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PREFACE

This report was prepared for the Office, Chief of Engineers, under
¥ the authority of Project 8S70-05-001, "Trafficability and Mobility Re-
i search, " Task 05, "Mobility Engineering Support,' to satisfy a portion of

the objectives of the soill stabilization research program.

The report summarizes available literature and information pertain-
‘s ing to the use of electrical methods for stabilizing and/or altering the
physical characteristics of fine-grained soiis. The review was made by
Messrs. D. R. Freitag, formerly Chief, Soils Stabilization Section, G. R.
Kozan, and W. B. Fenwick, under the general direction of Messrs. W. J.

4 Turnbull and W. G. Shockley, Soils Division. This report was prepared

by Messrs. Kozan and Fenwick.
Col. Edmund H. Lang, CE, was Director of the Waterways lxperiment
Station during the preparation of this report. Mr. J. B. Tiffany wvas

Technical Director.
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SUMMARY

A review of literature on soil stabilization by electricel methods
is presented, with particular emphasis on the techniques that might be ap-
plied by the military to improve mobility of surface vehicles over very wet
and unstable fine-grained soils. The mechanics of ‘the phenomenon of
electroosmosis in solls are described, and the quantitative expressions
for electroosmotic flow based on the theories of Helmholtz-Smoluchowski
and Schinid are compared. It is apparent that the applicability of the
theoretical concepts and their vealidity in relation to practical engineer-
ing problems remain to be established.

Based on accounts of numerous successful practical field cperationms,
it is known that certain definite benefiis are derived from the application
of an electric current to wet, fine-grained soils. 1In addition to enhanc-
ing drainage of soils of relatively low permeabilities, the process of
electroosmosis results in a consolidation of tne soil that contributes to
an improved strength and stability.

It has been demonstrated that an irreversible electrochemical harden-
ing of soils containing clay occurs when aluminum electrodes are employed
in the electroosmosis process. This phenomenon has resulted in the de-
velopment of techniques for increasing the bearing capacity of piles, and
has been explored for its possible applicability in soil reclamation and
chemical injection processes.

For possible military application, electrokinetic stabilization ap-
pears to have many advantages over techniques of soil stabilization involv-
ing the use of additives, particularly for very vwet scils. Its primary
disadvantage appears to be the excessive length of time required to achieve
stabilization. Broad areas of research are suggested that would permit an
objective evaluation of electrokinetic methods for scil stabilization in
military operations.

vii




T

T S e

oy,
iy

e

oy e -

SUMMARY REVIEWS OF SOIL STABIL!ZATION PROCESSES

ELECTRICAL STABILIZATION OF FINE-GRAINED SOILS

PART I: INTRODUCTION

Purpose of Review

1. The search for new and more effective methods of improving the
stability of naturel soils led, as early as 1936, to investigations of the
feasibility of soil stabilization Ly the application of electrical ~w -
rents. Much research and many practical epplications of electrical stabi-
lization of soils have been rcported since that time. The precise mecha-
nisms involved and the manner in which many factors influence electrical
stabllization, however, appear more to be theorized than established. Un-
less the mechanisms of such stabilization are understood in detail, little
progress may be expected in field spplicstions of this unique method of
soil stabilization. The intent of this review is to summarize available
information published in the technical literature concerned with the in-
fluence of an electrical current on soll properties, and to determine the
practicability of electrical methods of soil stabilization in military
cperations, such as their possible application in stabhilizing emergency
nilitary roads and airfields. It is hoped that this review will serve both
to guide and t¢ stimulate further investigations.

Scope

2. The information presented in this review has been obtained solely
from material published in or translated to English. Altvhough it 1s ob-
viously not a complete survey because of this limitation, it 1s belleved
that a reasonably thorough summary of the current state ¢f the art has been
obtained. Literature from a number of scientific and engineering fields,
including soil mechanics, geology, mineralogy, soil physics, and soil chem-
istry, has been examined for possible illuminating relations to the problem
at hand. Part II herein is devoted to & brief_summary of the fundamental
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thoary of electrokinotics 1o soils, to provide a basis for an understanding
ot the Chalings presentea in subsequent parts. A list of all references

eanstil el o e luded at the end of the text.
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PART II: THEORY OF ELECTROKINETICS IN SOILS

L., Before an evalucstion of electrical stabilization methods can be
made, it is believed desirable to review briefly the basic electrokinetic
concepts. A brief description of the history erd svolviion of several con-

cepts is therefore offered in the following paragraph:-.

Farly Observatiors

5. In 1809, Reuss reported the results of sewveral experiments in
vhich he observed the first of four primary processes which have since
been termed the "electrokinetic phenomena." He noted that when & direct
current potential was placed acreoss a clay or fine quartz leayer, water
nigrated toward the negative pole. It was later found that clay particles
suspended in water carried a negative charge, and thus were drawn toward
the anode in an electric field. These processes have been termed "electro-

osmosis" and "electrophoresis," respectively. It was evident that they
vere dependent upon some charge differential which existed at the inter-
faces of a solid-liquid system.

