osmotic pressure
decreases as the solute concentration in the porous disc in the
top cap is diluted.

In the final period, 0.5 M CaCl, was first circulated through
the porous disc of the base pedestal. The ensuing osmotic
pressure is similar qualitatively in both direction and mag-
nitude to that generated by the 1 M NaCl solution. Subse-
quently, the osmotic pressure was eliminated by circulating
the same 0.5 M CaCl, solution through the porous disc in the
Lop cap.

More recently, Yearsley (18) measured osmotic pressures
in response to solute concentration gradients on undisturbed
core samples from the Salton Sea Geothermal System in
southern California. Those measurements were conducted in
a one-dimensional consolidation test cell illustrated in Figure
11. The cylindrical sample (S) is epoxied within the sample
holder (H) and confined axially by pistons (P) and laterally
by a cylindrical sleeve (CS). Axial load is applied to the sample
through the pistons by means of a hydraulic press (not shown).
A dual-syringe flow pump (DFP) provides a means to exchange
the pore fluid at either end of the specimen and to generate
pore-fluid movement in either direction through the speci-
men. A differential pressure transducer (DPT) monitors the
pressure difference across the specimen.

Figure 12 illustrates data Yearsley obtained on a light gray-
green silty shale sample from a depth of 6,037 ft, having a
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FIGURE 9 Scheme of triaxial cell (A) and
permeant system.
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FIGURE 10 Data illustrating diffusion-osmosis in a kaolinite
specimen obtained with the triaxial system illustrated in
Figure 9.

porosity of 2 percent, where the dominant clay minerals were
illite and chlorite. The sample was saturated and tested with
solutions that have a range of solute concentrations but the
same chemical composition, which was designed to simulate
the chemistry of the in situ interstitial fluids. The pore-fluid
solute concentration is shown on the horizontal axis in terms
of weight percent of total dissolved solids (TDS). The vertical
axis shows the head difference (Ak) across the specimen while
flow through the specimen is prevented. Positive values des-
ignate cases where the direction of the head difference is
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FIGURE 11 Scheme of a one-dimensional consolidation test
cell and permeant system (11).
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FIGURE 12 Hydraulic head differences (Ak) induced by solute
concentration differences across a silty shale specimen.

consistent with chemico-osmosis. Conversely, negative values
designate cases consistent with diffusion-osmosis.

The sample was initially saturated by elevating the pressure
in the permeant system and by leaching with a permeant
having a 1 percent concentration of dissolved solutes (1 per-
cent by weight of TDS). Then, the 1 percent solution in the
upper porous disc was replaced sequentially with 11.3 per-
cent and 25 percent solutions, which induced osmotic head
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differences of 0.2 and 0.8 cm H,O, consistent with chemico-
osmosis. Next, the pore fluid solute concentration was increased
by leaching to 25 percent. Thereafter, the 25 percent solution
in the upper porous disc was replaced sequentially with 11.3
percent and 1 percent solutions, which induced osmotic head
differences of 0.3 and 1.2 cm H,O, consistent with diffusion-
0SMmOsis.

Finally, the lines connecting measurements with solute con-
centration differences of 25 percent versus 1 percent and 25
percent versus 11.3 percent both intersect the Ak = 0 line at
the same pore-fluid solute concentration. Those data indicate
that chemico-osmosis and diffusion-osmosis progress simul-
taneously in the specimen, that their relative magnitudes vary
with pore-fluid solute concentration, and that their magni-
tudes may be equal and opposite for a pore-fluid solute con-
centration of approximately 10 percent (by weight of TDS).

DISCUSSION OF RESULTS

The question arises whether electro-osmosis is an additional
mechanism involved in chemically driven groundwater move-
ment. Kemper and Quirk (15) suggested that electro-osmosis
was the mechanism involved in the osmotic flows they observed
in the direction of decreasing solute concentration because
the flow was generally in the direction of more negative poten-
tial. Also, Veder (8) uses the term “natural electro-osmosis”
to describe his view that the pore water in argillaceous mate-
rials migrates in response to electrical potentials generated
by weathering reactions.

To examine this question, it needs to be recognized that
the term “electro-osmosis” is commonly used from a phe-
nomenological point of view to describe soil-pore-fluid move-
ment in response to an electric potential gradient that is exter-
nally imposed through electrodes. The potential gradient
generates a current between the electrodes, and the current
causes movement of the bulk pore fluid. The mechanisms
involved include chemical reactions that transfer charge between
the electrodes and the soil pore fluid. The mechanisms also
include fluxes of, and interactions among, charged solute spe-
cies and water. The number and complexity of the mecha-
nisms involved vary with the magnitude of the electric poten-
tial imposed and the composition of the electrodes, the soil,
and its pore fluid.

In contrast, Kemper and Quirk (I5) refer to “electro-
osmosis’ as a specific mechanism that can be driven by exter-
nally imposed chemical gradients and reactions. This use of
the term differs from the other in that this use focuses on a
single mechanism (i.e., the coupling of an electrical gradient
or current with bulk pore-fluid movement). In the simplest
case, consistent with Kemper and Quirk’s experimental sys-
tem, the electrical gradient generates a current by driving
positive ions to the cathode and negative ions to the anode.
Ion fluxes are coupled with bulk fluid through viscous drag.
Because of the relative sizes and distributions of cations and
anions in soil pores, the amount of fluid carried by cations
toward the cathode generally exceeds the amount of fluid
carried toward the anode.

A fundamental problem with Kemper and Quirk’s defini-
tion of “electro-osmosis” is that no current flows through the
clay specimen. Another difficulty is that the measured elec-
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trical potentials are not generating a current. Rather, they
are well-known consequences of the diffusion of charged sol-
utes through porous media in response to solute concentration
gradients. The potentials are induced to counteract the tend-
ency for ions of one charge to diffuse more rapidly than do
ions of the opposite charge. In other words, the induced
potentials equalize the fluxes of oppositely charged species
and thus prevent current flow through the specimen.

Therefore, Kemper and Quirk’s (15) use of the term
“electroosmosis’’ may be inappropriate and that “diffusion-
osmosis” is both adequate and more appropriate to describe
the mechanism involved in the osmotic flows they observed
in the direction of decreasing solute concentration gradients.
In addition, electro-osmosis can be understood more clearly
as a special case of diffusion-osmosis. In both mechanisms,
bulk fluid movement is driven by the diffusion of solute spe-
cies. Electro-osmosis differs from diffusion-osmosis only in
that an externally applied electrical gradient controls the fluxes
of the solute species.

The forgoing also has implications concerning the mecha-
nism Veder (8) introduced and described with the term “nat-
ural electro-osmosis.” In Veder’s mechanism, geochemical
weathering reactions generate electric potentials that drive
electro-osmosis. One unknown is whether such electrical
potentials cause currents by driving fluxes of cations and anions
or whether they are induced for a different reason, such as
the potentials that arise from diffusion in response to con-
centration gradients. Another unknown is whether chemical
reactions in naturc can drive diffusion-osmosis without the
aid of electric potentials and currents. Those questions have
yet to be clarified.

CONCLUSIONS

A review of laboratory evidence demonstrates two mecha-
nisms by which chemical gradients cause groundwater move-
ment. Chemico-osmosis, widely recognized since the 1960s,
causes soil-pore-fluid movement from dilute to more con-
centrated solutions and is most effective in densely com-
pacted clays of high exchange capacity and low soil-pore-fluid
solute concentration. Evidence has been accumulating since
about 1970 for an additional mechanism for which the term
“diffusion-osmosis” was recently introduced. In contrast with
chemico-osmosis, diffusion-osmosis causes soil-pore-fluid
movement from concentrated to dilute solutions, and it has
been observed in argillaceous materials of low exchange capacity
and high soil-pore-fluid solute concentrations, It is suggested
that electro-osmosis is a special case of diffusion-osmosis where
soil pore fluid moves in response to the migration of solute
species when an externally imposed electrical gradient con-
trols the migration of the solute species.
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Acid/Base Distributions in Electrokinetic

Soil Processing

YaLcIN B. Acar, RoBERT J. GALE, JiHAD HAMED, AND GREGG PuTNAM

The development of pH gradients in the electrokinetic processing
of soils is investigated. An analytical model, based on the Nernst-
Planck equations, is presented to evaluate the acid/base distribu-
tions and the flow patterns generated in electro-osmotic flow.
One-dimensional laboratory experiments with Georgia kaolinite
demonstrated the validity of the predictions of the analytical model.
Effects of the pH gradients on the efficiency of the process and
soil properties are discussed. Results of studies are reviewed based
on this new understanding of the acid/base distributions.

Electro-osmosis has been of interest to geotechnical engineers
for 50 years as an electrochemical processing technique ini-
tiated by applying an electrical gradient across a soil mass to
generate water flow. The technology has been used success-
fully to improve the geotechnical properties of fine-grained
deposits by dewatering and consolidating (I —4). Studies are
being conducted at Louisiana State University to investigate
the feasibility of using electrokinetic processing to decontam-
inate soils from organic and inorganic contaminants. It is
essential to investigate the theoretical basis of electrochemi-
cally generated material gradients and any subsequent chem-
istry that may occur in the medium for the practical use of
such methods in the decontamination of soils.

Electrokinetic processing of soils or similar porous media
by use of a low DC current results in development of elec-
trical, hydraulic, and chemical gradients across the saturated
strata. If a uniform concentration of ions is assumed to
initially exist throughout a specimen, the application of an
electrical potential will create a uniform electric field gra-
dient. Subsequently, the process will result in the movement
of ions and associated water molecules under the direct influ-
ence of and also because of coupling effects generated by
those gradients. Figure 1 presents a schematic diagram of the
process and development of those gradients in time. Initially,
a constant current and constant hydraulic potential difference
are assumed to be applied across a saturated, homogeneous
specimen.

Presently available theoretical descriptions of electro-
osmosis disregard the existence of any chemical gradients and
reactions. However, the existence of a current in the soil
implicitly necessitates faradaic reactions at the electrode
boundaries. A review of previous studies indicate that those
electrochemical effects may significantly affect the results of
the process (5). Formation of chemical gradients will depend
on the extent of electrolysis and the coupled chemical reac-

Y. B. Acar, J. Hamed, and G. Putnam, Department of Civil Engi-
neering, Louisiana State University, Baton Rouge, La. 70803. R. J.
Gale, Department of Chemistry, Louisiana State University, Baton
Rouge, La. 70803.

tions between the soil and electrolyte products. The impor-
tance of pH gradients in electro-osmosis has been noted by
several investigators who have recorded the time rate of changes
in pH of the pore fluid and mostly at the electrodes (6—12).
The general trend is that the pore fluid gets acidic (pH =
1-4) at the anode and basic at the cathode (pH = 10-13).
In assessing the chemistry of the medium (e.g., the adsorption
and desorption of species on soil substrate), prediction of the
development of pH gradients therefore becomes essential.

This paper reviews an analytical model and presents results
of subsequent laboratory tests conducted to predict those gra-
dients. Results of studies are reviewed based on this under-
standing of pH gradients.

ELECTROCHEMICAL REACTIONS AT
ELECTRODES

In the absence of all but traces of electrolyzable solutes in
the pore fluid (i.e., metal ions, Cl~, organic matter or pol-
lutants, dissolved oxygen) and for the case of inert electrodes,
the approximation of 100 percent faradaic efficiency may be
taken for water electrolysis. The primary electrode reactions
would then be, at the anode,

2H,0 — 4¢~ — O, | + 4H* (1)
and, at the cathode,
4H,0 + 4e- — 2H, 1 + 40H~ (2)

The production of H* ions at the anode decreases the pH
at this electrode by Reaction 1, and the OH~ ion concentra-
tion at the cathode leads to a rise of pH. Twice as many water
molecules are electrolyzed at the cathode than at the anode
for the same quantity of electricity, leading to a chemical
gradient of molecular water insignificant at current densities
used in experiments. Two supplemental ionic species are gen-
erated as a consequence of Reactions 1 and 2 and in addition
to migration of existing anions and cations in the pore fluid
of the specimen. Those species can complicate further the net
transfer of hydrated water or followup chemical gradients
during the process or both. In other words, the ions generated
in the medium by electrolysis, together with the ionic species
available in the pore fluid, may carry a portion of the current
depending on concentrations and types.

A variety of theories and models has been proposed to
explain the electro-osmotic flow of water (e.g., Hemholz-
Smoluchowski, Schmid, and Spiegler friction models), but
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FIGURE 1 Schematic diagram of potential gradients in
electro-osmosis (5).

none of those appears to have sufficient generality to account
for the full range of behavior found in clay-water-electrolyte
systems (13). Those models also largely disregard the elec-
trode product chemistry in the medium and attempt to explain
how the electro-osmotic coefficient of permeability, k., empir-
ically relating the total flow of water, Q,, to the electrical
potential gradient in the system i, could be predicted from
the characteristics of the clay mineral, the pore fluid, and the
pore sizes in the medium. The physical basis for the water
transport can be summarized as follows:

1. Cations that transport their hydrated water sheath toward
the cathode (less the transport of the solvated water by the
anions to the anode);
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2. Moving cations impart a dragging force on the solvent
molecules as they move toward the cathode;

3. Displacement of water molecules by colloidal particles
that move toward the anode by electrophosesis; and

4. Miscellaneous chemico-osmotic effects as a consequence
of electrolysis.

Thus, as a result of electro-osmosis and prevailing electrode
reactions, as is illustrated in Figure 2, there will be a move-
ment of cations to the cathode and anions to the anode. Figure
2 depicts qualitatively the amount of water molecules carried
by each species depending on their hydration numbers. Hence,
the rate ol movement, v;, of each species will depend on the
ionic current carried by the species, on the chemical gradients
of species produced or removed, and on any local hydraulic
and electrical potential gradients present in the system. The
hydraulic gradients are either externally imposed on the sys-
tem or may be internally generated owing to chemical/elec-
trical interactions of the species present or produced with the
porous media.

Experimental evidence indicates that the water flow is orders
of magnitude (100 to 4,000 moles/Faraday) greater than that
possible from transport of the waters of hydration (possibly
1 to 15 moles/Faraday). In addition, physical chemistry models
for ionic motion through solvents do not support the existence
of any sustained or appreciable drag beyond the immediate
hydration sphere for homogeneous systems (open space).
Therefore, it is difficult to understand how the large quantity
of water flow in porous systems can be explained by basis 1.
The analytical model developed by Acar et al. (14) and detailed
next does not require a complete quantification of all the
contributory factors to electro-osmosis because the Nernst-
Planck equations are able to account for all the components
of species of transport regardless of the actual phenomenology
that produce them.

ANALYTICAL MODEL

It is assumed that constant current and hydraulic potential
difference are applied across a water-saturated and homo-
geneous specimen of clay. It is necessary to assess the product
distributions generated by the electrolysis to estimate the
boundary conditions generated by the electrode reactions.
Acar et al. (5) demonstrated that for currents of the order of
milliamperes used in electro-osmosis there will be an ample
amount of H,O flow to sustain the electrolysis and that local
convection will be present at electrodes producing gases.

In electro-osmosis the water flow rate g, is related empir-
ically to the current by (13)

Il

q. = k(ecm¥V sec)i (Vicm)A(cm?)

I

k(cm*amp sec)I(amp)

oy ®)

Il

where o is the conductivity of the pore fluid in mhos/cm, &;
is given in L/amp sec, [ in amp, and £, is the electro-osmotic
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FIGURE 2 Movement of cations and anions in an electric field.

coefficient of permeability. Here, k; values range between 0
to 1.0 x 1072 L/amp sec for soils.

If the applied current is 1, 2 moles of H,O needs 4F cou-
lombs at anode (Equation 1), and then the rate at which H,0O
is lost

I(amp)
(2)(96485(amp sec/mole))

=1 x (5.18 x 10~ *)moles/sec “)

Ry,0(mole/sec) =

Considering an incremental element at the anode, the
instantaneous steady state pH will be estimated as follows:

Qu+

rate of H* production = 2 X Ry,

(1.036 x 10-%)I(moles/sec) (5)
The net steady state concentration will then be

Q- (moles/sec)

molar concentration =
q.(L/sec)

_ (1.036 x 10~*)(moles/amp/sec)
B k{(L/amp/sec)

~1.036 X 10-5M
-

i

(6)

For maximum k; of 1.0 X 10~3 L/amp sec, Equation 6
renders a maximum pH of 2.0 at the anode, which is in con-
formity with recorded values in previous studies. Interest-
ingly, as the efficiency of the process decreases (smaller k;
values), the pH at the anode will also decrease. Similarly, at
the cathode (Equation 2), 4 moles of H,O need 4F coulombs
of electrical charge to produce 4 moles of OH~ ion, and,
hence, the [OH~] ion concentration of the solution at the
electrode will have a pH of 12.0.

This deliberation is for an aqueous solution where the
decomposition of water is the primary result and thus for an
anode that does not decompose. Several types of electrodes
(aluminum, steel, iron, graphite, bronze, copper, platinum,
gold) are used in processing studies. The electrolyzed products
of some of those electrodes will introduce other ions in con-
junction with the H* and OH~ ions and thus can change the
chemistry generated at the boundaries. Those ions will com-
plicate the chemistry further by diffusion into the specimen
or precipitating or both, depending on the pH of the pore
fluid.

MASS TRANSFER IN THE SYSTEM

The total material flux into an incremental element of thick-
ness dx, q,., is composed of three components:

qlc = qcc + qch + qece (7)

where

q.. = material influx due to chemical gradients,
q., = material influx due to hydraulic gradients, and
q.. = material influx due to electrical gradients.

