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INTRODUCTION

Frost heaving refers to sail expansion
caused by the formation of ground ice in
excess of the pore volume. It is associated
with silty, fine-grained soils such as those
found in the area of Fairbanks, Alaska.
The widespread destructive consedquences
of frost heaving are well known, Both the
expansion of soil during freczing and the
luss of soil strength during thawing can
destray building foundations, roadways
and airfields,

Excessive ground ice is able to farm
hecause large amounts of water move to
the freezing zone during the freezing pe-
riod, Although the exact mechanism for
the water movement through the porous
soil matrix Lo the freezing region is not
known, we do know that for frost heaving
to occur, three conditions must exist
simultaneously:

1) & “frost-susceptible’” soil (generally
a soil containing at leasc 2 percent by
weight fines smaller than 20 microns in
diameter) !

2) a prolonged period of freezing tems-
peratures, and

3} an adequate water supply.

The [lreezing paint of water, when con-
fined to very fine capillaries, is substantial-
ly lower than that of bulk water,! Thus
the fineness of frost-susceptible soil mukes
possible the transport of water as liquid
through the s0i) to the freezing front where
ice tenses form during the freezing period.

The specific requirements for trost
heaving to ccocur suggest a number of
methods to reduce ar prevent it. One
methad which has shown promise is the
treatment of the soit with chemicals which
alter its frost susceptibility. Both flaccu-
lants and dispersants have reduced heaving
in laboratory and field tests.'? Fluccu-
lants are thought to increase the effective
particle sizc in the sa0il {so that nonsegre-
gated freezing would occur without liguid
transport), while dispersants are hetieved
to stahilize the fines so that they are swept
into the flow channels, causing clogging.
A potentially promising, but untried, pro-

cess for frost heave reduction is soil dewa-
tering by electro-osmosis, either before or
during the freezing period. Electro-ocsmaosis
has been usced since the early 1900s for de-
watering peat and clays, and morc recently
by Sprite and Kelsh®* for the dewateting
of mine sludges in northern Idaho,

BACKGROUND

Almost all soil particles in contact with
water carry an electric charge. It can be
negative or posilive, but 1t is usually nega-
tive. The negative charge results from the
preferential adsorption of anions {hydrox-
¥l ions, if none other are present) which
are generally smaller, less hydrated and
mote nalarizable than the cations present,
The behavior of a soil particle in suspen-
sion I8 strongly influenced by the charge
on its surface, which results in the accumu-
jation of neutralizing, oppositely charged
ions (counter-ions) in the laver of solution
immediately surrounding the particles
{Fig. 1}, The “cloud’” of counter-ions con-
sists of two layers, The first of these is an
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Figure 1. lon distribution at and near
the soil particle surface.”

adsarbed, compact monolayer of ions,
termed the Stern layer, which usualtly par-
tially neutralizes Lthe surface charge, It
may, however, either intensify or reverse
the surface charoe if the ions are specifi-
rally adsorbed {i.e., adsorbed due to forces
other than electrostatic anes), The net re-
suttant of the surface charge plus Stern
layer charge is (hen neutralized by an array
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Figure 2. Effect of the adsorption mechanism on the Stern and zeta potentials. {a)
Reduction in zeta potential due to preferential cation adsorption. {h} Increase in zeta
potential due to preferential anion adsarption, (¢) Reversal of sign between the surface
and zeta potentials due to adsorption of strong polyvalent cations.”

af counter-inns farther away from but in
the immediate vicinity of the soil particle
surface. This outer stratum is called the
diffuse, or Guay, layer. The entire assem-
biy of ions extending from the particle
surface to the outer edge of the diffuse
double layer is termed the electrical dou-
hle layer.

Usually the concentration of counter-
ions is highest close Lo the particle surface,
At greater distances, the effective particle
charge decreases, and the concentration
of caunter-ions decreases until it becomes
the same as in the surrounding bulk solu-
tian, The surface potential, '.J;o, is the elec-
trostatic potential difference between the
particle surface and the surrounding bulk
salution. As the distance from the particle
surface is decreased, the polential decreascs
lingarly from the surface potential to the
Stern potential, u’xd, and decays approxi-
mately exponentially from the Stern po-
tential to zero in the diffuse double layer,
as shown in Figure 2.