6. Since it was established that the application of a current
through a solid-liquid system caused a movement of each phase to one of
the electrodes, it might be anticipated that a reverse effect would also
exist. That is, the movement of either phase relative to the other should
produce an electric potential. In 1859, Quincke noted tha” a potential
difference existed across a disphragm through which a liguid flowed under
hydrostatic pressure. This potential was termed "streeming potential" and
is the converse effect of the electroosmosis process. Somewhat later
(1878), Dorn conducted tests in which a potential was observed as a result
of movement of solids in suspension. This potential, representing the con-
verse effect of electrophoresis, has been termed "sedimentetion potential."
Investigations of the electrokinetic processes during the period from 18¢9
to 1879 thus were devoted primarily to the recognition of the phenomena,
their classification, and attempts to derive empirical expressiomns for

their explanation.
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Double Layer Theory

7. In 1879, Helwhoitz presented an analysis of electroosmosis based
on the electric "double layer" concept. This provided the first rationsl
approach to the explanation of electrokinetic phenomena in terms of the
fundamental equations of electrostatics and hydrodynamics. The theoreticsl
treatuwent by Helmholtz was based on the assumption that, in the two-phase
solid-liquid system, a layer of ions exists at the solid surface which is
countered by a rigidly held parallel layer of oppo-
slte charges in the adjacent liguid. A simple i1-
lustration of the Helmholtz double layer system is
given in fig. 1. It should be noted that, although
the negative charges are shown to be in the liquid
phase of the system, these iomns are adsorbed by the
sclid structure and rigidly held thereto by coulombic
forces. By considering that the oppositely charged

LIQUID

layers are at molecular distances from each other,
the system may be treated mathematically as a simple
parallel-plate condenser and the electrical potential
difference, AP , across the double layer mey be deter-

Fig. 1. Model wined by the expression:
of the Helmholtz

double layer ' AP = )‘L"gd

+ 4+t + 4

where all dimensions are in centimeters and electrostatic units and
charge per unit area

]

- distance between parallel plates
dielectric constant of material between plates

8. Although the Helmholtz theory of the double layer provided a
quantitative explanation of electrokinetic phenomena, later considerations
indicated that the concept of the rigid array of charges at the interface
ves inadequate. A more reasonable structure was the "diffuse double layer"
proposed by Gouy and extended later by Stern and others. According to this
concept, the double layer is composed of two layers: (a) an inner, fixed
layer consisting primarily of ions adsorbed by the solid surface along with
a tightly held layer of the adjacent liquid, and (b) an outer, mobile layer

U o
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consisting predominantly of the FiXED oBILE
countercharges necessary to elec- ’*__——"l*—__—“—'—“
trically balance the fixed layer.

A model of the diffuse double layer
is shown in fig. 2. 1In reality,
there is an atmosphere of both

positive and negative charges in LiQuio

the two layers, but for practical + +
+

purposes it will be sufficient to
consider the fixed layer as nega-
tive and the mobile portion of the

+ o+

[
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double layer as positive.
9. 1In the diffuse double

layer concept, two primary poten-

Fig. 2. Model of the diffuse
double layer

tial drops are recognized. The first, or "thermodynamic"” potential, is the
total potentiel difference between the actual solid phase and liquid phase
outside the zone of the diffuse layer. Thus, the thermodynamic potential
is the maximum potential difference that exists in a solid-liguid system.
The second potential, termed the "zeta" (or frequently referred tco as the
"electrokinetic") potential, is the difference in potential between the
fixed portion of the diffuse layer and the liquid outside the diffuse layer.
A typical distance-potential
relation, showing the ther-
wmodynamic and zeta poten-

- . NP S _
BOUNDARY BETWEEN tials ) 18 given in fig. 3.
FIXED AND MOBILE

LAYERS 10. Using the plate

THERMODYNAMIC
POTENTIAL
(€7

condenser assumptiown of
Helmholtz, the basic mathe-

e s s e e et S e W ey

POTENTIAL

matical expression of the

| T

{

' ZETA zeta potential is the same
l POTENTIAL

: \\\\\\\\‘\“‘*-__~_(O as that given in peragraph
{ { ; T. Quantitatively, the
—_—

DISTANCE FROM SOLID SURFAGE zeta potential is dependent

upon the combined influence
Fig. 3. Distance-potential relation for P

solid and ligquid in contact of several complex and




generally interrelated factors. Among the more important factors are:

(a) the composition of the solid phase, (b) the nature of the liquid Phase,
(¢) the concentration of electrolytes in the liquid, (d) the valence and
nature of the ions forming the dcuble layer, (e) the strength of the elec-
trostatic forces, and (f) the temperature of the solid-liquid system. Al-
though a detailed discussion of these factors 1is beyond the scope of this
review, the existence of these variasbles and the manner in which they are
related must be consldered in any study of electrokinetic phenomena. These
considerations are particularly important in avoiding misinterpretation o?
the zeta potential, since it cannot be measured diresztly but wust be de-
duced from carefully controlled experiments and observations during an

electrokinetic process.

The Electroosmotic Phenomenon in Soils

1l. VWhen & direct current is applied by means of embedded electrodes
To & saturated fine-grained soil, a migration of the pore water to the
cathode generally will occur. The mechanics of this phenomenon, electro-
osmosis, as described by Leo Casagrande,g* are summarized here briefly with
the aid of fig. ba. This treatment is based on the assumptions that the
saturated pores are water-filled capillaries, that the pore width is large
compared with the thickness of the double layer, and that the principles
Of the Helmwholtz flat-plate condenser concept are applicable. Consider a
capillary tube filled with water with an electrical current flowing from
the anode to the cathode. The charged layers at the wall of the capillary
(the double layer) ere treated as the plates of a condenser, the difference
in potential between the plates being the zeta potential. Outside the zone
of the double layer boundary, the capillary contains free water which is
&ble to move under the influence of a hydraulic gradient. When an external
electrical fieid is applied to this system, a displacement force is es-

tablished in the double layer which causes a migration of ions in the
thicker,

trodes,

mobile portion of the double layer to the oppositely charged elec-

In soils, this is Predominantly a movement of positive charges

toward the negative electrode; however, in rare cases, a net negative

* Raised numerals refer to similarly numbered items in the list of refer-
ences at end of text.
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a. Electroosmotic flow
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DOUBLE LAYER
77
FROM L. CASAGRANDE (REF. 9)
b. Hydraulic flow

Velocity distribution in electroosmotic and hydraulic flow

charge may exist in the mobile part of the double layer that wili result

in a migration toward the anode.