The concentration of the material (solute), C,, is defined
as the mass of solute per unit volume of solution. The mass
of solute per unit volume of porous media is, therefore, (nC,),
where n is the porosity of the medium (the volume of voids
over the total volume of the element). The total mass transfer
caused by electrical and material gradients in an electrochem-
ical system, in general, is described by the Nernst-Planck
equations (15)

| _p2G _ 2, L0
e = [ D, ax + V.G, RT'DJCJax:ln (8)
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where

N
|

= charge on the ion,

F = Faraday’s constant (96,485 coulombs),
R = universal gas constant,

T' = temperature (°K),

¢ = electrical potential,
D, = diffusion coefficient,

x = the flow direction,

V, = average seepage velocity = v/n, and

v = discharge velocity.

The material (solute) flux owing to chemical gradients is
given by Fick’s First Law:

Gec = —D —xn (9)

where D, is called the longitudinal dispersion coefficient in a
saturated porous media and is composed to two components

16):
D, = oV, + D* (10)

The first term represents the dispersion of the species caused
by the average linear seepage velocity in the pores of the
medium, and the second term describes the diffusion of the
chemical in the pores. Here, «, is the longitudinal dispersivity
dependent on the size and frequency of the pores in the medium
(fabric). In finc-grained soils, the contribution of the first term
is negligible because of very low seepage velocities, and, hence,
the longitudinal dispersion coefficient may be taken equal to
the diffusion coefficient (/6). The molecular diffusion coef-
ficient D* in the pore fluid is related to the diffusion coeffi-
cient in the free solution by

* = pD, (11)

where p depends on porosity and tortuosity of the medium
and varies between 0.13 to 0.49 (17).

The solute flux caused by hydraulic gradients (convection)
is directly related to the seepage velocity and, hence, Darcy’s
law:

((k )nC, (12)

where k, is the hydraulic conductivity of the medium and A
is the hydraulic potential.

Those expressions show that the material flux depends on
the diffusion gradients, the convective flow conditions, and
the migration contributions of species, respectively. The aver-
age seepage velocity of species will be taken as linear, uni-
form, and equal to the average macroscopic fluid velocity.
The migration contribution presented in Equation 8 repre-
sents all the ionic species in the medium. For conditions
where a dilute aqueous electrolyte is slowly passed through
an electro-osmotic cell at a small but constant electrical cur-
rent, the migration term will be nonlinear in concentration if
the electric field dd/dx is not constant or if the species in
question carry a significant but varying fraction of the current
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anywhere in the bulk solution. Migration etfects are usually
avoided in electrochemical cells by providing an excess of an
inert and supporting electrolyte.

One further simplifying assumption will be made in the fol-
lowing derivation. The electrical field (d¢/ox) is assumed to
be constant in time across the specimen. This assumption may
not entirely be valid, because the electrical field in electro-
osmotic experiments depends on the concentration gradients
imposed by the generated H* and OH~ions and, hence, the
specific conductance of the pore fluid in time and space.
However, this assumption will be considered valid to provide
a first-order approximation to chemical gradients.

These conditions will simplity the total material flux as

[kC, ~ D*%%]n (13a)

Il

G

kx— = —k, + k, (13b)

k= RTDax

where k is a constant with units of [L/T] representing the
velocity of the pore fluid. The first term represents the con-
tribution to the flow of water molecules caused by, for exam-
ple, the migration of H* ion and its hydrated water molecules
under an electric potential gradient, and the second term K,
depicts the contribution to flow caused by the induced or
applied hydraulic gradients as a consequence of the electro-
osmosis phenomena.
The mass balance across the element requires

Vq. = REn (14)

where (3C/dt) is the rate of mass change, A is the area, and
R is called the retardation coefficient, a term representing the
adsorption and desorption of different species on clay surfaces
or any interactions between the different species leading to
precipitation or other chemical reactions or both,

R =1 + psk,/n (15)

where p, is the dry bulk density of the soil and k, is the
partition coefficient.

The gradient operator V in one-dimensional conditions
renders

e\ _ _ p[9C
(39 - -#(5) s

When Equations 8-10 and 13 are substituted in Equation 16,
D.C, — kC, = RC, (17)

where C,,, C,, C, represent partial derivatives in space and
time. If the experiments were conducted with a constant
hydraulic potential gradient across the specimen, or if it were
assumed that the total flow caused by water molecules being
transported through the migration of H* ions is constant
throughout the system, then k simplifies to V,,

D.C,. - V.C, = RC, (18)
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Equation 18 can be further nondimensionalized by taking

X = x/L (19a)
Cr=1- g (19b)
P =V.LID, (19¢)
T = Dt/RL? (19d)

where L is the length of the specimen and C; is the initial
concentration of the specific species in the bulk solution. In
solute transport, P is often called the Peclet number and T
is the nondimensional time. When Equations 19 are substi-
tuted in Equation 18, the nondimensional form is obtained:

¢r, = PCL =Cy (20)

Equation 20 must be solved with appropriate boundary
conditions for the initial conditions and process rate to have
a first estimate of the pH gradients in electrochemical pro-
cessing of soils.

The species generated at the inlet and the outlet is different.
A constraint exists at the boundary; therefore, when they
meet at a location, the following neutralization reaction occurs:

H* + OH- s H,0 (21)

A computer program (DIFFUSE) has been written in
FORTRAN based on the given formalism (14).

PREDICTIONS OF THE ANALYTICAL MODEL

Figure 3 presents different pH gradients predicted by the
model. Figure 3a presents the case when the pH at the anode
and cathode are 2.0 and 12.0, respectively, and when the
initial pH of the porous medium is 7.0. The front presented
is for diffusion only, and, hence, the acid-base front meets in
the middle. A neutralization reaction will occur when those
fronts meet. Figure 3b depicts the case when the specimen is
initially acidic with a pH of 5.0. Here, the OH~ ion front
moves through the specimen. Figure 3c presents the case when
the convective flux provides a P value of 30. The acid front
moves farther toward the cathode in time and is expected to
flush the specimen eventually. The three cases presented indi-
cate that the pH gradient would be a function of

1. The pH values established at the electrodes by the rate
of electrolysis: extreme values occur at low k; (see Equation
6) and, hence, high electrolyte concentrations of productions
(see Equation 3);

2. The initial pH of the porous medium;

3. Whether the flows would be governed by solely diffusion
of the chemical or by the advection of the bulk fluid flow (P
value); and

4. Any adsorption/desorption and precipitation of H* and
OH - ions: the effects are included in the retardation coeffi-
cient R given in Equation 15.
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FIGURE 3 pH gradients predicted by the model (5). (a)
Diffusive flux only: pH; (initial) = 7.0, pH,,, = 2.0, pH,,, =
12; (b) diffusive flux only: pH; = 5.0, pH;,, = 5.0, pH,,, = 12;
and (c) diffusive and convective flux: P = 30, pH;, = 2.0,
pH,., = 12.

FIGURE 3 (continued on next page)
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EXPERIMENTAL METHODOLOGY AND
PROCEDURE

Soil Description

The soil used in this study was an air-floated kaolinite clay
RC-32 lot number G-237 from the Thiele Kaolin Company
in Wrens, Georgia. The Atterberg limits and the other soil
characteristics determined in conjunction with this study are
presented in Table 1.

Pore Fluid Description

Distilled and deionized water was added to the dry kaolinite
at about 2,000 percent water content, and the slurry was allowed
to settle 24 hr. The procedure was repeated three times, and
the supernatant collected on top of the clay during each wash-
ing was removed to be used as the pore fluid in the electro-
osmosis tests. The supernatant from the clay washing was
assumed to represent the actual pore fluid in the clay during
testing because it contained the mineral salts and other soluhle
material on the dry clay surfaces. The clay washing removed
excess ions on the clay surfaces to increase the electrolyte
concentration of the pore fluid and thus to have the effect of
reducing the efficiency of electro-osmosis.

The pII of the supernatant ranged between 6.5 to 8.5. Three
separate chemical analyses were performed to determine the
ions in the pore fluid by using both a Dionex ion chromato-
graph and an Atomic Absorption (AA) spectrometer. The
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pore fluid was filtered through a 0.2-micron filter prior to all
tests to remove any particles present in the sample.

Results are summarized for some of the ionic species in
Table 2. The predominant cations and anions are Na* and
SO3-, respectively. The normality of the supernatant was in
the order of magnitude of 10~* equivalents/l (18).

Procedure

The washed clay was allowed to consolidate under its own
weight to a water content about 1.5 times the liquid limit of
the kaolinite and then was consolidated. The glass sleeve
containing the clay specimen (2.54 cm diameter and 10.2 cm

TABLE 1 COMPOSITION AND CHARACTERISTICS OF
GEORGIA KAOLINITE

Characteristic K

Mineralogical Composition (7 by weight)

Kaolinite 98
Illite 2
Na-montmorillonite o

Index Properties (ASTM D 4318)b

Liquid Limit (%) 64

Plastic Limit (%) 34

Plasticity Index 30
Specific Gravity (ASTM D 854)c 2.65
% Finer than -2 Um Size 90
Activity 0.32

Proctor Compaction Parameters

Maximum Dry Density, |:ons/m3 1.37
Optimum Water Content, 7 31.0
Initial pH of Soilc1 4.7-5.0
Initial Water Content (Air Dry) (%) 1.75
Compression Index (Cc) 0.25
Recompression Index (Cr) 0.035
Permeability of Specimens Compacted at
the w55 of SCangard Proctor Optimum
(x 10 ° cm/sec) 6-8

% = Georgia Kaolinite

bASTM Method for Liquid Limit, Plastic Limit, and

Plasticity Index of Soils (D 4318-83)

©ASTM Method for Specific Gravity of Soils [D854-58
(1979) ]

de Measured at 507 Water Content

®Flexible wall permeability at full saturation
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TABLE 2 SUMMARY OF CHEMICAL ANALYSES OF
THE SUPERNATANT

Ion Molecular Weight Con((::;l;{:)ation*

Anion

s0,” 96.1 14.8

c1t 35.5 1.6

F 19.0 0.2
Cation

Na© 23.0 12.7

Kt 39.0 0.4

ugh? 24.3 0.1

ca™? 40.0 3.8

*
All the ionic species in the system were not

analyzed.

Terminal Board
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length) was removed after consolidation. The sleeve was
cleaned, trimmed, and weighed to determine the percent of
saturation. The “average water content” in the clay prior to
testing was determined by averaging three samples from the
top and bottom trimmings.

A schematic diagram of the electro-osmosis cell and the
test setup is presented in Figure 4. The glass sleeve containing
the consolidated specimens was directly placed in the electro-
osmosis cell. Filter paper was placed at the ends of the clay.
Carbon electrodes were used for electro-osmosis. To allow
flow, 30 to 40 3-mm holes were drilled in those electrodes.
Constant current tests were conducted. The current, voltage,
effluent pH, and flow were continuously monitored.

The current was turned off at the end of the test, and the
glass sleeve was removed. The clay was extruded from the
cell and dissected into ten 1-cm-wide sections. A water content
sample was taken from each section, and the pH of the soil
and the pore fluid was determined.

Determination of pH in Soil

The pH measurements were made by using combination pH
electrodes and a pH meter. The meters were calibrated with
pH buffers in the range of the measurements to be made.

Conductivity
Meter

pH
Electrode

i

Power Supply

Marriotte
Bottle

Sleeve X
(Glass)

Cothode ™S soade
(Carbon) @ a (Carbon)
End Cop
(Teflon) 0 [}
0
Tr ducer

Power Supply

FIGURE 4 Schematic diagram of the test setup.
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The pH was determined by two methods: (a) direct mea-
surement of the pore fluid pH after its extraction from the
clay by applying hydrostatic pressures to samples from each
section by using compressed nitrogen gas and (b) direct mea-
surement of the pH in the specimen. The clay specimen was
dissected, as in the first method, and water content samples
were taken. The combination pH electrode was immediately
inserted directly into the wet clay slices. Putnam (I8) dem-
onstrated that in situ pH values thus recorded did not signif-
icantly vary for a wide range of water contents. Variations
were recorded only at water contents more than 200 percent
for the kaolinite used in this study.

ANALYSIS OF RESULTS

Coefficient of Electro-Osmotic Permeability, k,
The coefficient of electro-osmotic permeability, k,, varied
between 0.80 x 1075 to 3.0 X 10~5 cm?/V sec in tests con-
ducted in this study. The flow and, hence, k,, decreased with
time of processing.

Coefficient of Water Transport Efficiency, k;
Figure 5 compares the range of k; values obtained in this study
with previous studies. The initial k; values were generally
within the values obtained in previous studies, and a signifi-

- SODIUM KAOLINITE CLAY

ELECTRO-OSMOTIC FLOW ( Gallons/amp-hr)

0.1 N
4nge of Experimental
Results by Putnam (18)
All other data is given by
Mitchell (13)
0.01 1 1 1 1 1 P -
10 102

WATER CONTENT (%)
FIGURE 5 Comparison of k; with previous studies.
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cant variation was observed in time. Figure 6 presents the
change of k; with time in selected tests. All tests indicated
that water transport efficiency decreases in time after the
initial increase (I8).

Electrical Potential

Figure 7 presents an example of the voltages measured across
the electrodes. The voltage steadily increases in each test and
implies an increase in total “apparent” resistance and a decrease
in “apparent” conductivity of the system.

The change in all voltages is a consequence of several phe-
nomena. First, H* and OH~ ion concentration will steadily
increase in the cell owing to the migration of the material
fronts and will independently increase the pore fluid conduc-
tivity (lower resistance). Separately, any polarization at the
electrodes owing to generation of gas bubbles, the decrease
in porosity owing to any changes in water content across the
cell, and depletion of ionic species will increase those “‘appar-
ent”’ resistances. Further, the neutralization reaction at the
front where H* and OH~ ions meet will result in forming of
H,O molecules decreasing the conductivity of the pore fluid.
Figure 7 indicates that factors affecting the increase in resis-
tance are more predominant.

pH Gradient Distributions

Figure 8 dcpicts a summary of some of the results of pH
gradients determined for the 1.0 mA constant current tests

0.50
e EOTEST#36 (ImA)
0as L © EOTEST#32 (1ma)
: 0 EOTEST # 19 (0.5mA)
A& EOTEST# 15 (0.5 mA)
0.40
0.35 |-
=
=
' 0.30
Q
3
o
e
€ 0.25
)
©
(L)
~ 020
=
0.15
0.10
0.05
= L 1 L 1 1 1 1 i 1
0 I5 30 45 60 75 90 105 120 135 50

TIME ( hours)
FIGURE 6 Change of £; in time.
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FIGURE 7 Change of voltage in time.

by using the in situ method of pH measurement. The acid
front flushes over 75 to 85 percent of the clay specimen in a
few hours, and the specimen becomes more acidic with time.
The pH profiles obtained in those experiments conform with
the predictions of analytical model. The change in pH becomes
more pronounced at the discontinuity layer as the treatment
time increases.

The movement of the hydrogen ion front through the spec-
imen by diffusion is augmented by the transport of hydrogen
ions owing to convection. In addition, water flow at the outlet
will help remove some of the hydroxide ions generated from
the cathode reaction.

Pore Fluid pH versus In Situ pH

Figure 9 presents a comparison of in situ and pore fluid pH
values measured. The pore fluid pH is generally higher than
the in situ pH. The difference was predominant in the case
when the in situ pH was acidic. Identical values were obtained
by both methods (/8) in the case when the in situ value was
basic. Those results demonstrate that the clay surfaces hold
a major portion of H* ions by ion exchange equilibria.

Water Content Across the Cell

Figure 10 summarizes the changes in water content across the
cell. The average water content line was determined by aver-
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FIGURE 9 Comparison of in situ and pore fluid pH across the
cell.

aging three water content samples from the top and bottom
trimmings of the specimens after consolidation but before
testing. The zero water content line represents a straight-line
approximation of the water contents obtained from those trim-
mings. The zero hour curve indicates that variation in water
content exists across the specimen after consolidation and is
due to incomplete consolidation under the specified load.

Interestingly, a substantial decrease exists in the water con-
tent close to the anode, although open boundary conditions
for pore fluid ingress prevail during testing. This decrease in
water content implies either an increase in hydraulic potentials
or consolidation. Hydraulic potentials may increase across the
cell owing lo an increase in the osmotic potential by soil
chemistry caused by electrolysis products.

DISCUSSION

The interactions of the ions in the pore fluid and the ions
generated at the electrodes with the minerals of the porous
medium result in physicochemical changes leading to varia-
tions in engineering characteristics and mechanical behavior.
On the basis of the current state of knowledge (13), the fol-
lowing physicochemical interactions would be expected owing
to changes in pH:

1. Dissolution of the minerals beyond a pH range of 7-9;
2. Replacement of H* and OH~ ions by exchangeable ions
on the clay surface;
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FIGURE 10 Change in water content across the cell.