The Stern potential is an important
parameter in determining the extent of
soil particle interactions. When it is of suf-
ficient magnitude, and the diffuse douhle
layer is sufficiently thick, the soil particles
will experience electrostatic repulsion
when they approach one anather and the
diffuse portions of the double layers begin
to overlap. This prevents them from ap-
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proaching clase enough to ong another to
flocculate, Such a dispersion is said to be
“slable.” When eleclrolyte is added Lo the
system, the diffuse double layer becomes
much thinner, e, “rollapses,’ and the
dispersion may be destabilized and floccu-
lale. While the double layer thickness may
he computed if the ionic content of the
surrounding solution is knawn exactly,
the Stern polential cannol be measured
directly.

Fartunately, there is a measurahle pa-
rarmeter which permits Lhe assessment of
the combined effects of Stern potential
and double layer thickness and thus serves
as a reliahle indicator of the state of elec-
trostatic stability of the particles, This is
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the reta potential, {.° It is the electric
potential at the hydrodynamic “plane of
shear” around the particle, asurface locat-
ed generally just outside the Stern plane.
It can be determined for small particles by
tracking their electrophoretic movement
in an electric ficld of known strength.
When the zeta potential is low {less than
approximately 10 millivolts}, it is either
hecause the Stern potential is 1ow or be-
cause lhe diffuse double layer has been
collapsed to a distance inside the shear
plane, or both, From the standpoint of pre-
dicting the stability of the particles with
respect to flocculation, it is immaterial,
The only reguirement is that the zeta po-
tential is sufficiently small. A finite 7eta
potential is thus required for electrostatic
slability of the dispersion and is also a re-
guirement for the possibility of electro-
osmosis, as described below.
Electro-osmosis refers to tha tlow which
oceurs when a direct-current electric field
is placed across a porous solid mass that
contains a connected network of moisture
throughout its vaid space, When the field is
applied, the {generally} positively charged
mahbile part of the diffuse double layer
migrates toward the cathode and carries
with it the associated pore water {Fig. 3).

The electra-osmotic flow rate is given
by:
V eEl/dnwy {(n

where V is the linear flow velocity, ¢ is the
dielectric constant of the water, E is the
voltage drop per unitlength glong the flow
path, 1 is the water viscosity, and { is the
zeta potential, The zeta potential thus
nlays a key role in determining the poten-
tial effectiveness of electro-nsmotic dewa-
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Figure 3. Hlustration of alectro-osmotic flow in an electric field.
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tering. The addition of flocculants or dis-
persants is expected to produce significant
changes in the zela potential by altering
the Stern potential and compressing the
diffuse double layer, and thus should
strongly influence the electro-osmotic be-
havior of the system. The total volumeltric
dewatering rate will in addition, depend
on the pore structure of the soil matrix
{permeability}, and this too should be
affected by the addition of chemical floc-
culants and dispersants.

METHODS AND MATERIALS

Both laboralory and field tests were
conducted. Lahoratory tests were per-
formed at the Engineering Centar for Sur-
faces, Polymers and Colloids at the Univer-
sity of Washington, Seattle. The field test
site was located at the CRREL (Cold Re-
gions Research and Engineering Labora-
tory] testing grounds on Farmers Loop
Road near Fairbanks, Alaska, The tests
were conducted in an area of known frost
heaving to determine the effectiveness of
electro-osmotic dewatering procedures for
reducing frost hazve,

The soil for the laboratory tests was
taken from the field test sitc to assure
consistency in soil properties for all tests,
The soil is relatively fine-grained (Fig, 4}
and contains about 38 percenl fines {size
less than 20 microns), The natural soil
moisture content is appraximatealy 29 per-
cenl of the dry-soil weight (all moisture

U8, STANDART: BIEVE S1ZE8
0 2on 270 400

contents will be given as percentayes based
on dry-soil weight).

The chemical additives used in the soil
treatments consisted of a flocculating
agent, ferric chloride {FeCly), and a dis-
persant, tetrasodium  pyrophosphate
(NayP, O, or TSPP), These chemicals were
chosen for a number of reasons. Research
by Lambe et al., indicated that these addi-
tives had successfully reduced frost heave
at relatively low concentrations and cost.?
Both additives should have strong and
opposing effects on the soil particle double
layer, yet they proved equaliy effective in
rediicing frost heave.