In this migration toward the electrode,

frictional forces are developed which "drag' along the water molecules in

the movable portion of the double layer.

These forces are tiransmitted

elso to the free water inside the capillary cylinder which, assuming no

external hydraulic gradient, causes a movement of this water in the same

direction.

a steady-state volume flow of water occurs.

electroosmotic flow is shown in fig. ha.

draulic gradient.

When the electrical forces and frictional forces are balanced,

The velocity distribution of

Examination of figs. ba and bb

shows a comparison of electroosmotic flow with ordinery flow due to a hy-

As shown, the hydraulic flow of water through fine

capillaries is laminar, with, for all practical considerations, a zero

velocity at the boundary between the free water and the double layer.

Helmholtz-Smoluchowskl Theory

12. Equations for quantitatively expressing the electroosmotic

Phenomenon described above were derived by Smoluchowski in his extension

to porous systems of the basic Helmholtz electrokinetic concepts.

From a

consideration of the assumptions of the basic Helmholtz-Smoluchowski




theory, the following expression for electroosmotic flow through a capil-
lary bas been developed:

Qe = %ﬁ% (1)

where all dimensions are in cm-g-sec system and electrostatic units and

q, = volume of liquid moved per unit time

D = dielectric constant of liquid in the dcuble layer

{ = electrokinetic (zeta) potential of the double layer
a = cross~-sectional area of the capillary

E = electrical potential between electrodes in veolts

N = viscosity of the liquid

L = distance between electrodes
By substituting i, (the potential gradient) for % and ¢, (a constent)
D .
for Eﬁ% , equation 1 may be written as

v, = ¢y - i (3)

Extension .f equations 2 and 3 to a poerous system, such as soil, containing
many capillaries over a given cross-sectional area results in expressions
for quantity and velocity of electrcosmotic flow in terms of the porosity,
or void ratio, of the system. Thus, for a soil mass of porosity n (or
void ratio e) and total cross-sectional area A , the total volume of

liquid transported per unit time during electroosmosis may be determined
from

Q =k .1 . A (k)

e e €

and velocity of flow per unit time nay be determined from

v. =k 1 (5)

et kNIRRT | i, oA
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vhere

e
l +e

=n.«cC or
ke 1

ocl

The quantity ke is called the electroosmotic coefficient of permeability
(or, less frequently, the electroosmotic transmission constant). It
represents the volume of liquid moved per unit time through & unit ares of
s0il under & potential gradient of 1 volt per unit length. Tn the cm-g-sec
system, ke has the dimensions square centimeters per second-volt, which
is more easily visualized as centimeters per second for a potential gradi-~
ent of 1 volt per cm.

13. Equation 5 for electroosmotic flow is directly analogous to
hydraulic flow as defined by Darcy's law and the corresponding equation

R N (6)
where
kh = hydraulic coefficient of permeability in centimeters per second
ih = hydraulic gredient
Further, from the basic Poiseuille equation governing laminar flow, it can
be shown that

where
a = cross-sectional area of an iadividual capillary in sguare
centimeters
¢, = & constant dependent upon properties of the liquid

—

Thus, it is evident that the hydraulic coefficient of permeability and,
therefore +the velocity of flew are proportional to the area of the
capillaries. On the other hand, in electrcosmotic flow, the coefficient
k  and the velocity of flow are independent of the size of the

e
capillaries.9

Schmid Theory

1. In 1951, Schmid presented a theory of electroosmotic flow;based
on 1 simplification of the distribution of ions in the double layer. The

l - [ — commc . : .
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theory is claimed to be of particular value in regard to flow in micro-
porcus systems such as fine mewbranes, ultrafilters, adscrbents, and
lacquer films, where the assumption in the Helmholtz-Smoluchowski theory
of swall double layer thickness in relation to total pore diameter becomes

untenable.52

The Schmid calculations are based on the assumptions that
the pore diameter 1s small in cowparison with the thickness of the double
layer, and that the counterions are uniformly distributed throughout the
entire liquid volume. Thus, the applied electric potential would act on
all the counterions rather than only on those attached to the double layer
as in the Helmholtz-Smoluchowski concept. The basic equation derived by
Schmid ish

P, = FVE (7)
where
p, = electroosmotic equilibrium head in centimeters of water
F = the Faraday constant (9.65 x lok coulonbs)
Vv = the adsorbed ion concentration (or concentration of wall
charges) in gram-equivalents per liter of pore ligquid
E = the applied potential in volts

15. From the fundamental Schmid equations, Winterkorn52 has derived
the following equation

R

nr

4 =% B-F-a.1 (8)

e
where

Qe v M 5 &8, ie > and F are as defined previously
B = concentration of wali charges in lonic equivalents per unit
volume of pore liquid

The total flow volume per unit time over & porous cystem of area A and
porosity n becomes

Q T

e =B "B Fraci -A (9)

This equation can be expressed in the form of equation 4 where the coef-
Ticient of electroosmotic permeability is represented by

e . o SHETENEGI e ROEROR A, i, RGN el i O i ek SR,
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vhich is further reduced by Winterkorn’? to the form
k, = c(1 - n)2/3 n3

vwhere

C = & soll constant that varies with temperature
As expressed sbove, the value of ke is & logarithmic function of the
porosity and is dependent upon the radius of the capillary. By contrast,
the value of ke in the Helmheoltz-Smoluchowski derivation is directly
proportional to the porosity and 1s independent of the radius of the
capillary.