3. Precipitation of salts and metal ions in high pH environ-
ments leading to cementitious products or dissolution of such
products at very low and very high pH environments;

4. Changes in the structure of the soil owing to variations
in repulsive forces on clay surfaces; and

5. Complications of physicochemical intcractions owing to
the corrosion products produced at the electrodes.

A review of the previous studies indicates that all those
phenomena have been observed in electrochemical processing
(5). Esrig and Gemeinhardt (8) and Gray and Schlocker (/9)
are the only previous studies where pH measurements were
reported across the cell in tests conducted with open elec-
trodes at both ends. Esrig and Gemeinhardt conducted exper-
iments that studied the rate at which electrokinetic stabili-
zation takes place in an illitic soil with a pH of about 2.0. The
cathode compartment was kept dry during testing. Gray and
Schlocker studied electrochemical alteration of clays. In those
tests the cathode compartment also was buffered to a maxi-
mum pH of 8.0. The original pH of the soil was about 6.0,
and the cathode compartment contained a large volume of
pore fluid. The results of those studies are summarized in Fig-
ure 11. In those tests the base front advances gradually into
the cell, similar to the predictions presented in Figure 3b.

The model and experimental studies presented here indi-
cate that different flow and boundary conditions employed in
experiments will result in different pH gradients across the
cell, leading to significantly different interactions. Therefore,
it is essential to monitor and specify the flow conditions and
the electrochemical products formed at the boundaries in elec-
trochemical processing of soils.
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FIGURE 11 Comparison of pH gradients reported in previous
studies.

The limitations of the assumptions used in present theories
and models in electrochemical processing of soils are that they
fail to explain all of the physicochemical effects. It is not yet
well established how the chemistry relates to the mechanical
behavior, although the studies indicate a strong influence exists
on the water flow and soil-pore fluid interactions. An under-
standing of the chemical interactions in the pore fluid and
perception of how diffusion, convection, and migration effects
can be better quantified are needed. Further, the acid-base
front generated at the electrodes will meet in the specimen
accompanying a neutralization reaction, releasing an energy
of 10 to 15 kcal/mole. It is yet to be understood how this
energy release might affect the observed electro-osmotic flow.

Recent studies by Lockhart (/2) indicate that the efficiency
of processing is a function of the pH generated at the anode.
The most interesting conclusion is that k; is not usually pro-
portional to the concentrations of ions present, nor to the
zeta potential. Those results further substantiate that, as pos-
tulated in the analytical model presented here, the electro-
osmotic dewatering is a direct current process where the water
flow is only a consequence of transport by hydrated metal
ions (mechanism a) or drag forces (mechanism b).

CONCLUSIONS
The following conclusions are made:

1. Electrochemical processing of soils has the potential to
be used as a method of decontamination, an efficient pumping
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mechanism, or as an opposing gradient to flows from storage
facilities.

2. The theory and model presented provide the rational
basis in developing a better understanding of the electro-
chemistry associated with the process.

3. pH gradients lead to the physicochemical interactions in
the soil and dominate the ion flow associated with the applied
current in a low ionic strength media.

4. The presented analytical model and experimental results
indicate that different flow and boundary conditions in elec-
trochemical processing will result in different pH gradients,
leading to different soil-pore fluid interactions.

5. Acid generated at the anode moves into the specimen
by both diffusion and convection in open flow conditions.

6. Tests indicate that the efficiency of the process and water
flow decrease with time of processing. Specimens consolidate
under open flow arrangements in electro-osmosis.

The relationship of the chemistry generated by the elec-
trodes, and the observed mechanical behavior, flow, and
physicochemical changes, are not yet well understood. The
potential use of electrokinetic processing of soils can be
enhanced if the fundamental understanding of those issues is
developed.
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A Study of Coupled Electric/Hydraulic

Flow in Kaolinite

GEORGE P. KorriaTis, LAksHMI N. REDDI, AND VINCENT MONTANTI

Results of a laboratory investigation on the effects of electro-
osmosis on the permeability of kaolinite clay are presented.
Application of an electric potential to the kaolinite clay increased
the permeability of the clay and created a pH gradient across the
sample. With application of combined electric and hydraulic gra-
dients, electric gradients were found to contribute significantly
to discharges across the sample at low hydraulic gradients. Results
presented will enhance understanding as to the feasibility of using
electro-osmosis to decontaminate fine-grained soils.

Electro-osmosis is the process by which water flows through
a soil mass in response to the application of an electric poten-
tial and is the result of the exchangeable nature of the adsorbed
cations in clay particles and the dipolar nature of the water
molecules. Although the principles of electro-osmosis are more
than a century old (Z), the applications of the process are
quite recent. Since its first application for soil stabilization
(2), electro-osmosis has been successfully employed in tasks
such as dewatering (3), consolidation (4), and as an aid in
pile driving (5).

In principle, soil stabilization or dewatering is accomplished
by applying electric current to electrodes driven in the soil
mass. As a result of electric treatment, inhomogeneities of
ionic concentration develop, and pH changes, and lead to the
development of nonuniform voltage gradients and resulting
pore water pressures. Esrig (4) studied the effects of electrode
geometry on pore water pressures and found that the pore
water pressure at a certain point is related to the voltage at
that point. Similar studies by other investigators (5—7) indi-
cate a linear relationship between electro-osmotic flow and
electric gradients and significant variations of coefficient of
electro-osmotic permeability and variations in water content.
Olsen (8) found that with increasing overburden pressures in
clayey soils, osmotic and electro-osmotic permeabilities play
a greater role in controlling flow than does hydraulic perme-
ability. Subsequent studies concentrated on numerical solu-
tions of the governing differential equation for combined elec-
trokinetic and hydrodynamic flow (9,10).

Recent studies focused on electrochemical effects associ-
ated with the process of electro-osmosis. Nemec (/1), in a
study of pH changes in electrochemical cells, found that elec-
trochemical effects in soils are enhanced and controlled by
the strong pH gradients developed in the electric potential
field and primarily is due to the electrolysis of water. Possible

G. P. Korfiatis and L. N. Reddi, Department of Civil, Environmen-
tal, and Coastal Engineering, Stevens Institute of Technology,
Hoboken, N.J. 07030. V. Montanti, Robert C. Bogart and Associ-
ates, Flemington, N.J. 08822.

electrochemical effects include ion exchange, alteration of soil
minerals, changes in soil fabric, electrolytic introduction of
new species from the electrode decomposition products or
external injections, and development of chemical gradients
in soil. The pH gradients developed by electro-osmosis affect
the solubility of metallic ions (such as in iron, magnesium,
calcium, and aluminum) and, therefore, control the extent
and rate of electrolytic transfer of ions into the soil. Renaud
and Probstein (/2), in their numerical simulations by using
double-layer theory, clearly showed the strength of electro-
osmosis in diverting groundwater flow from a potentially haz-
ardous waste site by development of pore water pressure gra-
dients in the soil. The potential use of electro-osmosis to
decontaminate fine-grained soils is indicated in those studies.
In light of those developments, an experimental approach
was used in the present study to assess relative magnitudes
of hydraulic and electro-osmotic permeabilities under appli-
cation of hydraulic or electric gradients or both and to study
the extent of pH changes during the electro-osmotic process.
Results are believed to aid in evaluating the feasibility of using
electro-osmosis to decontaminate fine-grained soils.

EXPERIMENTAL SETUP

The electro-osmotic cell (Figure 1) used in the experiment
consisted of three 6-in.-diameter chambers made of Plexiglas.
The center chamber, 6 in. long, was used to house the soil
sample. Each of the two 4-in.-long end chambers contained
an opening for pH electrodes with calomel reference and a
drainage valve and external burette for measuring the hydraulic
gradient. The voids in the two end chambers were filled with
crushed stone to exert a confining pressure on the ends of the
sample. End plates (8 in. X 8 in. X Y2 in.) were used to seal
the outside chambers and to house the circular graphite plates
(6 in. x Y in.), which were used as electrodes.

An LA 300 LAMBDA power supply was used, and Fluke
75 multimeters were also used to measure both voltage and
current across the sample. An Expandable lon-Analyzer
EA 940 by Orion Research was used in conjunction with
the pH electrodes to determine pH values throughout the
experiment.

Tests were conducted on a kaolinite sample, because kaolinite
is the least active of the clay minerals with a low colloidal
activity; therefore, kaolinite provides a conservative indica-
tion of the importance of electro-osmosis in soils. The slurry
was prepared, poured into the Plexiglas mold, and then
dynamically compacted at its optimum moisture content. [The
optimum moisture content and the maximum dry density as
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determined by the modified Proctor test (ASTM D1557-78)
were found to be 23.5 percent and 93.6 pcf, respectively.]
The sample was saturated with a back pressure of 3 psi and
a hydraulic head of 40 cm. Permeability of the sample was
computed to be 2 x 10-7 cm/sec, using the Falling Head
method. A flexible wall permeability test was conducted on
another kaolinite sample with the same moisture content and
dry density to establish the permeability value further and
resulted in values of conductivity equal to 5 x 1077 cm/sec.
Those values agree closely with those reported in the literature
for kaolinite.

With hydraulic conductivity values established, an electric
potential of 20 V was directed to the graphite plates. As a
result of hydrolysis, hydrogen bubbles began to appear almost
immediately at the cathode. Even at a potential of 5 V, hydro-
lysis remained a problem and thus made burette readings less
reliable. Consequently, volume flux was measured at the anode
side of the sample where electrolysis reactions were less sig-
nificant. The electrical conductivity of the soil is given by the
equation

K, = q/(i, x A)

where

flow passing through the sample as measured at the

anode side,

i, = electrical gradient equal to the voltage across the sam-
ple divided by its length, and

A = cross-sectional area of the sample.

q

e e

Further testing of the sample included application of com-
bined hydraulic and electric gradients. Electric potential cre-
ated electric gradient, and burette levels were manipulated
to create hydraulic gradient. The pH/reference electrodes in
conjunction with the ion analyzer were used to monitor the
pH of the cathode and anode cell waters periodically.

DISCUSSION OF RESULTS
Hydraulic Gradient Versus Permeability

The hydraulic permeability was first monitored as the hydraulic
gradient was allowed to change. To validate those results,
flexible wall tests were conducted at various gradients. Figure
2 presents the results of both testing methods. It can be noticed
in Figure 2 that a linear extrapolation of flexible wall test
results agrees fairly well with the results obtained from the
cell test and that a linear relationship between hydraulic gra-
dient and permeability within the hydraulic gradient ranges
tested in flexible wall tests is implied. The permeability, how-
ever, remained constant under lower gradients.

Individual Application of Electric and Hydraulic
Gradients

The kaolinite soil specimen was monitored for changes in
discharge across the sample in response to time of application
of electric and hydraulic gradients. Figure 3 presents dis-
charges versus time when the sample was subjected individ-
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ually to hydraulic and electric gradients. As can be seen, an
average hydraulic gradient of 20 resulted in discharges on the
order of 10~ '° cm?¥/sec, and an electric gradient of 0.0025 V/
cm yielded discharges on the order of 10-7 cm?¥sec. Dis-
charges owing to hydraulic gradient did not indicate any sig-
nificant fluctuations with time. However, noticeable fluctua-
tions existed in discharges caused by electric gradients and
are attributed to nonuniform spatial orientation of moisture
gradients in the soil sample. Similar observations were made
by Nemec (11), who noticed that in the initial phases of treat-
ment moisture minima develop near anode and cathode and
moisture maxima develop near the center of the sample. With
elapsing treatment time, Nemec observed the moisture gra-
dients becoming much sharper and their spatial orientation
tending to be more uniform. Figure 3 also indicates sudden
increases in discharges because of electric gradient at the end
of 6 days and 12 days. Those increases with the progression
of electro-osmotic treatment may be attributed to the cation
exchange capacity of the clay. Clay particles immersed in a
liquid partially dissociate the ions adsorbed to the clay and
thus make them available for ionic conductivity, Therefore,
the increase in discharge may be a result of the time necessary
for ions to dissociate from clay particles and enhance con-
ductivity.

Combined Application of Electric and Hydraulic
Gradients

Figure 4 presents discharges resulting from the combined
application of hydraulic gradients and an electric gradient of

TRANSPORTATION RESEARCH RECORD 1288

0.0025 V/em. There is a significant increase in discharges,
from 7 x 10-7 cm¥sec to 6 x 10 ® em?/sec as the hydraulic
gradient is increased from 0 to 4. Assuming the increase in
discharges is purely due to hydraulic gradients. application of
a constant electric potential increased the discharges across
the sample by 7 x 107 em/sec. The contribution to discharge
by electric gradient is computed to be 70 percent at a hydraulic
gradient of 1 and 14 percent at a hydraulic gradient of 4,
which undermines the significant contribution of electro-osmosis
to the permeability characteristics of soils at low hydraulic
gradients.

pH Changes During Electro-Osmosis

The pH at the anode and cathode were monitored throughout
the experiment. As was expected, the pH of the distilled water
decreased at the anode and increased at the cathode. Figures
5 and 6 demonstrate pH changes under two scenarios. Figure
5 represents when the cells were filled with distilled water
and an electric field was applied immediately. The pH at the
anode decreased from 7 to values close to 5, and the pH at
the cathode increased to values approaching 10. Figure 6
represents when the pH of the distilled water was allowed to
reach that of kaolinite, which was found to be 5.2, and then
the electric potential was applied. The pH at the cathode
approached a value of 10, and the pH at the anode increased
to approximately 7.

[t is worthy to study those results in light of Nemec’s obser-
vations (/7). Nemec noticed a highly nonuniform nature of
pH gradients between anode and cathode. His experiments
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indicated that in a period of 168 hr the pH at the cathode
increased consistently from an initial value of 5.23 to 8.99 and
the pH at the anode decreased oscillatorily to 4.83. The pH
behavior at cathode is generally accepted to be governed by
clay deflocculation and hydrogen ion adsorption, but pH
behavior at anode is controlled by many electrochemical fac-
tors. Kaolinite displays anion-adsorption capacity in acid
(anodic) environment. Dissolution of iron at the anode and
also presence of amorphous noncrystalline compounds in the
soil suspension enhance the anion-exchange capacity of acid
soils. All those factors, together with the electrode processes
(such as formation of gas bubbles), are thought to produce
the changing pattern of pH behavior at anode in Nemec’s
experiments and in the present experiments.

Results suggest that additional observations in various soils
are required for a general interpretation of pH changes during
electro-osmotic treatment. Further research is needed to
understand fully electrolysis reactions at the electrodes and
the degree of transport of the ions caused by their size, mobil-
ity, and exchange capacities. The success of electro-osmosis
in the decontamination effort of any soil is dependent on the
electrochemical nature of the soil and its constituents. Whether
or not contaminated soils would release adsorbed pollutants
to electro-osmotically driven water is a subject of potential
importance.
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Zinc Detoxification of Soils by

Electro-Osmosis

SiBEL Pamukcu, LutruL I. KHAN, AND HsAI-YANG FANG

The feasibility is determined of applying electro-osmosis to selec-
tive removal of zinc, a moderately toxic metal, from groundwater
in low permeability soils. A laboratory study was conducted to
increase the basic understanding of the effect of electro-kinetic
phenomena on this chemical species and, subsequently, develop
the methodology and technology for large-scale utilization.
Equipment was constructed to simulate a system composed of
electrode/solvant/membrane/solvant/electrode, where the soil
represented the membrane. Experiments were conducted by
applying an electrical gradient to the zinc-contaminated soil, which
was placed between an anode and a cathode. Removal of metallic
zinc from the soil pores to the anode and cathode cells was mea-
sured. Diffusion was also allowed between two experiments.
Application of electricity appeared to enhance diffusion of zinc
into the anode chamber. At the completion of the experiment
the concentration of total Zn in the anode chamber increased
from 275 mg/l to 745 mg/l and in the cathode chamber from 200
mg/l to 440 mg/l. The experiment consisted of 8 days of diffusion
followed by 100 min of electro-osmosis and then 6 days of dif-
fusion followed by 140 min of electro-osmosis. Thirty volts of
electricity were applied across the soil specimen in electro-osmosis
experiments. Influence of using ligands such as ammonia and
hydroxyl ion on removal of zinc was also investigated.

Hazardous waste sites threaten the environment and pose a
hazard to the public as potential sources of contamination of
groundwater. The migration of contaminants from hazardous
waste facilities and spills sites often results in contamination
of a large volume of soil. Among the more difficult situations
in remediation of such sites are when: the contaminants are
strongly adsorbed onto the surface of colloidal soil constitu-
ents and when the soil possesses very low permeability. Those
situations make it difficult to remove the contaminant by a
treatment process or to accomplish in situ remediation.

A potential technology applicable to in situ treatment of
hazardous waste sites is electro-osmosis (E-O) (/-4). E-O is
the transport of water under the influence of an electric cur-
rent between a cathode and an anode and has been applied
successfully in large-scale projects to improve geotechnical
properties of fine-grained soils by dewatering and consoli-
dation (5-8). The effectiveness of E-O in moving chemicals
from anode to cathode has been utilized in grouting fine-
grained soils in situations where chemical grouts cannot be
transported through the soils by hydraulic pressure. Use of
E-O in void-filling practices with colloidal chemicals or gels
(e.g., silicates, bentonite, aluminum hydroxide) also has been
reported (9).

Segall et al. (10) applied E-O to dewatering of dredged
material. The concentrations of chemical constituents in the

Department of Civil Engineering. Lehigh University, Fritz Engi-
neering Laboratory, Bethlehem, Pa. 18015.

leachate generated by gravity forces and in the leachate gen-
crated electro-osmotically were compared. The study showed
a significant increase in heavy metals and organic materials
in E-O-generated leachate when compared with the leachate
generated by hydraulic pressure. This is a promising indication
that the method may be used effectively for removal of toxic
substances typically found at waste sites or in contaminated
groundwater.

The study presented in this paper is an attempt to inves-
tigate the feasibility of using electro-osmosis to remove zinc
from soil. Zinc is an element found abundantly in many indus-
trial wastes. Examples include waste from brass and bronze
alloy productions, galvanizing metals, and byproducts of
insecticides, glues, rubber, inks, and glass production. Zinc
is listed among the 129 priority pollutants by EPA and is
known to possess moderate noncarcinogenic toxicity (/) and
is found frequently in the soil in contaminated sites.

BACKGROUND
On the Concept of Electro-Osmosis

Electro-osmosis is an electro-kinetic phenomena. An electro-
kinetic process occurs when two phases move with respect to
each other while the interface is the location of an electric
double layer. In the motion, for example, between a solid
and a liquid phase, a thin layer of liquid adheres to the solid
surface, and the shearing plane between liquid and solid is
located in the liquid at some unknown distance from the solid
surface. Part of the counter ion atmosphere therefore stays
with the solid, and part moves with the liquid. The electric
double-layer potential at this shearing plane is called electro-
kinetic potential or zeta-potential. This potential was shown
by Helmholtz in 1879 to be a function of dielectric constant
of the liquid medium, thickness of electric double layer, and
electrical charge per unit area of particles. According to the
Helmholtz-Smoluchowski theory (1914), the electro-osmotic
flow rate is directly proportional to zeta-potential, which is
directly related to the specific surface of the solid. In clays,
total wetted particle surface is very large. Therefore, the rate
of electro-osmotic flow should be comparatively large in clay
soils.

Some of the important factors that have been identified to
influence electro-osmosis follow: electrical potential, current
density, solvation of ions, change in the viscosity and dielectric
constant of the fluid, pH of the system and pH gradients,
temperature of the system and temperature gradients, surface
conductance, and cation exchange capacity of the soil (12).
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An extension of the Helmholtz-Smoluchowski theory incor-
porates the surface conductance of a solid in the following

equation to calculate the volume rate of electro-osmotic flow
(13):

R B S
= dmm (N + L A\, J/5) (0

where

V = volume rate of E-O flow,

¢ = dielectric constant of water,

i = electric current,

= viscosity of the solvent,

= specific conductance of the liquid,
circumference of the capillary,

= specific surface conductance,

= cross-sectional area of E-O flow, and
= zeta potential.

~ b & N3
Il

Previous Investigations

E-O tests were conducted on artificially prepared pure clay
specimens in the laboratory to investigate the effects of some
of the experimental parameters and procedures on the effi-
ciency of E-O flow. The results and implications of those
experiments are reported elsewhere (/4,15). Only a short
review will be presented here. The experiments were con-
ducted on Georgia kaolinite clay consolidated from a slurry
to about its liquid limit by using tap water as the pore fluid.
Prototype equipment (Figure 1) was used to conduct the
experiments. (Details of this equipment and the procedure
are given in the next section.) Basically, the amount of water
flow from the anode chamber into the cathode chamber was
measured under an electric current applied through the soil
sample. The following results were obtained:

1. E-O permeability of the kaolinite clay used was mea-
sured to be 3.3 X 1073 cm/sec V.

2. E-O flow increased with increasing voltage and attained
a maximum value at around 70 V and decreased at higher
voltage applications and suggested that there may be an opti-
mum operating voltage for the process for a given soil/elec-
trolyte combination.

voliime ™
control
pistons

removable
cover plate

anode
chamber

cathode
| chamber

FIGURE 1 Schematic diagram of the electro-osmosis cell.
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3. Increased flow was observed when an electrolyte (NaCl)
was injected in the anode chamber. Flow increased even more
when NaCl was injected in both chambers rather than in the
anode chamber only.

4. When Li* was used instead of Na*, the E-O flow
increased, possibly owing to the Jarger hydrated radius of the
Li* ion.

5. The pH values measured after 40 min of application of
30 V across the soil were approximately 9.4 on the cathode
side and 4.4 on the anode side.

6. Current reversal experiments resulted in reduced E-O
flow in the reverse direction. When cell water was replaced
with neutral (pH 7) water before the current was reversed,
no significant change in the amount of flow was observed.
Therefore, pH gradients between anode and cathode cham-
bers were suggested to influence the E-O flow.

INVESTIGATION
Experimental Setup

A prototype E-O apparatus was constructed (see Figure 1).
The apparatus is rectangular with a 25.2-cm X 6.6-cm base
area and 9.6-cm height and is made of transparent acrylic 0.5
cm thick. The box is divided into three chambers separated
by acrylic walls, which are fitted with circular porous stones
to allow liquid passage. Permeability of the porous stones to
water is 107 cm/sec. The end chambers are the same, each
with a volume of 265 cc. The middle chamber is about twice
as large as each end chamber, and its length is 15.2 cm.

A graphite electrode and a pH-measuring probe are inserted
horizontally in each end chamber. One of the chambers con-
tains a heating coil, which was not utilized in this particular
set of experiments. The electrodes are connected to a DC
power source, and the pH probes are connected to a pH
meter. The middle chamber houses the soil specimen, which
is covered by what is called in this paper a “‘consolidating
plate,”” which was originally intended to consolidate the soil
sample in the chamber by applying vertical pressure to a soil
slurry and measure deformation by a dial gauge. However,
because preconsolidated specimens were used in this study,
the consolidating plate was initially used to push and conform
the soil pad into the chamber and then was transfixed on to
the walls of the chamber with silicon glue just above the soil,
which served to confine the specimen and also render the
middle chamber water tight at the top. A cover plate is affixed
on top of each of the side chambers. A volume control piston
(a plastic syringe) and a graduated tube are fitted on each
cover plate. The volume control pistons are used to expel gas,
agitate water, and collect samples from the chambers. The
graduated tubes are used to measure the volume of electro-
osmotic flow. The volume of samples withdrawn (2 to 3 cc) is
insignificant when compared with the volume of the chambers.

Sample Preparation
Georgia kaolinite clay was used as the soil medium. The liquid

limit of this clay was measured to be 60 percent. It was thor-
oughly mixed with heptahydrate zinc sulfate salt (ZnSO,-7H,0)
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in dry form and was made into a sturry by using distilled water.
The amount of zinc salt added was 54 gr for every 900 gr of
dry clay and resulted in the calculated value of 13,578 mg Zn/
kg dry clay.

The slurry was poured into a large one-dimensional con-
solidation cell and consolidated to 20 KPa vertical pressure.
The water content of the soil was 58 percent following con-
solidation, which was near its liquid limit. The specimen was
extracted and trimmed to size to fit the middle chamber of
the E-O cell and was gently pushed into the chamber by the
consolidating plate. Some degree of compaction might have
occurred during this process while the soil was being con-
formed to the inner walls of the chamber. The final height of
the specimen in the chamber was measured to be 5.5 cm.

Measurements and Sample Calculations

A sample of the soil placed in the E-O cell was tested to
determine the initial zinc concentration in pore water. A small
amount of wet soil sample (4.8 gr dry clay) was diluted to 100
ml of volume with distilled water and then acidified to ensure
dissolution of zinc. The concentration of the zinc was mea-
sured in an Atomic Absorption Spectrophometer and revealed
an initial concentration of 10,166 mg Zn/kg of dry clay, which
is lower than the calculated value of 13,578 mg Zn/kg dry
clay. Apparently, during consolidation, some of the zinc moved
out of the sample with the water. Heptahydrate zinc sulfate
is a water-soluble salt. Therefore, it may be relevant to assume
that most, if not all, of it dissolved in the initial slurry mixture.
With this assumption, the approximate concentration of zinc
in the pore fluid of the soil sample can be calculated as follows:

Zinc in 900 gr of soil
10,166 mg/kg x 0.9 kg = 9149 mg
Water in 900 gr of soil
900 gr x 0.58 = 522 cc
Concentration of zinc in pore water
9149 mg/0.522 1 = 17,527 mg/l

Subsequent concentration measurements can be verified
easily through a simple calculation by using this initial con-
centration. As an example, if 5 cc E-O water flows into one
of the chambers containing 265 cc distilled water, then,
Zinc in 5 cc E-O water
17,527 mg/l X 5 cc x 11/1000 cc = 87.6 mg of Zn
Concentration of Zn in chamber
(87.6 mg/270 cc) x (1000 cc/1 1) = 324.6 mg/l
The actual Zn concentration measurements by using the Atomic

Absorption AA Spectrophotometer gave results similar to the
ones just calculated.
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Progress of the Experiment and Results

Figure 2 illustrates the progress of the experiment over a
period of 14 days, which includes two periods of diffusion
between two short periods of E-O application. Initially, the
anode and the cathode chambers were filled with distilled
water with pH 7. The zinc was allowed to diffuse from the
soil pores into those chambers for 3 days. At the end of this
period, the pH in both of the cell waters was found to be 5.7.
A potential difference of 30 V was applied across the soil
sample for approximately 5 min and produced a pH difference
of 0.4 between the anode and cathode chambers, with the pH
at the anode of 5.4 and at the cathode of 5.8. Water samples
were retrieved from the chambers, and total zinc concentra-
tions were measured. The initial concentrations were 275
mg/l at the anode and 200 mg/l at the cathode.

The first period of diffusion following the start up E-O
application of 5 min was 8 days. At the end of this diffusion
period, the zinc concentration at the anode had increased to
385 mg/l, and at the cathode it increased slightly to 210
mg/l. Following diffusion, 30 V was applied across the soil for
100 min. Water samples were collected at intervals during this
time. Figure 3 indicates the total and aqueous zinc concen-
tration variations with increasing E-O time in the anode and
cathode chambers. Total zinc concentration in the cathode
cell at end of the 100 min of voltage application increased
from 210 mg/l to 475 mg/l and changed little in the anode cell
(from 385 mg/l to 405 mg/1). The soluble zinc in those cham-
bers showed similar trends to that of total zinc. After 70 min
of voltage application, 0.5 percent NaCl was injected into the
anode cell to determine if the contribution of enhanced E-O
flow to zinc removal was significant. As is observed from
Figure 2, the total and aqueous zinc concentrations increased
at a higher rate than before in the cathode cell. Zinc removal
rate in the anode chamber was unaffected.

The second period of diffusion of 6 days took place after
the 100 min of electro-osmosis. As is observed from Figure
2, the total zinc concentration in the anode chamber increased
during this time and remained more or less unchanged in the
cathode cell. The rate of diffusion of zinc into the anode
chamber in the 8—14-day stretch was observed to be higher
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FIGURE 2 Variation of total zinc concentration with time in
the anode and cathode chambers during electro-osmosis.
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FIGURE 4 Variation of total and aqueous zinc concentration
in the anode and cathode chambers during electro-osmosis
following the second period of diffusion (6 days).

than that of the 0-8 day stretch. Following this diffusion
period, 30 V was again applied across the soil specimen for
a duration of 140 min. Figure 4 indicates the variation of total
and aqueous zinc concentrations in the anode and cathode
chambers throughout this period of E-O. This time, the con-
centrations in the anode cell increased but remained more or
less unchanged in the cathode chamber for the first 60 min
of application of electricity. After 60 min, 2 percent NH,OH
was injected into the anode cell. NH,OH disassociates in
water and forms ammonia, which acts as a ligand with zinc.
The ligand was added to determine its net effect on zinc
removal and efficiency of E-O flow. The ligand would also
release any insoluble zinc by forming positively charged com-
plexes such as Zn(NH,)?*(aq), Zn(NH,)}}*(aq), and
Zn(NH,)3*(aq), which would then flow toward the cathode.
Addition of NH, initially resulted in a slight increase in the
total zinc concentration in the cathode chamber but with
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FIGURE 5 Variation of pH in the anode and cathode cells
with electro-osmosis time.
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FIGURE 6 Electro-osmotic flow with NaCl and NH; as ligand.

extended application of electricity the zinc decreased to the
final value of 440 mg/l. Total zinc first decreased and then
increased to the final value of 745 mg/l in the anode chamber.
The pH variation in the cathode and the anode cells during
E-O time only is presented in Figure 5. Some of the phenom-
ena observed in Figures 2, 3, and 4 can be explained readily
by examining this pH variation with E-O. E-O flow to cathode
cell was also measured. Both NaCl and NH,OH influenced
E-O flow (see Figure 6). Rate and the total quantity of flow
to the cathode cell was enhanced by the addition of those
agents when compared with distilled water as pore fluid.

Discussion of Results

In Figure 2, the initial higher diffusion rate of zinc into the
anode chamber may be due to the drop in pH from 5.7 to 5.4
in this chamber with the initial application electricity of 5 min.
This change in pH would increase the solubility of zinc com-
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pound in the soil adjacent to the anode cell and, in turn,
would increase diffusion rate to the anode cell. It is also
possible for zinc to form polynuclear complexes containing
two or more atoms once it reaches the anode cell and hence
increases the concentration of both total and aqueous zinc.
The lower rate of diffusion of zinc into the cathode chamber
may be explained in part as the effect of the slight pH increase
from 5.7 to 5.8. Probably, this prevented any zinc dissolution
from adjacent soil and migration into the cathode cell. In the
second stretch of the diffusion from 8 to 14 days, the rate of
zinc diffusion into the anode chamber increased even more.
This, again, can be explained by the low pH (2.4) of the water
in the anode chamber.

Addition of 0.5 percent NaCl in the anode cell increased
E-O flow to the cathode cell (Figure 6) and clevated the
aqueous and total zinc concentrations at the cathode cell (Fig-
ure 2). This indicates that E-O flow is capable of increasing
zinc transport from soil pores to the cathode cell.

Previous E-O studies indicate that pH at anode and cathode
decrease and increase, respectively, during E-O experiments
(14-16). The cell water at anode becomes acidic with pH
about 4, and the cell water at the cathode becomes basic with
pH about 9. It may be noted from observing Figure 4 that
the pH at the anode reaches the expected acid range with a
value of 2.4. However, the cathode cell did not show any
appreciable change in the pH value. In fact, pH remained in
the acidic range rather than attaining alkaline values, which
may be explained as follows: The anode cell has excess H*
owing to electrolysis of water and Zn** and SO, ~ ions.
Because SO; ~ is an anion of strong acid, it remains disso-
ciated from H* and contributes to lowering the pH and, hence,
the measure of the pH value of 2.4. The chemical species
predominant in cathode chamber are Zn* ', SO; —, and excess
OH"™ from electrolysis of water. If the excess OH~ forms
complexes with zinc, such as Zn(OH)i(aq) and
Zn(OH); ~(aq), then it may arrest the increase of pH and,
hence, little or no change in pH. Some zinc might also have
precipitated in the form of Zn(OH).. The water in the cathode
cell was observed to take an opaque form, which did indicate
some precipitation. The presence of SO; - also would have
contributed to the observed low pH.

Addition of NH,OH into the anode cell neutralized the
acid increasing the pH to 8.4. This immediately produced
precipitation in the cell. Zinc was removed from aqueous
phase, and at pH 7 the aqueous concentration of zinc was
found to be almost zero. At this time the total zinc in the
anode cell remained as precipitate. The total zinc increased
in the cathode cell initially, following the addition of NH,OH.
It is not known if this is the result of the removal effect of
ammonia forming positively charged complexes in the soil that
would move toward cathode or the result of its enhancement
of E-O flow. The subsequent drop in total zinc in the cathode
cell suggests reverse flow or loss of zinc back into the soil
pores. The increased zinc migration toward anode could have
taken place if zinc had formed negatively charged complexes
in the soil pores, which then would migrate toward the anode.
Because hydroxyl ion can act as a ligand, it is likely that
negatively charged complexes such as Zn(OH);(aq) and
Zn(OH),; ~(aq) would form and then would move toward
anode.
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CONCLUSIONS

Zinc migrated to the cathode chamber under the influence of
electrical potential, as was expected during the initial part of
the experiments. However, total zinc removal was found to
be greater at the anode chamber at the completion of the
experiment because of the combined effect of higher rate of
diffusion of zinc into the anode chamber and also the actions
of NH; and OH~, which acted as ligands with zinc. The fol-
lowing observations were made:

1. E-O increases zinc movement to anode cell by increasing
dissolution and diffusion. This is attributed to the decrease
of pH in the anode cell.

2. E-Oincreases zinc movement to cathode cell by enhance-
ment of transportation of water through the contaminated soil
mass. Addition of NaCl and NH,OH into the anode cham-
ber increased the rate and amount of flow into the cathode
chamber.

3. It is potentially possible to apply E-O to zinc detoxifi-
cation of soils efficiently. However, a number of complex
reactions exist that may occur between various chemical spe-
cies within the soil pores that may hinder or enhance removal
or create preferential paths of removal at different stages of
the process. Careful examination of those reactions in site-
specific situations is needed to understand the process better
and to develop the technology for large-scale applications.
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Use of Waste and By-Products in

Highway Construction

W. C. OrMsBY AND D. G. FoHs

The technologies for using many waste materials including indus-
trial, domestic, and mining/metallurgical wastes were developed
by the Federal Highway Administration during the 1970s. Studies
on fly ash, bottom ash, incinerator residue, sulfate wastes, digested
sewage sludge, coal mine refuse, waste rubber, and cement man-
ufacturing wastes have been completed. Materials investigated
were stabilized with various binders including lime, lime-fly ash,
asphalt cement, and portland cement. Both laboratory evalua-
tions and field tests were performed. Many of the systems eval-
uated developed strength and other physical properties adequate
for use in embankments, subbases, and bases. Some materials
(e.g., fused incinerator residue) were technically adequate for
use in bituminous concrete-wearing surfaces. While the emphasis
of the research was on engineering behavior, assessments of eco-
nomic and environmental factors were made in some cases. Infor-
mation generated should be of interest and of use today when
more and more emphasis is being placed on saving the environ-
ment from further desecration.