Theory Comparisons

16. In comparing the general aspects of the theories of slectro-
osmosis described, it is aspparent that the major characteristic quantity
of the Helmholtz-Smoluchowski theory is the zeta potential, whereas the
ion concentration in the pore fluid is the lmportant characteristic of the
Schmid theory. Inasmuch as the zeta potential quantity must be determined
from measurements of electroosmotic flow or streaming potential tests, an
advantage is claimed for the Schmid theory in thet the ion concentration
can conceivably be determined by a direct method such as ion exchange.l6
Perhaps equally as iwportant, both theories depend upon assumed values
for the dielectric constant and the viscosity of the pore fluid, which
often may be a sourre of significant error.

i7. Winterkorn52 presented experimental evidence to compare and
determine the validity of both theories. An electroosmosis apparatus
vas employed that was designed to permit the meesurement of the electro-
osmotic coefficient of permeability ke at various porosities =n which
were kept constant throughout each test. From the resulis of tests on a
kaolinite and a bentonite, it was concluded that the relation between ke
and n 1is in sgreement with the Schmid theory and in contradiction to the
Helwholtz theory. It was recognized, also, that the Schmid concept does
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not take into account the hydration of the clay particles snd their ex-
change ions, and that consequently the Schmid concept must be modified
to include the swelling characteristics of the clay system.

18. Casagrande,lo in commenting on the work of Winterkorn, states
that the results cannot be used to prove or disprove the Schmid theory
because (a) gas formations at the electrodes so greatly influence the ve-
locity measurements that the quantitative results are useless as a basis
for checking theories, and (b) soil samples shrink irregularly during
electroosmosis and therefore a constant porosity of the sample cannot be
maintained. He further states that some of the relations determined may
be explained by the fact that, with increasing porosity, the increased
wobility of individual particles leads to electrophoresis with a resultant
decrease in electroosmotic flow.

19. Bolt,u by consideration of average values of pore diameter,
thickness of double layer, and distance between charges on the solid sur-
face, reasons that the application of the Schmid equation for a typical
heavy clay soil would be valid only if the moisture content of the soil
was 5% or less. On this basis, he concludes that the Schmid concept of
electroosmosis for the specific case of soils is unsatisfactory. This
contention was supported by experiments by Harvard Universitylé on various
cley systems which showed that the observed variations of electroosmotic
flow with permeability and porosity were compstible with the predictions
based on the Helmholtz-Smoluchowski equations and in no way supported the
applicability of the Schmia equations to these systems.

20. It is likely that nelther of the two major theories of electro-
osmosis is exact, but that they represent only an orderly and simplified
presentation of an extremely couplex problem. This becomes more apparent
with the reelization that highly complicated changes occur within a system
iiself during the electroosmotic process, and none of the presently em-
ployed philosophies can predict these alterations with certainty. Applica-
tion of these theoretical tools, however, in combination with experience
and increased knowledge of soil-water systems has resulted in greater con-

fidence in the designs and Practical utility of electroosmosis equipment
and techniques in field engineering problems.
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PART III: EFFECTS CF ELECTRCOSMOSIS

21l. Although extensive industrial applications of the electro-
kinetic phenomena have been made since the turn of the century, only since
about 1930 have these processes been considered as a means of treating
soils for engineering purposes. The development of practical electro-
osmotic stabllization wethods for soils 1s attributed priwmarily to the
efforts of Leo Casagrande. Oince the time of these pioneer efforte, the
versatility and desirability of electroosmotic stabilization for practical
field applicaticn have been increasingly recognized. The most common use
of the method has been for the stabilization of steep slopes created by
cxcavation in wet, fine-grained soils. The fundamental technique of elec-
troosmosis consists of connecting a source of direct current to a series
of metal electrodes which are embedded in a saturated soil. The current
will cause the pore water to flow toward one of the electrodes, in most
cases toward the cathode. A phenomenon of base exchange may also occur
during the process in which the ilons attached to the surface of clay nmin-
erals will be exchanged with other ions of like polarity that are present

in the pore water or that are carried in by the electrie current.

Electroosmotic Dewatering

22, The primary effect of passing a current through a wet soil is
the dewatering or drying of the mass. Most fine-grained, clay soils are
stable at low water contents, but become increasingly fluid and less
stable as the water content increases. Because of the relatively low
permeasbilities of clay soils, drainage by normal gravity flow often can~
not be accomplished and electroosmosis becomes of value. The reduction
of water content by only a slight amount, accompanied generally by other
changes in the soil structure, can be sufficient to produce the reguired
soil stability. Since natural clay particles have an effective net
negative charge, an electroosmotic flow will occur from the anode to the
cathode when a dirvect current is applied through the soil wass. Thus,
the soil water content will decrease at the snode and increase at the

cathode. The water accumulated at the cathode may be disposed of by
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installing & well-system cathode with a pump discharge.