The FHWA has had an interest in waste and by-product uti-
lization since the mid 1950s. Early work concentrated on the
properties and utilization of various fly ashes and fly ash-
containing systems (/,2). In the early 1970s, several events
gave impetus to the development of a comprehensive research
program on waste and by-product utilization in highway con-
struction. First, the president, in his 1970 Environmental Mes-
sage, stated the need to encourage more recycling and requested
the Council on Environmental Quality to develop proposals
in this area. Second, the Oil Embargo of 1973 demonstrated
the need to conserve energy and to develop alternative mate-
rials to supplement or replace asphalt cement. Finally, a large
by-product utilization demonstration project at Dulles Inter-
national Airport was sponsored by FHWA (3,4) that dem-
onstrated that many by-product materials had potential for
use as paving binder and aggregate supplements or replace-
ments. On the basis of those and other events (e.g., the Clean
Air Act of 1970) the FHWA developed a research program
entitled “Use of Waste Materials for Highways.”

FHWA's research program was designed to evaluate a wide
spectrum of by-products that, in general, were technically
promising as aggregate or binder supplements or replace-
ments. Economics and environmental concerns were also con-
sidered. In some cases, materials with little or no potential
for use as a highway material (e.g., sewage sludge) were eval-
uated to address an immediate, critical, and specific highway
problem.

Federal Highway Administration, U.S. Department of Transporta-
tion, Turner-Fairbank Highway Research Center, 6300 Georgetown
Pike, MclLean, Va. 22101.

This paper will describe research and development efforts
undertaken by FHWA and others to develop the technologies
needed to utilize wastes and by-products in highway construc-
tion. A tabulation of various materials investigated is given
in Table 1 (recycled asphalt cement and portland cement con-
crete pavements are outside the scope of this paper).

INDUSTRIAL WASTES
Sulfate Wastes
Transpo 72

A large-scale waste utilization project was constructed in con-
nection with Transpo 72, an International Transportation
Exposition held at Dulles International Airport in 1972,
Approximately 90,700 tonnes of primarily waste products were
used in constructing a 40.5 hectare parking lot. The basic
composition used consisted of fly ash, dolomitic lime, sulfate
wastes [acid mine drainage (AMD), flue gas desulfurization
sludge (FG), and fluorogyp (FLG)], limestone aggregate, and
water. The dry ingredients were formulated as follows: 80.5
percent fly ash, 15 percent limestone aggregate, 2.5 percent
dolomitic lime, and 2 percent sulfate waste. In addition to
the fly ash-lime-sulfate-aggregate-water system, other mate-
rials tested included crushed glass, shredded tires, incinerator
residue, and crushed storage batteries. Figures 1 and 2 present
the plant layout for the production of the lime-fly ash-sulfate-
aggregate material and the paving operation, respectively.
The demonstration project indicated that satisfactory mix-
tures of the waste materials could be produced in a portable
plant and that a suitable pavement could be constructed.
However, localized failures indicated that further study was
needed to develop the optimum conditions for compaction
and strength development in the field. Additional studies
involving multiple waste utilization follow.

Lime-Fly Ash-Sulfate Technology

On the basis of the Transpo 72 demonstration and the work
of Minnick (5), the FHWA sponsored a comprehensive lab-
oratory study of lime-fly ash-sulfate mixtures. This study, con-
ducted by the Gillette Research Institute, developed the tech-
nology required for the use of sulfate wastes in highway
construction, primarily in base courses and embankments. A
comprehensive evaluation was made of the pertinent prop-
erties of mixtures composed of a variety of sulfates, fly ashes,
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TABLE 1 MATERIALS EVALUATED IN FHWA RESEARCH AND
DEVELOPMENT PROGRAM ON WASTE AND BY-PRODUCT UTILIZATION

Industrial

Municipal/Domestic

Mining

Sulfate Wastee
Cellulosic Wastes
Wood Lignins
Bottom Ash

Fly Ash

Incinerator Residue

Coal Mine Refuse

Sewage Sludge
Scrap Rubber

{ L e

: s) (ot

FIGURE 1 Transpo 72 plant layout for lime-fly ash-sulfate
waste-aggregate pavement mixture preparation.

FIGURE 2 Transpo 72 paving operation (compaction).

and limes. Properties of sulfate wastes are given in Tables 2
and 3. Compositions and properties of the mixtures studied
are given in Tables 4 and 5, respectively.

One of the more significant observations, in keeping with
some of Minnick’s findings (5), was that sulfate waste can
serve to enhance the strength characteristics of lime-fly ash
mixtures. Specifically, modest additions of sulfate will increase

the rate of strength gain and will also increase the final strength.
Increased early strengths are due to the formation of ettrin-
gite. Figure 3 illustrates the effect of gypsum on strength
development in a lime-fly ash mixture moist cured for 7 and
28 days. Mixtures of the type represented in this figure, in
addition to having acceptable strength properties, had high
California Bearing Ratios, low permeabilities, and slightly less
than adequate durability properties.
The following conclusions were reached:

1. Properly proportioned, compacted and cured mixtures
produce a strong, rigid material that may be used in appli-
cations such as embankments, subbases, and bases.

2. Compacted lime-fly ash-sulfate formulations are nor-
mally lighter in weight than most compacted soils and would
be a real advantage on soft, compressible ground.

3. Mixtures studied were quite impervious, indicating that
selected formulations can be employed in dikes, lagoons, and
levees.

4. Durability of the mixtures, as was measured by freeze-
thaw and wet-dry tests, was poor for 7 days curing at 23°C.
Durability of compacted mixtures for pavement components
must be considered in cold climate applications.

The study delineated the range of tormulations that could
be prepared with acceptable strength, permeability, and
leachability properties (6—8). Later research on fly ash-lime-
phosphogypsum mixtures confirms and amplifies the results
obtained by the Gillette Research Institute. Laboratory
studies indicated the following composition as being highly
satisfactory for subbase construction: 91 percent fly ash, 4
percent quicklime, and 5 percent industrial gypsum (phos-
phogypsum) (9). This mixture, prepared in a continuous mix-
ing plant, has been successfully used in road installations in
several locations in France, the earliest in 1969, and has per-
formed well for several years.

Remedial Treatment of Soils

Research by Midwest Research Institute was performed to
evaluate the feasibility of disposing sulfate waste in soils and
the use of various power plant and other sulfate wastes for
soil stabilization. This research consisted of a laboratory study
to evaluate the effects of sulfate (sulfite) wastes on the engi-
neering properties of fine-grained soils. The various sulfates
studied included (a) phosphogypsum (PG) derived from treat-
ing phosphate rock with sulfuric acid to produce phosphoric
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TABLE 2 PROPERTIES OF SULFATE WASTES
Waste Source
Acid Mine Rutile HF By- FGD(1)®  Spent FGD(2) FGD(3)
Drainage Mfgre Product Pickle Lime- Lime
Liquor® stone
Physical reddish grey solid white thick reddish -= -
form and brown dispersed in lumpy grey brown
color slurry green soln. solid slurry
sulfate Caso0,e2H,0 CaS0,e2H,0 Cas0,e2H,0+ Caso,+ CaSs0,#2H,0 CaSo,+ Caso+
form Caso, Caso, Caso, Caso,
"Impurities™ Al(OH), Tio, CaF, Fly Ash Caco, Fly Ash Fly Ash
Fe(OH), sio0, sio, sio,
Caco, AL,0, Al,0, Al,0,
pPH 9.6 2.5 9.0 11.3 8.7 - -
Free H0 3@ 57 41 0 24 63 -- -
® FGD: flue gas desulfurization waste.
® pickle liquor: a waste product resulting from the cleaning of metals with acid.
® data unavailable.
9 Pree water: any water which is not combined as water of hydration.
TABLE 3 PARTIAL CHEMICAL ANALYSIS OF SULFATE WASTES (OXIDES, PERCENT BY WEIGHT)
Waste Source
Acid Mine Rutile HF By- FGD(1) Spent FGD(2) FGD(3) Phosphogypsum
Drainage Mfgre Product Pickle Lime Lime-
Liquor stone
sio, 1 17 12 19 1 4.9 1.8 0.3
Fe0,+A1,0, 7 4 2 18 9 4.0 2.0 0.7
Cao 2 20 54 28 16 43.2 25.0 40.4
SO, 4 13 43 5 1 5.9 6.4 54.3
S0, --® - - - - 33.0 11.6 -

@  gata unavailable

acid, (b) sulfates from flue gas desulfurization, (c) acid mine
drainage wastes, and (d) spent bed material from the fluidized
bed combustion of coal (SBM). The wastes were evaluated
for their effects on the strengths, consistency limits, freeze-
thaw durability, and volumetric stability of 30 soil samples
representing the predominant soil series indigenous to various
waste sources.

Analysis of the results indicated that PG, FG, and AMD
had little effect on mixture properties. However, when those
wastes were used in combination with lime, lime-fly ash, or
cement kiln dust, higher strengths were achieved than when
lime was used with the test soils. The higher the sulfate content
of the waste, the stronger the mixture. In summary, the results
demonstrated that PG, FG, and AMD can be used to enhance
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TABLE 4 FORMULATIONS USED IN EVALUATING PROPERTIES OF WASTE

SULFATE: FLY ASH-LIME MIXTURES

Waste Type Calcitic Lime, Waste, percent Fly Ash,
percent percent
Pure Gypsum 4.7 9.3 86.0
Acid Mine 5.0 15.0 80.0
Drainage
HF By-product 4.0® 11.0 85.0
Titangypsum 5.0 12.0 83.0
FGD (2) 5.0 19.0 76.0
FGD (3) 5.6 32.8 61.6
TABLE 5 PROPERTIES OF WASTE SULFATE: FLY ASH-FLY ASH MIXTURES
Compressive Tensile Permeability, CBR percent
Strength kN/m? Strength kN/m? x 10°%m/sec at 20 °c
7days 28days 91days 7daye 28days 91days 7daye 28days 7days 28days
Pure Gypsum 3651 13918 15813 782 1654 3583 3.79 9.45 346 617
Acid Mine 2756 5030 7648 482 11731 1275 2.51 7.72 208 sl
Drainage
HF By-product 3307 7269 7992 586 1033 689 7.19 4.27 300 487
Titangypsum 2170 7889 7820 379 1344 1550 5.02 0.82 350 -8
FGD (2) 2790 4237 9715 482 872 1137 16.5 17.0 226 335
FGD (3) 1240 5202 7407 139 1102 1447 36.1 5.91 126 376

Samples moist cured at 23 °C.

@ pata unavailable.

the rate and magnitude of strength development of soil-lime
mixtures. Results with SBM indicated that it is equally effec-
tive as lime for soils treated in this study. Results of the
research are given in three reports (/0-12).

Lime and Cement Kiln Dusts
Waste material from lime and cement manufacture accumu-

lates at a rate in excess of 18 million tonnes a year. Some of
those materials are recycled, used for acid effluent neutrali-

zation, used in landfill stabilization, or used in soil stabili-
zation, but most (approximately 70 percent) ot the material
is landfilled. To promote more widespread utilization of those
materials, the FHWA conducted a study to determine the
effectiveness of substituting kiln dusts for hydrated lime in
lime-fly ash-aggregate (LFA) road bases (/3).

A large selection of lime and cement kiln dusts (KD) and
fly ashes (both class F and class C) was obtained and char-
acterized chemically and mineralogically. Optimum kiln dust/
fly ash ratios were established, and engineering properties
were evaluated. Engineering properties of kiln dust-fly ash-
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FIGURE 3 Variation in strength of lime-fly ash mixtures with
varying gypsum content for 7 and 28 days curing.

aggregate (KDA) mixtures evaluated included compressive
strength, durability, dimensional stability, autogenous heal-
ing, and resilient modulus.

Conclusions of the study are as follows:

1. KD are generally capable of being substituted for hydrated
lime in LFA road base compositions. The possible exceptions
are cement KD with high sulfate or alkali content or lime KD
with very high levels of free lime.

2. KDA mixes generally develop higher early strength than
do conventional LFA mixes and provide equal or better dura-
bility and volume stability characteristics. KDA mixtures are
capable of autogenous healing although not as strongly as in
LFA mixtures.

3. Generally, concentrations of KD required are higher than
lime, meaning that greater quantities of KD are needed to
react with fly ash.

The final report for the study provides detailed recom-
mendations with regard to KD and KDA evaluation and mix-
ture design procedures. Included in the recommendations are
KD screening tests, KD-fly ash-aggregate mixture design,
logistical considerations, and mixing and placement consid-
erations.

Cellulosic Wastes

The possibility of using cellulosic wastes as a pavement binder
material was investigated in a contract with SUNTECH, Inc.,
of Marcus Hook, Penn. (14) to develop and evaluate processes
for converting cellulosic and related wastes into road binder
materials and to evaluate the performance of such materials
alone and in mixtures with aggregates.

A detailed evaluation of the supply, availability and geo-
graphic distribution of cellulosic wastes was made. Various
wastes evaluated included agricultural wastes (crop residues,
animal manure, foresting wastes), manufacturing wastes (food
processing and wood and paper industry), and urban refuse
(municipal solid waste and manufacturing plant trash). Fol-
lowing this evaluation, a consideration of process feasibility
(e.g., pyrolysis, liquefaction, and hydrolysis) was made. Sec-

51

ondary processes such as distillation, extraction, air blowing,
hydrotreating, and blending (with asphalts) were also consid-
ered. Finally, a study of product performance was made and
involved previously reported results plus extensive experi-
mental studies needed to complete the evaluation. After com-
pleting the survey, process feasibility study, and product per-
formance evaluation, the following conclusions were drawn:

1. An estimated 74 x 10° kg/year of cellulosic waste is
available for processing.

2. Pyrolysis is the preferred method for converting cellu-
losic waste to substitute binder material.

3. Pyrolysis products are not suitable for direct use in high-
way binder applications. Rheological properties do not meet
performance criteria, and the products are not compatible
with asphalt.

4. Hydrogenation of wood pyrolysis products improves their
compatibility with petroleum asphalt.

5. A pyrolysis-hydrogenation procedure could be cost
effective in a 909 tonnes/day waste-processing facility.

6. Hydrogenated pyrolysis oil is suitable for use as an exten-
der of asphalt in paving operations.

7. The durability of a wearing surface mixture containing
hydrogenated pyrolysis oil was not significantly different from
that containing the reference asphalt cement.

Wood Lignins

Wood lignin is high-volume waste produced in the manufac-
ture of paper products. An examination of the feasibility of
converting lignin to a highway binder material was investi-
gated in a study entitled, ‘‘Evaluation of Wood Lignin as a
Substitute or Extender of Asphalt” (15). The study evaluated
the use of lignin in three different applications: (a) alone as
a substitute for asphalt, (b) as an extender for asphalt in hot
mixes, and (c) as an extender of emulsified asphalt in con-
junction with rubber in cold mixtures.

Principal conclusions of the study follow:

1. The utilization of wood lignin alone as a substitute paving
binder is not feasible, and the conclusion was reached after
an extensive program of chemical and physical treatments
(“formulations™).

2. Using lignin material to extend asphalt seems feasible
with a 30 percent replacement possible with no sacrifice in
physical properties. Paving mixtures prepared with lignin-
asphalt material require a slightly higher binder content than
does conventional asphalt cement concrete.

3. Suitable lignin-asphalt binder formulations were pre-
pared from lignins from both major manufacturing processes
(i.e., kraft and sulfite processes).

4. Because lignin-asphalt binders are somewhat stiffer than
asphalt alone, precoating of the coarse aggregate is recom-
mended, and also permits a reduction in binder content.

5. Coal tar, coal, kraft liquor, or carbon black generally
enhance the reaction between lignin and asphalt and allow a
lower binder content.

6. Kraft lignin appears to be suitable as a partial replace-
ment of asphalt in emulsified asphalt paving mixtures.



52

7. Kraft lignin appears to be insoluble in asphalt.

8. Lignins are environmentally stable from a leaching stand-
point.

9. On the basis of laboratory mixture characterization, on
a comparison of expected behavior by using elastic layer the-
ory, and on the predictive computer program, VESYS 1IM,
it appears that pavement mixtures using lignin-asphalt mate-
rials can be designed to match those from conventional
materials.

Bottom Ash

Problems associated with using various power plant bottom
ashes in pavement construction were comprehensively inves-
tigated in the laboratory to evaluate the feasibility of using
bottom ashes as a partial or full substitute for natural aggre-
gate in bituminous mixtures and to develop detailed guidelines
for implementation of the findings.

Detailed results of the study and recommended guidelines
for the selection of materials, testing, mixture design, eval-
uation of performance parameters, and quality control are
summarized in two publications (16,17). The principal con-
clusions follow:

1. Bottom ash-asphalt mixture properties are dependent on
ash content. In general, as the ash content is increased, the
optimum asphalt content is increased, the mixture density is
decreased, and the voids and voids in mineral aggregate are
increased.

2. In bituminous mixtures the mixture stability of ash-
containing compositions decreases up to an ash content of
about 30 percent, and further additions do not effect signif-
icant changes in the stability.

3. Resilient moduli for ash-aggregate-asphalt mixtures are
low and Poisson ratios are approximately equal when com-
pared with standard asphalt mixtures.

4. Fatigue life and [racture toughness of ash-aggregale-asphalt
mixtures increase with ash and asphalt content, and rutting
susceptivility and plastic deformation also increased with higher
ash and asphalt content.

5. Ash-aggregate-asphalt mixtures have a high resistance
to moisture damage (immersion-compression) and environ-
mental conditioning (samples were tested dry, saturated, and
after freeze-thaw cycles).

6. It was concluded from the data and test results presented
that the properties of most wet and dry bottom ashes can
meet performance specifications for conventional aggregates
and that those materials can be used successfully in pavement
construction.

Fly Ash

As was mentioned previously, FHWA has had a long-standing
interest in fly ash and fly ash—containing systems. The use of
fly ash alone or in combination with, for instance, lime, sulfate
wastes, or soils, has been described in many FHWA publi-
cations based on staff, Highway Planning and Research
(HP&R), contract, and NCHRP studies.

Guidelines designed to promote the use of fly ash in high-
way construction and maintenance were developed for FHWA
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by General Analytics, Inc. (18). The guidelines provide details
and examples of the use of fly ash in various highway appli-
cations such as pavements, embankments, backfills, and grouts.

FHWA'’s Demonstration Projects Division in 1981 initiated
Demonstration Project No. 59, “The Use of Fly Ash in High-
way Construction” (19), to promote the use of fly ash in
various applicable types of highway construction processes.
This project offered technical assistance and financial incen-
tives to states willing to construct and evaluate pilot dem-
onstration projects. As part of the technical assistance, an
informative booklet, Fly Ash Facts for Highway Engineers,
was prepared and given distribution (20). To date, approxi-
mately 20 projects have been constructed.

In response to Congressional requirements and incentives
(21-23) and an Environmental Protection Agency Guideline
(24), discriminatory clauses against the use of fly ash in port-
land cement concrete (PCC) have been removed. All states
now allow the use of fly ash in PCC on federal-aid projects.
Instructions to effect implementation of Section 117(f) of the
Surface Transportation and Relocation Act of 1987 (23), which
provides for increase in the federal-aid matching ratio for
highway projects using significant amounts of fly ash or bot-
tom ash, are given in FHWA Notice N 5080.109 (25). Also,
guidelines and recommendations for the use of fly ash and
bottom ash in bases and embankments are given in FHWA
Technical Advisory 5080.9, Use of Coal Ash in Embankments
and Bases (26).

In 1982, FHWA’s Eastern Direct Federal Division admin-
istered a $19 million road building project for the Federal
Aviation Administration and involved a 6.0-km extension of
the Dulles Access Highway from its terminus at Route 123
to its intersection with I-66. Special features of the project
included the use of 37,000 m? of 15-cm lime-fly ash base and
the use of fly ash—modified concrete for the substructure of
the eastbound bridge of Old Chain Bridge and Route 123.
Details of the project are given in the literature (27).

From those examples it is apparent that FHWA'’s involve-
ment in fly ash use has been continuous and comprehensive,
encompassing research, implementation, demonstration, and
significant construction projects. This interest will continue,
especially with the recent groundswell of concern for increased
use of by-products and recovered materials.

MUNICIPAL/DOMESTIC WASTES
Incinerator Residue

Several studies were performed and demonstration projects
built to evaluate the technical merits of usi..g incinerator res-
iduc as a total or partial aggrcgate replacement in paving
mixtures. (ASTM Committee E-38 defines incinerator residue
as all of the solid material collected after an incineration pro-
cess is completed, comprising ash, metal, glass, ceramics, and
unburned organic substances. Residue is the solid material
remaining after burning.) Additionally, a process was devel-
oped for fusing incinerator residue to produce a high quality
aggregate material (28,29). Material produced by using this
process performed well in a bituminous surface course instal-
lation in Harrisburg, Penn. (30).
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A comprehensive effort addressing the potential for using
incinerator residue in various highway applications was com-
pleted in December 1976 (31,32). In this study a nationwide
survey of incinerator locations and types was made, samples
of residues were collected and were characterized physically
and chemically, bituminous mixture designs were developed
for base and surface course application, and field test instal-
lations were made. Those installations were experimental
wearing surfaces composed of a 50-50 blend of residue and
natural aggregate. The installations were placed in Philadel-
phia, Penn.; Delaware County, Penn.; and Harrisburg, Penn.
(Table 5). The first two installations performed satisfactorily
during the monitoring period (1 year), and the Harrisburg
installation suffered considerable stripping of asphalt from the
residue. None of the test installations was subjected to heavy
traffic. Evaluation of those demonstration test results, along
with literature and test evaluations of other possible appli-
cations, including portland cement mixes, lime- and cement-
stabilized incinerator residue for base course applications,
controlled fill, and subgrade use, resulted in the following
recommendations:

1. Incinerator residue compositions can be mixed, placed,
and compacted by using conventional bituminous construction
apparatus and procedures.

2. Residues should be well burned out (less than 10 percent
loss on ignition).

3. Bituminous paving mixtures for base course applications
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composed of approximately 50 percent natural aggregate and
2 percent lime hold the most promise for residue use.

4. Incinerator residue can be used in lime- or cement-
stabilized base course mixtures.

5. The use of incinerator residue in portland cement mix-
tures is not recommended (excessive volume changes result
from the reaction of aluminum to produce hydrogen).

Several installations using incinerator residue as an aggre-
gate were made (Table 6) before, and subsequent to, this
study. Details of those installations are given in the literature
(33-38). Figure 4 presents the paving operation at the Wash-
ington, D.C., site.

Sewage Sludge

Sewage sludge, after some form of primary treatment includ-
ing digestion, consists of a low solids content dispersion of
variable viscosity, depending on the moisture content. It is
generally dark brown or black in color, and, although it may
contain up to 10 weight percent of twigs, cigarette butts, and
rubber, it frequently has the appearance of a fairly homo-
geneous suspension. Sewage sludge generally has a solids con-
tent between 5 and 10 percent by weight, although some
lagooned sludges may have over 40 percent solids. Table 7
presents data obtained from lagooned sewage sludge from
southwest Philadelphia lagoons. This material was of interest

TABLE 6 INCINERATOR RESIDUE TEST INSTALLATIONS

Asphalt
Residue Cement
Project Date

Lime Length Thickness

Percent Percent Percent Meters Centimeters Performance

Houston, TX 1974 100 9.0
Phila., PA 1975 50 7.4
Delaware Co., 1975 50 7.0
PA

Harrisburg, PA 1975 50 7.0
Harrisburg, PR 1976 100 6.7

fused residue

washington,D.C. 1977 70 9.0

Lynn, MA 1979 50 6.5

2.0 61 15 excellent
base

2.5 30 3.8 acceptable
surface

2.5 18 3.8 acceptable
surface

2.5 73 348 poor
surface

0.0 55 3.8 excellent
surface

2.0 122 11.4 good
base

2.0 approx. 3.8 excellent

1610 binder
and

surface
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(a)

(b)

(c)

(a)

FIGURE 4 Paving with municipal incinerator residue, Washington, D.C. (a) Paver. (b) Placement. (¢) Compaction. (d) Finished base

(close up).

TABLE 7 TYPICAL ANALYSIS OF SEWAGE SLUDGE

FROM PHILADELPHIA LAGOONS

Solids, percent

Ash, percent

Volatile solid, percent
Heat of Combustion, cal/gm

0il
Zn,
Cu,
Cr,
Pb,
cd,
Hg,

and Grease, g/kg

ppm
ppm
ppm
ppm
PP
ppm

Zn’
Cu
Cr(VvI)

2+

2+

sz’

cd
Hg

2+

2+

23.45
13.58
41.61
1995
55.38
2637
809
1458
1713
22
196

because a proposed roadway was to be built across the lagoon
and it was theorized that the sewage sludge might have some
use as a highway construction material. Laboratory tests
incorporating digested sewage sludge in lime-fly ash sulfate
mixtures were performed first by I.U. Conversion Systems,
Inc. (39) of Plymouth Meeting, Penn., and later by the FHWA.
Compositions were developed that had strengths adequale
for embankment construction, low permeabilities, and, after
suitable curing periods, acceptable leaching characteristics.
To explore the possibility of using digested sewage sludge
in road embankment construction, I.U. Conversion Systems,
Inc., constructed a demonstration embankment at Bridge-
port, Penn. (Figure 5) that was composed of a mixture of
sewage sludge, fly ash, soil, lime, and waste sulfate. The
embankment was approximately 45 m long by 2.4 m wide by
0.9 m high. The embankment was placed in five lifts, each
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(b)

FIGURE 5 Test embankment construction, using sewage
sludge. (a) Compaction. (b) Compaction (close up).

lift separately compacted. Cores were taken from the embank-
ment after 90 days of curing for unconfined compressive
strength, wet-dry stability, and freeze-thaw durability tests.
Additional cores were taken and tested for leaching charac-
teristics. Results of those tests showed the material to have
acceptable properties with the exception of freeze-thaw resis-
tance.

Additional detailed laboratory experiments on lime-fly ash-
soil-sulfate-sewage sludge mixtures were performed by the
Gillette Research Institute (40) and tests substantiated and
amplified the information just summarized. The following
conclusions were drawn:

1. Generally speaking, small but significant amounts of
digested sewage sludge (e.g., 10 percent by dry weight of the
mix) incorporated in lime-fly ash (or soil)-sulfate formulations
and properly cured will result in products with strengths suit-
able for embankment construction.

2. The embankment material produced has acceptable
permeability and leaching characteristics.
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3. Freeze-thaw resistance and wet-dry stability of the
embankment material are marginal, and, therefore, embank-
ments constructed by using the material should be capped
with approximately 1 m of soil.

4. The possible large-scale utilization of digested sewage
sludge in embankments construction should be based on tests
performed by using materials indigenous to the embankment
test site.

Scrap Rubber

The FHWA has had an interest in the reuse of waste rubber
for a number of years. Initially, assessments suggested that
the small amounts, remote locations, and excessive collecting
and processing costs would preclude any possible benefits
that could be accrued in using waste rubber. Therefore, in
the early and middle 1970s, research and demonstration
studies were limited to HP&R efforts. Most of those studies
were performed by the Arizona Department of Transpor-
tation and were given impetus by the pioneering work of
C. H. McDonald (41).

In the late 1970s a demonstration project, “Discarded Tires
in Highway Construction” (42), was initiated. By 1980,
several test sections using asphalt-rubber had been con-
structed and included projects in which asphalt-rubber was
used in chip seals, interlayers, and bridge deck sealing. Dis-
carded tires were also evaluated for use in embankments and
it was concluded in 1981 that asphalt-rubber membranes offer
viable alternatives to conventional materials for rehabilita-
tion of some asphaltic concrete pavements and that, in many
cases, asphalt-rubber chip seals or interlayers can be advan-
tageously used to ameliorate fatigue-type cracking in bitu-
minous pavements (43).

A recent critical evaluation of asphalt-rubber systems was
performed under a national pooled fund study (44). Over 200
experimental rubber-modified pavements were evaluated rel-
ative to their performance compared with control sections.
The following pavement applications were evaluated:

. Asphalt-rubber seal coats,

. Asphalt-rubber interlayers,

. Rubber-filled asphalt concrete,
. Asphalt-rubber friction course,
. Asphalt-rubber concrete, and

. Rubber-filled friction course.

AN BN

Those systems are outlined in Figure 6.

The results of the study are summarized graphically in Fig-
ure 7 (45). In the first two applications the experimental sec-
tions performed the same or worse in approximately 80 per-
cent of the sections. In the third application, the experimental
sections performed the same or better in approximately 95
percent of the sections. Too few sections were evaluated to
permit definite conclusions in the remaining applications.

In summary, no conclusive evidence exists that asphalt-
rubber systems are generally superior to conventional asphalt
cement materials. It is important to note that the study was
conducted on a nationwide basis. The generally favorable
performance of rubber-asphalt systems in tests in Arizona is
in contrast to the pooled-fund study results, suggesting that
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Rubber-Modified Systems

—

| 1
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FIGURE 6 Classification of rubber-modified asphalt paving
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FIGURE 7 Project performance by application, in the
national-pooled fund study on rubber-meodified asphalt

pavement tests.
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climatic conditions may be of considerable importance in
asphalt-rubber system performance.

MINING WASTES—COAL MINE REFUSE

Valley Forge Laboratories conducted a study, ““Availability
of Mining Wastes and Their Potential for Use as Highway
Matcrial”” (46—48), to develop methods for using coal mine
refuse in highway base course construction. A contract was
executed to determine the potential for combining fly ash with
coal refuse to form a base course material for highway con-
struction. A survey was performed of existing information
regarding the engineering properties and field testing of fly
ash and coal mine refuse. Also, a nationwide survey was made
to establish regions or areas of optimum use potential where
the combination of economically available wastes and fly ash
indicates attractive potential use of those waste materials in
lieu of natural aggregates (49). Finally, an extensive labora-
tory testing program was established to study the physical and
engineering properties of mixtures of coal mine refuse (CMR)
and fly ash from 10 optimum use areas and a comparison of
serviceability index and physical damage parameters based
on the VESYS Predictive Design Procedure between crushed
stone and CMR-fly ash compositions.
The major findings of the study were as follows (50):

1. CMR and fly ashes had physical, chemical, and engi-
neering properties generally similar to those reported in the
literature.

2. Several unstabilized CMR-fly ash compositions pos-
sessed good strengths but were not durable.

3. CMR-fly ash blends were successfully stabilized with each
of the four stabilizing agents tested (portland cement, lime,
asphalt cement, and emulsified asphalt).

4. Portland cement- and lime-stabilized CMR-fly ash base
courses yielded thinner surface and base course layers than
did crushed stone for the same loading, temperature, and
subgrade conditions when evaluated by using the VESYS Pre-
dictive Design Procedure.

5. The predicted performance levels (serviceability index
and physical damage parameters) of those thinner pavement
layers are equal to and typically more favorable than those
for crushed stone.

6. Unstabilized CMR-fly ash compositions appear to be
unsuitable for highway base course application based on the
results from the VESYS Predictive Design Procedure.

CONCLUDING REMARKS

The research and development efforts described in this paper
were undertaken during the 1970s and early 1980s. During
this period, even though there was beginning to be an increased
awareness and concern regarding environmental problems, as
evidenced by various pieces of legislation addressing resource
recovery and hazardous materials, air and water pollution,
etc., the thrust of FHWA's efforts was on the possible tech-
nical problems associated with use of wastes and by-products.
Because much of the regulating legislation was in an embry-
onic stage in terms of implementation, the FHWA was able
to develop design procedures and demonstrate the technical
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viability and potential of many industrial/domestic/municipal/
mining by-products without suffering unbearable regulation
and delays. This is not to say that environmental impacts were
not considered, just that in many cases they were not of pri-
mary concern. Thus, FHWA'’s efforts were not subjected to
the severe scrutiny and constraints imposed by regulatory
groups, environmental advocacy groups, and the general pub-
lic, that are given by-product utilization today (Chesner, War-
ren G., Work Plan for the Demonstration of the Utilization
of Waste-to-Energy Combustion Residues as a Substitute
Aggregate in Bituminous Paving Applications, unpublished
data).

Regardless of severe constraints exercised today with regard
to the reuse of wastes and by-products, FHWA’s past and
present efforts in this area should provide valuable guidance
to those wishing to ameliorate the waste problem by increased
recycling (reuse). It is recognized that recycling is only part
of the picture and that waste reduction at the source, incin-
eration, and, last, limited landfilling will need to be carefully
and fully integrated to prevent the world from being inundated
in waste.
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Stabilization Characteristics of Class F

Fly Ash

MumTtaz A. USMEN AND JOHN J. BOWDERS, ]JR.

Stabilized fly ash is a mixture of fly ash and lime, or fly ash and
cement, compacted at optimum moisture content and cured to
form a product-like soil-lime or soil-cement. Limited past appli-
cations and engineering properties of stabilized class F fly ash are
discussed. A research study was undertaken to establish the phys-
ical, chemical, compaction, strength, and durability characteris-
tics of class F fly ash stabilized with lime, cement, or lime/cement
combinations. Two ashes obtained from West Virginia power
plants were included in the laboratory testing program. It was
found that although the ashes are quite different in properties,
both ashes can be successfully stabilized to produce pozzolanic
mixtures of adequate strength and durability for use as base or
liner, with the addition of a proper amount of stabilizer and by
allowing the mixture to cure for a sufficiently long period. Cement
stabilization, in general, produced better strength and durability
than lime stabilization for a given stabilizer content for curing
periods up to 56 days. Freeze-thaw cycles caused substantial strength
losses, and wet-dry cycles resulted in strength gains. Vacuum
saturation with water and an acetic acid solution produced inter-
mediate effects. Very good correlations were found between freeze-
thaw and water vacuum saturation tests.