23. According to the relations described earlier, the electro-
osmotic flow velocity at any point in a so0il mass is proportional to the
electric potential gradient at that point. The potential gradient depends
upon the total available potential difference and the électrode configura-
tlon, and may be determined at any point between the electrodes from a
developed flow net. For a particular total potential difference, the flow
net is a function of the size, shape, and spacing of the electrodes. In
nost cases, a natural hydraulic flow will exist in & soil mass, which may
either oppose or aid electroosmotic flow. Schaad and Haefeli37 have ex-
tended the electroosmotic flow equations for porous materials te include
the combined influence of hydraulic and electrokinetic actions. The Pield
design and capabilities of an electroosmotic flow system may be determined
bty hydraulic or electric anelog model studies. Normally, this requires
kmowledge of the existing hydraulic flow net, establishment of the hy-
draulic flow boundary conditions in a model, and determinations of the con-
tribution of electroosmotic drainage designs to the resultant flows.

2k, The significance of the effect of electroosmosis on the drain-
ing of soils, particularly silts and clays of low natural permeabilities,
has been aptly described by Casagrande.7’8’9 From studies of a wide
variety of soils, it has been observed that the coefficient of electro-
osmotic permeability is relatively independent of the soil type and its
characteristic hydraulic Permeability. Casagrande considers that, for all
practical purposes, an average coefficient of electroosmotic permeability
of 0.5 x 10~ em per sec for a potential gradieut of 1 volt per cm may be
assumed for most saturated fine-grained soils. Where greater precision 1s
required, however, caution must be exercised in assigning a value for the

electroosmctic permeability since it is dependent upon the zeta potern.ial,

vhich varies with the nature of the solid-

enced by the t
tion.l6’27

liquid interface and is influ-
ype of adsorbed counterions and electrolyte concentra-
Similarly, for nonsaturated soil conditions, the coefficient
varies with the moisture content or porosity of the soil.so’52 In any
event, it becomes apparent that a soil of extremely low natural permeabil-
ity would be benefited significantly by the increased permeability afforded

by electroosmosis. With soils of greater natural permeability, the
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advantage of electroosmotic drainage becomes proportionally less. It

A R o
s gty

should be mentioned that, although the electroosmotic permeabilities of
soils may be nearly identical, the conductivity of the soils is not neces-

RS SR VLD LS

sarily the same. Thus, the required electrical energy for electroosmotic
drainage may differ appreciably for different solls even though the quen-
tity of water moved by electroosmosis may be the same. In general, the
amount of electricity required to move a given unit quantity of water
increases with increasing soll surface area (i:e. decreasing particle I §§

size).8’hh J

Electroosmotic Consolidation Pi

25. 1In addition to the removal of water, the process of electro-

osmosis causes consolidation of the soil. The decrease in volume of &

e
~E

—EEy RL T

compressible soll during electroosmosis contributes significantly to the
increase in strength and iwproved stabllity of the soil. It is believed

that much of the success of electroosmosis in practical field installa-

L S e et o et

tions is due to this attendant effect. Although consolidation of a soil o
by electroosmosis is an esteblished fact based on observations made in ;:
the field and laboratory by imumerous investigators, much work still is ;~
needed vo provide a better understanding and working concept of this ;ﬁ
F Dhenomenon.g’lo’le’lh’25’3o’37’u8 In most of the consolidation studies, :}Q
it was generally determined that the effect of electroosmosis was similar ?ﬁ
to providing an additional load to an existing static load in the con- ;f

solidation theory. As described by Casagrande,8 observed settlements of

< e

the ground surface in the areas of the electrodes were larger than could

be accounted for by the development of negative stresses in the pore water.

-y g
R :

Laboratory model tests showed that without surcharge, practically no

-y "
,‘,’“

volume decrease occurred during electroosmosis. When the soil specimens

30

were surcharged, however, apprecisble volume decrease occurred. Freece,

PIRSYY XY

by alternately applying static loads and potential, showed that consolida-

tion under additional equal increments of static load is materially de-

s
-

creased after electroosmotic treatment. From comparisons of electro-
osmotic loading with normel static loading consolidetion curves, he sug-
gests that electroosmosis produces a stabilizing effect distinet from the ‘
increase in stability due to consolidation alone. Veb’h8 developed E,i
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expressions for quantitative determination of the effects of electroosmosis
on consolidation. He further states that the effective loed increase,
representing the electroosmotic pressure, acts both by removing moisture
from the pores and by creating pore water tensions which ultimately become
balanced by intergranular pressures developed upon consolidation.

6. Casagrande9 has described the phenomenon of consolidation of
compressible soils by electroosmosis in terms of the stresses developed
in the pore liquid and the walls of the capillaries. The existence of
these stresses, their distributiun, and their contribution to increased
strength and stability of soils subjected to electroosmosis have been
exanined extensively in & series of investigations conducted by Harvard
University for the Navy Department.ls’ls’lT That these forces play en im-
portant role in the electroosmotic processes appears to be an established

fact, but it is believed that much additional work is required to establish
their full significance.

Field Applications

Examples

27. The first successful application of electroosmosis for con=-
trolling unstable soll conditions was made in 1939, in an excavation of a
long railroad cut in Germany, under the direction of Casagrande.g Exten-
sive flow slides of a saturated clayey silt at a shallow excavation depth
had impeded construction progress. In a 300-ft-long trial section, per=-
Torated steel pipe cathodes were spaced at 30-ft intervals along the top
and sides of the excavation and driven to & depth of 22.5 ft. Pipe anodes
were placed midway between the cathodes, and a potential of 180 volts
(later decreased to 90 volts) was applied to the gsystem. Within a few
hours, the stability of the slopes had improved sufficiently to permit
further excavation. Total consumption of energy amounted to about 1 kwhr
per cu yd of excavation.

28. Based on the encouraging results of this successful trial of
electroosmosis technique, the wethod was extended to other conmstruction

problems by Casagrande and others. The majority of work of this type has

been done in Eurcpean countries. Special applications include, in addition
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to improving e stabillity of slopes, the stabilization of vertical soil
vells anda treawvesc, stabilization of tunnel excavations, decreasing the
vater contents of industrial wastes, and increasing the bearing capacities

L 30
9,10,22,24,30, 32, b4 Detailed accounts of these applica~

of friction piles.
tions are repeated throughout the literature and will not be given herein.
In most cases the ultimate purpose of the electroosmosis was to increase
stability by water removal. It has been demonstrated repeatedly that a
large reduction in water content is not required to effect a significant
improvement in strength and stability. Reductions in moi ° ‘re content of
as little as 1 to 3% have been shown to more than double the strength prop-
erties of soils. Also, certain situations are recorded wherein moisture
contents were reduced negligibly, but stability was improved by merely
changing the direction of hydraulic flow away from the critical area and
reducing the hydrostatic pressures involved.
Equipment

29. TField installations for electroosmotic drainage are basically
simple and inexpensive. Ordinary steel pipe, drilled to provide water
exits, serves conveniently as cathodes. If a more refined drainage system
is desired, wellpoints may be used. Anodes may consist of any type of
scrap iron, such as rails or pipes, and in certain applications, sheet
piling at the faces of cuts may constitute the anode. The anodes corrode
rather severely during electroosmosis, but the cathodes do not corrode
and may be salvaged for re-~use. Spacing of electrodes between 12 and 16 ft
apart, with potentials varying between 30 and 180 volts, has proved to be

effective and economical according to Casagrande. For long-term applica-

'tion, a potential gradient of from 1 to 2 volts per cm during the first

few hours is desirable to cause a more rapid build-up of tension in the
pore water, with the potential gradient reduced thereafter to a velue no
greater than about 1/2 volt per cm. Methods have been presented to pro-
vide estimates of electrical current requirements for electroosmosis in

the i‘:‘.elcl.8’3l’b'wr Because electroosmotic stabilization eppears to be rea-
sonably permanent, the power supply mey be interrupted pericdically without
harmiul effects. The feasibility of intermittent electroosmotic operation,
with the resulting savings in power and cost, has been studied by the

Bureau of Reclamation.
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PART IV: ELECTROCHEMICAL STABILIZATION

30. Electrochemical hardening of the soll may take place by the dep-
osition of deccmposed metal salts in the soll pores. It may also occur if
these salts react with free agents present in the pore water or on the sur-
face of the soil particles. Practically all attempts to utilize electro-
chemical hardening appear to have been in the realm of pile stabilization
rather than stabilization of large soil masses. The results of such tesis
indicate that hardening occurs only in the immediate vicinity (10 to 14
in.) of the electrodes. Thus, it appears that in order to use electro-
chemical hardening for stabilization of large masses, present procedures
must be ilmproved.

31. Casagrande6 has reported that all clay-containing soils are
capable of electrochemical hardening. It is generally agreed that only
aluminum electrodes produce permanent, irreversible electrochemical harden-
ing and that even introduction of aluminum salts results in a temporary

stabilization on '.6’lh’20’21126’38’h0153

Piles

32. In 1930, Casagrande8 discovered that electroosmosis combined
with aluminum anodes results in an irreversible hardening of clays. All
metal anodes tested other than aluminum produced only a temporary harden-
ing of the clay which was lost when the soil was slaked in water for a
short time. On the other hand, soils treated in conjunction with aluminum
electrodes retained their strength during a three-year slaking period.ho
Evidence of strong corrosion of sluminum electrodes has been noted in all
cases, particularly the anocde. This, plus the presence of insoluble salt
deposits in the soil adjacent to the electrodes, indicates that physical
decomposition of the electrodes takes place.

33. On the basis of favorable model test results, Casagrande6 con~
ducted a full-scale test in 1937. 8ix l-ft-diameter wooden piles,
sheathed with aluminum, were driven tc a depth of about 20 ft. The bearing

capacity of the piles wes found to be T to 9 tons per pile before treat-
ment. A potential of 220 volts, which resulted in 40 to 60 amp of current,
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vas upplied to the piles in various combinations. Intermittent loading
tests showed that the piles reached a maximum bearing capacity of about

40 tons per pile after about 30 kwhr of energy had been consumed, and that
further treatment resulted in decreased bearing capacity. This apparent
optimum amount of treatment was later confirmed by laboratory experiments.
Withdrawal of the piles upon completion of the tests showed that soil had
become firmly bonded to the aluminum sheaths and that the soil bhetween the
electrodes was apparently unaltered.

34. Spangler and Kinguo conducted model pile studies in an attempt
to explain the above-mentioned optimum treatment phencmenon. They attrib-
uted the ultimate decrease in bearing capacity to a gradual reduction in
the skin friction due to the increased amounts of powdery salts deposited
around the electrodes. It is obvious that pile foundations are particu-
larly adaptable to electrochemical stabilization since the piles may be

used as electrodes.

Electrochemical Injection

35. An intriguing possibility is the use of electricity to increase
the speed of a chemical reaction in soil to be stabilized or to furnisi ad-
ditional ions to assist in the occurrence of the base exchange phenomenon.
Casagrandelo has stated that the base exchange process is very slow, and
that in clays the spreading rate of base exchange decreases with the dis-
tance from the electrodes. Thue, it is probable that in practical applica-
tions the strength increase as a result of base exchange will not be of
major importance.