Large quantities of fly ash continue to be generated by coal-
burning power plants, and the disposal of this material in a
safe, economical, and environmentally acceptable manner is
becoming increasingly troublesome for the electric utility
industry and becoming a public concern. The most desirable
way of disposal is utilization, which provides economic ben-
efits by reducing disposal costs and mitigates possible negative
environmental effects through proper engineering controls.
Fly ash has been used in many types of engineering appli-
cations because of its wide availability and desirable pozzo-
lanic (and self-hardening) characteristics and has been used
as an admixture in cement and concrete and as a stabilizing
agent (in combination with lime or cement) for soils and
aggregates in pavement subgrades, bases, and subbases. Fly
ash also has been used as a fill material on a limited scale.
The use of fly ash in concrete and aggregate/soil stabili-
zation applications has proven beneficial both technically and
economically, but relatively small amounts of fly ash can be
exploited in those types of projects because, in most cases,
fly ash constitutes a small percentage of the total material
composition. This suggests that, in view of the economic and
environmental concerns mentioned, further benefits and
incentives remain for establishing utilization schemes that will
incorporate larger amounts of ash. One such scheme is “‘sta-
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bilized fly ash,” defined here as a pozzolanic mixture of fly
ash and lime or cement compacted at optimum moisture con-
tent to form a product-like soil-lime or soil-cement that can
serve as a base or subbase course for pavements or as a low
permeability liner or cut-off material when designed (pro-
portioned) to meet pertinent performance criteria. Because
this material does not contain any aggregate or soil, the use
of fly ash is maximized per ton or cubic yard of base, subbase,
or liner material constructed. Fly ash in such an application
serves the dual role of pozzolan and aggregate.

Detailed technical information is not available on stabilized
fly ash although an abundance of information exists on the
technology for pozzolanic base courses employing mixtures
of lime, fly ash, and aggregate (LFA); cement, fly ash, and
aggregate (CFA); and lime, cement, fly ash, and aggregate
(LCFA) (I-3), as well as the use of fly ash in soil stabilization
(3,9). A research study was performed to review and docu-
ment the limited existing information from the literature on
material properties and applications and to produce new infor-
mation on material properties through an organized labora-
tory study. Two class F (bituminous coal based) fly ashes from
West Virginia were included in the laboratory study. Those
ashes were first characterized by subjecting them to standard
ASTM tests for pozzolans. Next, the ashes were mixed with
hydrated lime and portland cement at varying stabilizer con-
tents to investigate compaction characteristics (optimum
moisture content and maximum dry density). Then, the spec-
imens were fabricated, cured for different lengths of time,
and tested for strength and durability. Findings of those inves-
tigations are reported in this paper. Permeability and leachate
characteristics of the stabilized fly ash mixtures were also
studied as part of this research project. However, relevant
information and findings concerning those aspects are pre-
sented elsewhere (5) and are discussed by Bowders et al. in
a companion paper in this Record.

PAST RESEARCH AND UTILIZATION
Material Properties

It is known that the most unique and outstanding charac-
teristics of fly ash are pozzolanic reactivity and being self-
hardening. Pozzolanic reactivity relates to the ability of fly
ash to form cementitious products at ordinary temperatures
when combined with alkali and alkaline earth hydroxides in
the presence of moisture. The alkali and alkaline earth
hydroxides needed to achieve pozzolanic reactions are pro-
vided by adding lime or cement to fly ash. If they are internally
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present in sufficient amounts (e.g., as CaO or MgO), then
the fly ash exhibits self-hardening behavior in addition to
pozzolanicity. Fly ash is designated as class F or class C
depending on the parent coal source. Class F ash is derived
from bituminous or anthracite coals burned mostly in the
eastern, midwestern, and southern United States. Class C ash
comes from subbituminous or lignite coals predominantly mined
in the western United States. It is almost always necessary to
combine class F fly ash with lime or cement to produce poz-
zolanic reactions, but this may not be needed with class C
ashes, which contain significant amounts of CaO. However,
many class C ashes also produce better stabilization charac-
teristics when lime or cement is added (3,06).

Pozzolanic reactions between lime and fly ash are complex.
According to Minnick (7), those reactions involve various
combinations of the hydrated calcium or magnesium in lime
with the amorphous silica and alumina in fly ash or both.
Reaction products may include tobermorite (calcium silicate
hydrate), ettringite (high-sulfate calcium sulfoaluminate: 3CaO
AlLO, CaSO, 12H,0), and the low sulfate form of calcium
sulfoaluminate (3CaO Al,O, CaSO, 12 H,O). The extent and
rate of the reactions will be affected by the fineness and chem-
ical composition of fly ash, the type and amount of stabilizer,
moisture content, temperature, and age. When cement is used
in lieu of lime to stabilize fly ash, it hydrates relatively quickly
on contact with moisture and produces its own cementitious
compounds and also releases some free lime that can further
react with fly ash in a pozzolanic manner. Consequently, cement
enhances short-term strength.

Limited information has been reported in the literature on
the strength characteristics of lime- and cement-stabilized fly
ash (6,8-10). Evident from those studies for mixtures of lime
and fly ash is that normal (70°-75°F) cured unconfined com-
pressive strengths at 7 to 28 days range from 100 psi to 1200
psi and that longer curing periods (90 days and over) may
yield strengths exceeding 2000 psi. Cement may produce two
to three times higher strengths in the short term, but the
diffcrences largely disappear in the long term.

Durability data on stabilized fly ash are very limited. Gray
and Lin (9) have found that both lime and cement stabilization
drastically reduce the frost susceptibility of fly ash. Freeze-
thaw durability evaluations by Joshi et al. (10) have revealed
that mixtures of lime and fly ash have questionable durability
in the short term and that mixtures of cement and fly ash
produce satisfactory results.

Complete mix-design data for stabilized fly ash could not
be found in the literature. Therefore, effects of stabilizer con-
tents on mixture properties cannot be clearly assessed. Evi-
dence exists that increased cement content will increase mix-
ture strength (/7). However, strength may increase with
increasing lime content (/0,17) or results may be varied (9).

According to GAI Consultants (6), the standard soil-cement
wet-dry and freeze-thaw durability tests, using the brushing
technique, are not suitable for cement-stabilized fly ash. Because
wet-dry cycles apparently produce negligible effects on dura-
bility and freeze-thaw cycles are unduly abrasive, and because
test results are dependent on sample preparation techniques,
it is suggested that compressive strength tests can be used
alone for ensuring adequate durability. For cement-stabilized
fly ash, a 7-day normal cured strength between 400 and 800
psi has been specified, along with the requirement that the
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strength of the mix must increase with time. A minimum 28-
day normal cured strength of 550 psi has been recommended
for lime-stabilized ash, again with the additional stipulation
that there must be strength increase with time. However,
stabilized fly ash pavements subjected to extreme service con-
ditions should be tested for durability by observing residual
strength after a suitable number of freeze-thaw cycles or after
vacuum saturation.

In general, a partial or full replacement of lime by cement
in pozzolanic mixtures has been considered advantageous,
although this has so far been tried only on pozzolan-aggregate
mixes (2). In addition to better early strength, cement appar-
ently also enhances durability. It has been suggested that the
designer can have better control over the mixture quality (by
adjusting cement content) and that nonspecification ashes not
highly lime reactive may be effectively stabilized with cement.

Applications

Cement-stabilized fly ash has been successfully used as a base
course material in England and France for many years and
has been specified and accepted on both public roads and
private projects (4,6). This type of application is relatively
new in the United States but is expected to gain increased
attention especially in locations where fly ash can economi-
cally compete with alternative aggregate materials. Field trials
and demonstration projects have been undertaken in recent
years to evaluate the performance of stabilized fly ash pave-
ments (4,/10-13). Three cases related to cement-stabilized
class F fly ash mixes are brietly described here.

@ In September 1975 a parking lot pavement consisting of
an 8-in.-thick cement-stabilized fly ash base, which was topped
by a 3-in. bituminous wearing surface, was constructed at
Harrison Power Station in Haywood, West Virginia (4). The
purpose of the project was to demonstrate cement-stabilized
fly ash as an easily constructed and highly serviceable base
course. Cement and fly ash were premixed with water in a
pugmill at the rate of 83 Ib of fly ash and 10 1b of cement per
cubic foot of compacted mix. An average in-place density of
98.5 percent of the maximum Standard Proctor of 92.5 pcf
was obtained at an optimum water content of 14 percent.
Average unconfined compressive strengths of cores taken from
the completed base course at 7 and 90 days were 566 and 869
psi, respectively. Strengths of cores taken after a period of
180 days, which encompassed a severe winter, indicated that
the pavement had experienced no strength loss. The parking
lot has continued to perform well.

@ Cement-stabilized fly ash was used in the construction of
a base course for a haul road near American Electric Power’s
Clinch River power plant in southwestern Virginia (/2). The
cement-stabilized fly-ash base course was designed by the
procedures presented by GAI Consultants (4,6). The resulting
pavement consisted of cement-treated fly ash base course
5.5 in. thick overlain by a 1.5-in.-thick emulsified asphalt-
stabilized bottom ash surface course. A cement content of 14
percent of the dry weight of the fly ash and a water content
of 17 percent were selected for the base-course mix. The haul
road was subjected to a low traffic volume, although many
of the vehicles were heavy trucks, and the road performed
satisfactorily for several years.
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® An experimental project, using a 10-in.-thick cement sta-
bilized fly ash as the road base material, was conducted by
the Oakland County Road Commission in Michigan in 1983
(13). The mix contained 10 percent cement and presented no
unique problems during pugmilling and construction. Ease of
construction was roughly comparable to the installation of a
gravel or bituminous base. Traffic control was also similar,
except for a recommendation that the traffic be kept off the
completed base during the initial curing period (7 days). Cores
taken at 7 and 28 days yielded unconfined compressive strength
of 190 psi and 142 psi, respectively. However, early laboratory
testing on a sample of fly ash from the plant indicated the
design mix would produce a 7-day strength over 400 psi. This
difference probably arose from discrepancies between labo-
ratory testing conditions and in-place field conditions. This
level of performance, however, was considered unsatisfac-
tory, and this mixture was not recommended for use in the
Detroit, Michigan, area.

RESULTS OF THE LABORATORY STUDY

The laboratory studies involved testing of fly ashes in unsta-
bilized and stabilized form. The purpose of the study was to
determine the specification conformity of the ashes, the com-
paction behavior and parameters of the ash-stabilizer mixtures
in the freshly mixed condition, and the strength and durability
characteristics of the same mixes after curing. All testing in
the laboratory was performed on duplicate specimens to obtain
average results. If the test results had significant variability,
then additional tests were performed before averaging.

Materials

Two fly ashes were used in this study: Harrison, obtained
from the Harrison Power Plant in Haywood, West Virginia,
and Amos, acquired from the Amos Power Plant, in Nitro,
West Virginia. The samples were collected from the dry hop-
pers in the power plants and were transported to the labo-
ratory for testing. The hydrated lime used in this study was
manufactured by the Greer Plant of Morgantown, West Vir-
ginia, and the Type I portland cement was produced in Arm-
strong, West Virginia. Both were bought in paper sacks from
local suppliers.

Ash Properties

A variety of ASTM specification tests were performed on the
fly ashes and included specific gravity (ASTM D854); fine-
ness, as established by the amount retained when wet-sieved
on No. 200 and No. 325 sieves (ASTM D422); pozzolanic
activity index with portland cement and pozzolanic activity
index with lime (ASTM C311); and lime-pozzolan strength
development (ASTM C593). A summary of the test results is
presented in Table 1, along with the related ASTM specifi-
cation criteria. Data on the chemical analyses of the ashes
shown in the table were provided by the utility companies,
except for the loss on ignition values and CaO contents, which
were determined in the laboratory.
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The specific gravity values presented in Table 1 indicate
that the Harrison ash is much heavier than the Amos because
of its high Fe,O, content. The Amos ash conversely has a
higher total amount of glassy components (SiO,, Al,O,, and
Fe,0;) than does the Harrison and has a higher pozzolanic
activity index with lime and a higher lime-pozzolan strength
development value than does the Harrison. However, both
ashes exhibit excellent pozzolanic reactivity with both cement
and lime. The sieve analysis results indicate that the Harrison
is somewhat finer than the Amos. The loss on ignition values
are comparable for both ashes, with the Harrison slightly
lower. The values presented in the table indicate that rela-
tively small amounts of carbon and other combustible mate-
rials exist in the ashes. The CaO percentage for the Harrison
is significantly higher than that for the Amos. Overall, both
ashes, although quite different in properties, satisfy the ASTM
specification criteria for class F fly ashes for use in cement
and concrete and for lime-pozzolan stabilization.

Compaction Characteristics

Compaction characteristics of mixtures of fly ash and lime
and of fly ash and cement were investigated by performing
Standard Proctor tests (ASTM D698) on materials by using
varying stabilizer contents. The maximum dry density (MDD)
and optimum moisture content (OMC) were obtained on each
mixture. Results are presented graphically in Figures 1 and 2
for Harrison lime (HL), Harrison cement (HC), Amos lime
(AL), and Amos cement (AC) mixtures. Results for unsta-
bilized mixtures (zero percent stabilizer) are also included.
Some differences exist between the compaction characteristics
of the two fly ashes. The Harrison with the higher specific
gravity produces higher maximum dry densities when com-
pared with the Amos. However, the Amos, being a lighter
weight material, yields higher optimum moisture contents
because of the larger surface area it has per unit mass.

The data for both ashes also indicate that increased lime
content results in increased OMC and decreased MDD, which
can be attributed to the fineness and light weight of lime.
Conversely, increased cement content does not appear to pro-
duce any clear trends, or any significant variation, relative
to OMC and MDD. The moisture-density relationships for
individual mixtures were very straightforward to obtain, and
the standard laboratory procedures posed no problems or
anomalies.

Strength Development

The stabilized fly ash mixtures were first compacted in Proctor
molds at their OMC. They were then extracted from the molds
and placed in plastic closeable bags and cured in a moist room
at 73°F and 100 percent relative humidity. The mixtures were
then tested after specified curing periods for unconfined com-
pressive strength in the unsoaked condition to assess the degree
of stabilization through progressing pozzolanic reactions
between the fly ashes and the stabilizers. The soaking pro-
cedure normally employed to determine design strength was
omitted to avoid the possibility of negating effects that would
obscure the results. (The soaking procedure, however, was
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TABLE 1 PROPERTIES OF FLY ASHES
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Property Harrison Amos ASTM
Ash Ash Specifications
Specific Gravity 2.81 2.25 ——
%Retained #200 Sieve 4.4 8.9 ASTM C593
30.0 max.
Fineness, % retained
on #325 Sieve 14.4 22.4 ASTM C618
34.0 max.
Moisture Content (%) 0.1 0.1 ASTM C618
3.0 max.
Pozzolanic Activity Index 97.6 86.0 ASTM C618
with cement (%) 75 min.
Pozzolanic Actigity Index 944 1003 ASTM C618
with lime (psi) 800 min.
Lime-Pozzolan Strength 644 979 ASTM C593
Development (psi)€ 600 min.
Silicon Dioxide (8i05), % 34 58 ——
Aluminum Oxide (Al,03), % 21 30 —-——
Ferric Oxide (Fe203), % 24 4 -—
Sum of Sio,, Al,05, and
F9203, % 79 92 ASTM C618
Loss on Ignition (%) 2:2 2.5 ASTM C618
12 max.
cao (%) 6.8 1.4 —-—

2 - cured 1 day at 73 F plus 27 days at 100 F

b

€ - cured 7 days at 130 F

replaced by vacuum saturation, which is reported in the next
section.)

The different ash-stabilizer combinations and curing periods
employed in this phase of the study and the test results are
presented in Table 2. Both ashes were stabilized with 3, 6, 9,
12, and 15 percent lime and with 3, 6, 9, 12, and 15 percent
cement. In addition, the Harrison was stabilized with 9 per-
cent cement and 3 percent lime, 6 percent cement and 6
percent lime, and 3 percent cement and 9 percent lime, to
study the effects of using combined stabilizers on mixture
strength development. The Amos mixtures were tested after
7 and 28 days of curing only, and the Harrison mixtures were
tested after 7, 28, and 56 days to assess the effects of longer-

- Cured 1 day at 73 F plus 6 days at 130 F

term curing. Unconfined compressive strengths for unstabil-
ized ashes (zero percent lime or cement) were also obtained
to establish baseline values.

From the results presented in Table 2, increasing cement
content causes considerable increases in the strength of both
ashes for all curing periods. Increasing lime content, however,
may increase or decrease strength. A slight decrease is observed
with the Harrison, in general with increasing lime contents at
7 and 28 days. However, the trend reverses at 56 days. This
may be caused by unfinished pozzolanic reactions between
lime and fly ash in the short term. In the Amos lime mixtures,
increased lime content causes negligible strength gain at 7
days, but extended curing effects a notable increase in strength.
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FIGURE 1 MDD versus stabilizer content for ash mixtures.

Overall, the results show that cement-stabilized ashes exhibit
higher strengths than their lime-stabilized counterparts,
regardless of the length of curing period. However, as the
curing period gets longer the differences between the cement-
and lime-stabilized fly ash mixes at a given stabilizer content
become somewhat smaller.

When comparing the strengths of the two ashes, the Har-
rison has developed higher strengths for both lime and cement
stabilization. This, unfortunately, cannot be readily predicted
from the pozzolanic reactivity test results presented in Table
1, because the Amos appears to have higher pozzolanic reac-
tivity with lime than does the Harrison. However, the test
results presented in Table 1 are based on accelerated curing
at high temperatures. Further, the high CaO content and the
fineness of the Harrison can be important factors that con-
tribute to high strength. The results in Table 2 indicate that
the Harrison ash shows very satisfactory strength values with
both lime and cement for all stabilizer contents and curing
periods. The Amos exhibits relatively low strengths with lime
in the short term, but extending curing results in appreciable
strength gains and reaches satisfactory levels at higher lime
contents, a favorable characteristic. The length of curing,
actually, has a very dramatic effect on all mixtures. The longer
the curing period, the higher the strengths.