36. The use of electrical treatment of soil for reclaiming alkali
and saline-alkali soils has been investigated by the U. S. Bureau of
Reclamation.hT A model tank was filled with highly saline-alkaline soil
to which leaching and electrical treatment were applied under controlled
conditions similar to possible field applications. The soil and water were
sempled periodically, and systematic tests were conducted on these samples
to determine the changes in characteristics resulting from electrical
treatment in relation to those resulting frou leaching treatment without

electricity. These tests showed that electrical treatment alone cannot be
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consgidered & complete process of alkeli scil reclamation. Salts, princi-
pally those of sodium, exist in alkali soils in large quantities. There
must be some means of carrying them off, and electricity alone does not
adequately supply this means although it does assist in moving the salts
from anode to cathode. Adequate leaching and drainage may supply this
means. The favorable effects of electrical treatment are those causing
desirable reactions in the soil which leaching without electricity does
not achieve. The aim of past research on improving the stability of alkali
solls has been to cause similar desirable reactions, such as by chemical
amendment, to assist the effectiveness of leaching and drainage. The re-
sults of these tests show that electrical treatment causes these desirable
reactions to occur, and thereby boosts the rate and potential quantity of
ionic base exchange reactions. The actual quantitative value of strength
increase due to ionic base exchange remains to be investigated.

37. Electrochemical injection could possibly be used in certain
heavy soils of such low permeability that mechanical pressure injection

or grouting processes would be unsatisfactory. This method seems rarticu-

larly desirable since the direction and extent of fluid penetration may be

closely controlled by the electrode spacing and configuration. Very few

actual tests of electrochemical injection techniques are reported in avail-
. 2
able literature; 9,35 however, it has been stated37 that the object of

such injection is to form stable combinations, such as occur in nature, by

the use of cheap, soluble salts. It is suggested that certain liquid

resins, as well as silicate solutions, might be examined as possible satis~
factory electrochemical injection materisls.
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PART V: DISCUSSION AND SUGGESTIONS FOR NEEDPED RELEARCH

Applicability for Military Soil Stebilization

Soil stabilization
problem and requirements

38. Based on the preceding review, it is possible to make certain
statements about the specific advantasges or limitations of electrokinetic
methods, particularly with reference to the usefulness of these techniques
for military soil stabilization applications. One of the major objectives
of the present military soil stabilization research program is to develop
materials or methods capable of strengthening soils for use in emergency
road and airfield construction to improve the wmobility of the military
forces. The general approach employed to date has involved the in-place
treatment of soils, particularly the water-susceptible clay and silt types,
t0 provide a sufficiently firm soll surface layer of finlte depth capable
of supporting traffic of specified loads and frequencies. Where areas of
soils having moderate initial stability are encountered, the application of
chemical soil stabilizers appears to aftford a logical solution. However,
it is anticipated that areas of excessively wet soils, with practically no
initial stability, will also be encountered. It is particulerly for this
very wet soil conditicn that electrokinetic techniques are being consild-
ered as possible solutions to the stabilization problem.

39. In terms of specific requirements, a stabilization method cr
process 1s desired that is relatively simple in operation and nonhazardous
to operating personnel. Required equipment should be reasonably portable
and, if possible, capable of being re-used. The stabilizing methed must
be able to achieve the desired degree of stability within a short period of
time. Although it is desired in most instances that the stabilization
achieved be reasonebly permanent and resistant to adverse weather condi~
tions, certain military operations require the passage of only a relatively
smell number of supporting vehicles for only & short period of time. In
these cases, permanency of stebilization would not be necessary. FPerhaps
the wost important requirement to be satisfied is that of obtaining suffi-
cient strength in the stabilized soil layer 1o enable it to withstand the
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applied loads. For a soil having & water content near saturation, this
demands an improvement in strength from a condition of practically no sta-~
bility to one of an estimated 4 to 5 CBR bearing strength. This is roughly
equivalent to an unconfined compressive strength of 25 to 30 psi. A soil
of this strength will normally tolerate the passage of about 40 to 50 cargo-
truck type vehicles, but with progressively increasing rut depths.
Advantages and limitations

L4L0. Upon consideration of the above requirements, electrokinetic
stabilization methods appear to have several advantages over techniques of
stabilization involving the use of additives to harden very wet soils.

The equipment required to accomplish electrokinetic stabilization is nect
complex, and consists of components which are readily transporteble by -
existing military vehicles. These include items such as gasoline-powered
generators, wiring, wetal electrodes, and possibly a simple pumping system
te assist in the removal of water accumulated in the vicinity of the cath-
odes. Once the eynipment has been installed, the process would proceed
with minimum curveillance and attendance by operating personnel. With the
exception of possible deterioration or inebility to salvage the easily re-
placeable electrodes, the equipment involved can be utilized over and over
again. OCf primary benefit is the fact that electrokinetic methods do not
reguire construction operations such as in-place mixing of additives and
compaction which are virtually impossible to accomplish with existing field
construction equipment on very soft and unstable soil. In addition, the
depth of required stabilization does not constitute a problem when electro-
kinetic treatment is ewployed.

41. The applicability of electrokinetic stebilization for military
purposes 1s limited to a considerable extent by the rather long periods of
time required to achieve substantial changes in soil stability. With
reference to the electroosmotic or dewatering process, several days may
be involved in the operation. However, before the time limitation is con-
sidered to be a severe disadvantage, a more thorough understanding of the
early effects of electrical treatwent is desirable. Thus. the time de-
ficiency problem may, in reality, be one of the degree of effectiveness
that is atuainable in a given situation, or it may be susceptible to

circumvention or improvement by specially designed techniques. For
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exaxple, 1t has been shown that pieces of metal placed between the active
electrodes behave as if they were actually in the circuit. Thus, it might
be possible to achieve the benefits of very close electrode spacing without
& complex maze of wiring. By incorporating metal sheets or mesh for this
purpose, 1t is possible that stabilization could be accomplished more
rapidly.

L2, Even if the time requivement imposes a reel limitation, the pos-
sible utility of electrokinetic methods for mililer; stabilization is not
necessarily eliminated. There are situations in which the time factor may
not be critical. For example, advanced planning may permit the stabilizing
of areas such as supplementary bridge approaches and roads or missile-
launching sites well ahead of the actual military need.

L3. The extent of strength development that can be accomplished by
electrokinetic stabilization is dependent upon the particular surface condi-

tion encounivered. Successful field spplication has demonstrated that soils

T A S YA T T

respond to electrical treatment in a complex manner. The removal of water
is generally accompanied by significant consolidation of the soil while, at
the same time, irreversible reactions or slterations of the chemistry of
the soil itself may take place. The ultimate strength development result-
ing from these interrelated effects cannot be predicted on the basis of
existing knowledge. In several instances, strength increases have been !?
reported that cannot be explained solely on the basis of water removal and
consolidation during electrical treatment. It is not improbable that elec-
trckinetic stabilizetion could result in improved bearing strengths that
would satisfy the reguirements for limited traffic operations. Perhaps

it would be of even greater benefit in increasing strength if electrical
drainage were accompanied by periodic applications of additional consolida-
tion lomds such as mechanical compection. Even assuming that only a modest
improvement in bearing strength can be achieved electrokinetically, the
severity of the initial scil condition would be lessened, suggesting the
PoOssibility of a more effective follow-up stabilization involving the use
of additives. Although no repcrts of studies of this approach have been
found, the use of electrical energy to assist in the distribution and in-
corporation of stabilizing additives and to aid the reaction processes 1is

an interesting possibility.
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44. Another suggested application of electrokinetic stabilization

might involve the use of prefabricated metal landing mat surfacing as the oft

anode with a series of cathodes embedded alongside or, perheps, buried cal

horizontally at some depth beneath the surface. Thus, it might be possi-

ble to improve the bearing capacity of the soil under the metal mat, which . exi

would increase the wat-carrying ability or reduce the specified require-

ments of the metal mat itself. onl

ete

Suggestions for Needed Research fie

45, All of the preceding suggested applications of electrokinetic
stabilization represent unique and untested approaches to the problem of

improving the mobility of the military forces. Based on the review of

mec;
nen

the
previous work and investigations performed to date, it is apparent that

coni
much remains to be learned about the science of stabilization by electrical of 1
treatment. Primarily as a result of the efforts of relatively few in- 2 pro¢
vestigators nevw dimensions have been added to a science still in its in- in t
fancy. Although demonstrated by several successful field applications to time

be technically sound and economically feasible for certain situations, prov

In t
Consequently, it is selv
virtually impossible to predict with certainty whether electrokinetic

electrokinetic stabilization methods are frequently overlooked or re-
Jected in favor of more time-tested technigues.

inpu

wethods are capable of satisfying even a portion of the problems of mili- of &

tary soil stabilization, since no major effort has ever been expended with mand.

this specific application in wind. Thus, it becomes apparent that an ob-

Jective appraisal of electrokinetic techniques for military stabilization sear

purposes can be made only from iavestigation of these methods both in the capal
laboratory and in the field.

In view of this, generalized suggestions are stabi
offered concerning areas of research that might provide a basis for a pro- nique
gram to determine the full potential of electrical treatment for military Lishe
soll stabilization purvoses, }

4. Although theories such as those of Helmholtz or Schmid sre evail-

&ble to describe quantitatively the phenomenon of electroosmotic flow,

their verification end applicability to specific field engineering problems

remain to be establisl..d. These concepts are, to a large extent, dependent
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upon knowledge of factors that must be estimated or derived indirectly, }
often with sufficient. error to cause misinterpretation of results. Be- -
cause of this, it is suggested that perhaps a more suitable approach wmight
be to attempt to derive empirical relations, within the framework of the
. existing theoriles, to afford quantitative expressions for electroosmosis.
It is possible that simplified relations wmay be determined, applicable
only to specific situations, that are expressible in terms of soil parem-
eters that can be measured directly both in the laboratory and in the
field.
L7, Equally important and necessary are studies to clarify the

- r——

wechanics and contributione of the electrokinetic phenomena to the develop-

ment of strength or improved bearing capacity of soils. In this regard, ,l
the influence of soil characteristics, both physical and chemical, must be

% considered in terms of thelr response to electricel treatment. Knowledge

of the contribution of ion exchange reactione, or perhaps the effect of

processes involving the incorporation of supplementary cementing waterials,

in the improvement of soill stebility would be desirable. The influence of

time must be considered, and studies must be conducted to attempt to im- o g
prove the rates at which stabilization can be accomplished electrically.

In this respect, the effects of variubles relating to the processes them-
selves, such as electrode types, spacings, and shapes, as well as pover
input and operstional methods, should be determined. The possible benefit
of supplementary consolidation to implement strength improvement also de-
mends consideration.

L8. A test program incorporating the above-suggested areas of re~ ix
search would have as its primary objective the determination of the waximum
capability of electrokinetic methods to satisfy & specific military soil i
stebilization problem. Only by undertaking such a program can the tech-
niques be evaluated end their full poteniial for the wilitary be estab-
lished beyond speculation. ‘;

22896 |
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