Finally, the dominance of cement in the strength devel-
opment of stabilized fly ash mixes is quite evident from the
results given in Table 2 for the Harrison stabilized with com-
bined lime and cement. As the cement/lime ratio increases in
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FIGURE 2 OMC versus stabilizer content for ash mixtures.

the combined stabilizer, the strength of the total mixture also
tends to increase. The mixtures containing combined stabi-
lizers indicate strengths much higher than those stabilized with
lime only. When compared with cement-stabilized mixtures,
the differences are much less and become quite insignificant
at high cement/lime ratios.

Durability Evaluation

Durability of lime- and cement-stabilized fly ash mixtures was
evaluated by obtaining the residual strength g, of the cured
specimens after subjecting them to different exposure con-
ditions and then comparing this value to the original (pre-
exposure) strength g,. Three levels of stabilizer contents were
used in the preparation of the mixes: 3, 9, and 15 percent.
However, part of the Amos specimens was prepared only with
9 percent stabilizer to economize on time and materials. Two
curing periods, 7 and 28 days, were selected for specimen
preparation.

Five types of exposure conditions were chosen for durability
evaluations. The first series of tests employed vacuum satu-
ration with water and was performed in accordance with ASTM
C593. The second series used a freeze-thaw cycles exposure
and was performed as outlined in ASTM D560, except for
employing 10 cycles instead of 12 and for substituting uncon-
fined compressive strength testing at the end of the exposure
period for the brushing and weighing procedures. A similar
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TABLE 2 COMPRESSIVE STRENGTHS OF STABILIZED ASHES

Compressive Strength (psi)

Mixture 7-day 28-day 56=-day
Unstabilized Harrison 80 95 ——
Harrison + 3% Lime 559 909 1116
+ 6% Lime 543 780 1182
+ 9% Lime 439 761 1220
+12% Lime 394 895 1277
+15% Lime 372 758 1138
Harrison + 3% Cement 193 422 —_——
+ 6% Cement 442 756 792
+ 9% Cement 917 1209 1353
+12% Cement 1074 1675 1773
+15% Cement 1341 1803 2423
Harrison + 9% Lime and 694 1251 1695
3% Cement
Harrison + 6% Lime and 756 1361 1687
6% Cement
Harrison + 3% Lime and 959 1635 1928
9% Cement
Unstabilized Amos 40 40
Amos + 3% Lime 104 148
+ 6% Lime 116 239
+ 9% Lime 126 360
+12% Lime 130 482
+15% Lime 142 669
Amos + 3% Cement 217 251
+ 6% Cement 307 508
+ 9% Cement 488 764
+12% Cement 637 1112
+15% Cement 826 1492

approach was adopted in the third series, which involved wet-
dry cycles. In this case, the procedures specified in ASTM
D559 were modified so as to include 10 cycles of wetting and
drying rather than 12 and compressive strength testing instead
of brushing and weighing. The fourth and fifth series of dura-
bility testing involved a vacuum saturation exposure, this time
using an acetic acid solution (0.575 M with a pH of 2.5) instead
of water. The vacuum saturation period was extended to 2
hours for both series to ensure better pervasion of the acid
solution into the specimens. This procedure was devised to
test the durability of the mixtures in an acidic environment
(i.e., as a landfill liner).

Two sets of specimens were tested, one directly after vac-
uum saturation, another after 48 hours, to assess the effects
of prolonged exposure while the specimens were sealed in
plastic bags. The weights of all specimens were monitored
throughout the durability testing program to study moisture
changes and material loss owing to possible sample deterio-

ration. Visual observations were also performed to supple-
ment quantitative evaluations.

Durability test results for the mixtures and exposure con-
ditions are summarized in Tables 3 and 4 for 7 and 28 day
curing periods, respectively. Results are presented in terms
of g, values and q,/q,, which is the ratio of the residual strength
and the original strength. The original strength values used
in computing these ratios are those given in Table 2 for the
same mixtures. A ¢,/q, ratio of less than 1.0 indicates a strength
decrease as a result of the exposure, and a g, /g, ratio of greater
than 1.0 signifies a strength increase as a result of the expo-
sure. If any of those exposures and testing procedures are
adopted for durability evaluations, then the particular crite-
rion to be met by those parameters should be determined for
the anticipated field conditions to which the pavement or liner
material will be subjected. Low ¢, values and ¢,/q, ratios
might indicate a need to critically evaluate the potential dura-
bility problems for the given case.



TABLE 3 DURABILITY TEST RESULTS FOR STABILIZED ASHES (7 DAYS)

Exposure Conditlion Vac. Saturaltion Freeze-Thaw Wet-Dry Vac. gaturation W1t? Agesizftgid
with Waler Cycles Cycles Teste este
Imnadlalely 40_Hours
; a b
Mixture qr qr/qu ql qr/qo qr qr/qo qr qr/qo qr qr/qv
(psi) (psi) (psi) (psi) (psi)
Harrison + 3% Lime 446 0.80 a13 0.67 1540 2.75 394 0.70 400 0.72
+ 9X Lime 346 0.79 129 0.27 2666 6.07 359 0.82 320 0.73
+15% Lime 317 0.85 56 0.15 2845 7.67 276 0.74 283 0.76
Harrison + 3% Cement 169 0.88 295 1.53 812 4.21 241 125 103 1.05
+ 9% Cement 736 1.00 844 1.14 3462 4.69 1166 2.09 1096 1.96
+15X Cement 1069 1.03 1106 1.07 2348 2.26 977 1.33 858 1.17
Amos + 3% Lime 64 0.62 0 0 s — = £on =S st
+ 9% Lime 60 0.48 26 0.21 1313 10.42 64 0.51 58 0.46
+15% Lime 86 0,61 34 0.24 —— —— — -— e e
Amos + 3% Cement 155 0.71 54 0.25 — — — ——— — o
+ 9% Cement 346 0.71 213 0,44 1393 2.85 201 0.41 243 0.50
+15% Cement 585 0.71 549 0.66 -— —-— —— - ——— e
a-gq = Residual compressive strength (posl-exposure)
b - q = Original compressive strength (pre-exposure)
C = === indicates that test was not performed
TABLE 4 DURABILITY TEST RESULTS FOR STABILIZED ASHES (28 DAYS)
Vac. Saturation with Acetic Acid
Exposure Condition Vac;tﬁa;u:at1on Freaze-Thaw Wat-Dry Tested Tested after
W ater Cycles Cycles Immediately 48 Hours
Mixture a, *  a/a,” aq a/a, 4, a/a, a_  aq/a, a, a/q
(psi) (psi) (psi) (psi) (psi)
Harrison + 3% Lime 718 0.79 690 0,76 1791 1.97 527 0.58 495 0.54
+ 9% Lime 156 0.99 374 0.49 3084 4.05 541 0.71 549 0.72
+15% Lime 611 0.81 362 0.48 3064 4.04 543 0.12 573 0.76
Harrison + 3X Cement 291 0.69 304 0.72 1055 2.50 605 1.43 645 1.53
+ 9% Cement 798 0.66 614 0.51 2646 2.19 1717 1.42 1631 1.35
+15% Cement 1202 0.67 368 0.48 3870 B 1 1733 0.96 2171 1.20
¢
Amos + 3% Lime 90 0.61 28 0.19 o === - o i i
+ 9% Lime 229 0.64 36 0.10 1811 5.03 201 0.56 185 0.51
+15% Lime 374 Q.56 44 0.07 o s = 25 e sesie
Amos + 3% Cement 183 0.73 121 0.48 = b e e = Gieal
+ 9% Cement 655 0.86 691 0.40 1353 .77 584 0.76 603 0.79
+15% Cement 1212 0.81 1431 0.96 SSS = S = R e
a-gq = Residual compressive strength (post-exposure)
b - q, # Original compressive strength (pre-exposure)
c - —=-= indicates that test was not performed
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Several observations can be made from the data presented
in Tables 3 and 4. First, stabilized mixtures of the Harrison
ash have produced much better durability in most cases than
the stabilized Amos mixtures. Residual strengths are invari-
ably higher for the Harrison primarily because the original
strengths were higher to start with and underscores the impor-
tance of obtaining sufficiently high strength in stabilized ash
mixtures before their exposure to possible detrimental service
environments. The Harrison has also produced higher ¢,/q,
ratios with few exceptions. Cement-stabilized Harrison, in
particular, shows excellent durability with respect to all expo-
sures, with an exception observed in the g,/q, ratios for the
freeze-thaw test. Cement-stabilized Amos may have done bet-
ter than lime-stabilized Amos, producing satisfactory dura-
bilities in many cases, particularly at relatively higher cement
contents (greater than 9 percent) and longer curing periods
(28 days). Lime-stabilized Amos also has performed better
after the 28-day curing period when compared with the 7-day
curing, This is true for most exposures. However, this mixture
failed in freeze-thaw after both curing periods.

Overall, increased stabilizer contents and extended curing
periods enhance the durability of the stabilized ash mixtures,
and cement-stabilized mixtures perform better in most of the
durability exposure conditions. The freeze-thaw cycles test pro-
duces the severest exposure and results in substantial strength
losses in most cases. The wet-dry cycles test, however, invar-
iably results in very high strength gains for the specimens,
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FIGURE 3 Weights of lime-stabilized ashes exposed to freeze-
thaw cycles (28 days).
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indicating that this type of exposure will not be critical in
terms of the durability evaluation of stabilized fly ash.
Weight changes of 28-day cured specimens during the freeze-
thaw and wet-dry cycles are presented graphically in Figures
3,4, 5, and 6 to augment the results given in Table 4. The
HL, HC, AL, and AC symbols used in those figures denote
Harrison lime, Harrison cement, Amos lime, and Amos
cement mixtures, respectively, and the numbers at the end
of each symbol designate the stabilizer contents. Similar curves
were obtained for 7-day curing. Evident from Figures 3 and
4 is that both lime- and cement-stabilized ashes have gained
significant amounts of moisture after the first freeze-thaw
cycle. Afterward, an approximately constant weight is main-
tained for cement-stabilized ashes, but moisture gains con-
tinue in varying degrees in the lime-stabilized ashes. Weight
losses observed in the higher cycles indicate material loss
owing to cracking, scaling, and spalling; and continued mois-
ture gain is indicative of internal deterioration. Extreme dete-
rioration was observed in specimens of 3 and 9 percent lime-
stabilized Amos after the first few cycles, and the specimens
were tested for strength without completing all the cycles.
The curves in Figures 5 and 6 reveal that substantial moisture
losses occur in all specimens during the first wet-dry cycle,
followed by a more or less constant weight achieved through
the next one or two cycles and maintained the rest of the way.
Because the dry cycle involves the exposure of the specimens
to an environment maintained at 160°F, accelerated curing

2050
2000 [~
J
4
1950 r a
1900
1asoﬁ
2 OHC3
& OHCY
]
£ 1800~ VHC15
(=)
g ® AC3
@
2 ®ACY
L Y AC15
J
1700 |-
g |
1650 ol = B
e E:3
L J
1600 \
1 1 | | | |

1550 ¢
0 1 2 3 4 5 6 7 8 9 10

Cycle Number

FIGURE 4 Weights of cement-stabilized ashes exposed to
freeze-thaw cycles (28 days).
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FIGURE 5 Weights of lime-stabilized ashes exposed to wet-
dry cycles (28 days).

occurs in the stabilized mixtures, resulting in very high levels
of strength gain. Visual observations of the specimens also
indicated that none of the specimens experienced detectable
shrinkage cracking.

Results shown in Tables 3 and 4 further indicate, with few
exceptions, that the vacuum saturation test by using water
produced minor to moderate strength losses. Good durability
may be achieved with both lime- and cement-stabilized fly
ash by adding a sufficient amount of stabilizer and by pro-
viding adequate curing. Interesting results have been obtained
with the acetic acid vacuum saturation test. Exposure to acetic
acid has caused higher strength losses in lime-stabilized mix-
tures than in cement-stabilized mixtures, but strength gains
are observed with the cement-stabilized Harrison. This may
be attributable to the formation of cement-like ionic com-
pounds, such as ferric acetate, resulting from the dissolution
of Fe,O, present in the Harrison ash. The same favorable
effect as a result of acetic acid exposure was also experienced
with the cement-stabilized Harrison ash in the later phase of
the testing program involving permeability evaluation. This
was manifested as appreciable decreases in permeability (see
Bowders et al., this Record).

Vacuum Saturation Versus Freeze-Thaw

The vacuum saturation method is frequently used to evaluate
the freeze-thaw durability of the pozzolan-aggregate bases on
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FIGURE 6 Weights of cement-stabilized ashes exposed to
wet-dry cycles (28 days).

the basis of the excellent correlations obtained between the
results of the vacuum saturation (with water) and cyclic freeze-
thaw tests (/4). The data obtained in this study were used in
correlation and linear regression analyses to assess whether
this would hold true for stabilized fly ash mixtures. Results
presented in Table 5 indicate that the correlations between
the two tests are fairly good, as reflected by the relatively
high correlation coefficients, and are excellent in the case of
cement-stabilized ashes, where the correlation coefficient is
96.7 percent. The regression equations in Table 5 represent
the statistical relationships between the residual strengths
obtained after vacuum saturation and 10 freeze-thaw cycles.
On the basis of these analyses, the vacuum saturation test can
be used in lieu of the freeze-thaw test to predict the freeze-
thaw durability of stabilized fly ash mixtures.

SUMMARY AND CONCLUSIONS

Limited applications and engineering properties related to the
stabilization of class F fly ash were discussed. The findings of
the studies lead to the following general observations and
conclusions.

1. Class F fly ash can be successfully stabilized with lime,
cement, or lime and cement combinations to produce a poz-
zolanic base course material that does not require the addition
of aggregate or soil.
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TABLE 5 CORRELATION AND LINEAR REGRESSION ANALYSIS OF
FREEZE-THAW AND VACUUM SATURATION RESIDUAL STRENGTHS

Curing Correlation Regression
Mixture Period Coefficient Equation¥

(days) r 9prp = btadyg
Lime-stabilized ashes 7 0.815 Qpp = 118.8 + 0.995 gyg
Cement-stabilized ashes 7 0.967 gpp = 72.3 + 0.858 gyg
Lime-stabilized ashes 28 0.863 Qpp = 237.6 + 0.882 gyg
Cement-stabilized ashes 28 0.911 gpp = 141.8 + 0.866 gyg
Stabilized Harrison ash 2 0.927 Qpp = 172.7 + 0.733 gyg
Stabilized Amos ash 7 0.983 Qpp = 73.3 + 0.977 dyg
Stabilized Harrison ash 28 0.844 gpp = 133.8 + 1.11 gyg
Stabilized Amos ash 28 0.973 Qpp = 176.7 + 0.716 Gyg

*qpp = residual strength after freeze-thaw test

dyg = residual strength after vacuum saturation test

a,b = intercept and shape of the regression equation; constants

2. The two fly ashes evaluated in this study exhibited high
levels of pozzolanic reactivity and satisfied all the relevant
ASTM specification criteria for pozzolans used in cement and
concrete and in lime-pozzolan stabilization. However, con-
siderable differences exist in the compaction, strength, and
durability characteristics of the stabilized fly ash mixtures.

3. In standard Proctor compaction, addition of increasing
percentages of lime to fly ash resulted in increased OMC and
decreased MDD for the mixtures. Addition of increasing per-
centages of cement did not affect the OMC and MDD appre-
ciably.

4. Studies indicated that adequate strength development
and durability levels can be achieved with stabilized fly ash
by incorporating sufficient amounts of lime or cement or both
and allowing the mixture to cure for a sufficient period.
Achieving adequate levels of strength before service exposure
is important.

5. In general, cement stabilization produced better strengths
than lime stabilization. For cement-stabilized fly ash, increas-
ing cement contents and extended curing resulted in increased
strength. For lime-stabilized fly ash, increasing lime content
caused an increase or decrease in strength, depending on the
stabilizer content and the length of curing. Extended curing,
however, increased strength invariably. The difference between
the strengths of lime- and cement-stabilized ash at a given
stabilizer content diminished somewhat as the curing period
got longer.

6. Cement showed a dominant effect in strength develop-
ment in combined lime- and cement-stabilized fly ash mix-
tures. Addition of cement to partially replace lime markedly
improved the early (7 days) and intermediate strengths (28
to 56 days).

7. Cement-stabilized fly ash mixtures, in general, exhibited
better durability characteristics than did the lime-stabilized
mixtures after being exposed to different environments. High
original (pre-exposure) strengths resulted in relatively high
residual strengths. With few exceptions, increased stabilizer
content and longer curing period enhanced durability.

8. Freeze-thaw cycles exposure produced the severest effects
on durability of both stabilized ashes and resulted in sub-
stantial strength losses. Wet-dry cycles, in contrast, did not
have any detrimental effect on durability and produced sig-
nificant strength gains without any shrinkage cracking. Inter-
mediate effects were observed relative to vacuum saturation
with water or acetic acid solution. Acetic acid had a positive
effect (increased residual strength) on durability with one of
the cement-stabilized ashes, indicating enhanced durability
after exposure to an acidic environment.

9. Results of the standard vacuum saturation tests (using
water) correlate very well with those of the cyclic freeze-thaw
tests. Therefore, vacuum saturation can accurately predict the
freeze-thaw durability of stabilized fly ash.
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