Sail samples were taken before chem-
ical treatment, after chemical treatment,
and after dewateriny. These soil samples
ware anhaiyzed for moisture content, zeta
potential, and particle size distribition,
and were examined by scanning electron
microscopy {SEM). Zeta poterntials were
maeasured using a Rank Brothers Model
Mark |l micreelectrophoresis apparatus.
Care was taken in each case to obtain zeta
potentials in the actual filtrate taken from
the moist soil 50 that the chemical content
of the liguid in the electrophoresis test
cell was identical to that actually existing
in the dewalering system. Particle size dis-
tributions were obtained using a Leeds &
Northrup Microtrac particle size analyzer,
and scanning electron micrographs of the
soil up to 700X were taken using JEOL
Model JSM-25 scanning microscope,
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Figure 4, Particle-size distribution for Fairbanks silt test soil.
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The field test plots were surveyed at
approximately two-week intervals for the
one year period belween November, 1981
and Navember, 1982,

EQUIPMENT AND PROCEDURES

Laboratory test models, measuring
6xB6x6 inches, were constructed of la-inch-
thick Piexiglasm, as shown in Figure B
Two cathodes were placed in each test cell
to assure good soil contact. The calhodes
were constructed of 1-inch. 3.0D. copper
tubing, approximately 8 inches long. They
were perforated with Ya-inch diameter
holes at approximately “%-inch intervals to
allow for water collection and removal,
The anode was a plale measuring approxi-
mately 6x6 inches, Yis-inch thick, and
constructed of a special nickel-alloy stain-
less steel to resist anodic oxidation.

All test soils were initially dried. The
chemical additives were disselved in dis-
titled water to give the desired concentra-
tion. The solutions were then added to
the dried soil to give a moisture content
of 43 percent. After chemical treatment,
the soil slurries were mixed thoroughly
and allowed to soak for about 18 hours,

At the end of the soaking period, the
slurries were decanted and placed in tha
test models, Electro-osmotic dewatering
commenced with the application of a DC
potential togive aconstant current density
of approximately 900 pA/cm? (about 0.21
amps current flow}; the current density i3
defined as the current per unit cross-
sectional area perpendicular to the mois-
ture flow. Eleclro-osmotic dewatering was
stopped when its rate reached zero.

The field Lest plots measured 24x24x30
inches deep and had essentially the same
design as the labaratory models, except
that only one cathode was used. It con-
sisted of a 2 5.inch O.D. perforated iron
pipe, two feet lonq. Standard galvanizer
wire fencing was used as the anode, The
test plots were spaced approximately ten
feet apart to provide isolation from one
another, yet close enough to ensure nearly
identical soil canditions.

The field test site consisted of five test
plots, One {Plot 5} was not disturbed in
any way, and served as a reference. Plot 1
was prepared for dewatering but was nei-
ther dewatered nor chemically treated, and
thus served as a second reference, Plots 2,
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3 and 4 were prepared for dewatering,
chemically treated and dewatered, Plot 3
was treated with TSPP, while Plots 2 and
4 wyere treated with FeCl;. Plot 4 was en-
closed with a \z’i::.qu'eenT'\"I plastic mem-
brane to isolate it from outside water
SQUICES.

Twenty-six gallons of 0.1 M (Maolar)
FeCly solution were added to each of Plots
2 and 4, and & similar amount of 0.06 M
TSPP was added to Plot 3. These amounts
and concentrations assured that sufficient
chemical would penetrate Tnto the interior
of the test area. The solutions were allowed
to percolate naturally down through the
soil for about one week, Dewatering was
then completed over a three-week period
prior to freeze-up. The voltage was varied
to maintain a fairly constant current den-
sity of approximately 1000 gA/fem?,

Frost heave field data were obtained in
the form of measured heave and thaw
ratios. The heave ratio is the amount of
heave {elevation increase} of the surface
of the treated soil divided by the corres-
ponding quantity for the reference {in this
case, the average of Plots 1 and B), The
thaw ratio is the amount of settlement
{difference hetween the highest and lowest
elevations) during the thawing peried rela-
tive to the reference. Elevations of all plots
were determined at regular time intervals
by means of standard surveyors’ instru-
ments relative to a permanant monument
on the test site.

The destructive conseguences of frost
action in soils are due ta hoth the heave
during the freezing period and the settle-

T
30,0 P I S
=T E T
2.0 = e
. | A .
kS | P
£ ! o
oo 7
R It - KEY
= s .
=1 l 3 e - ——  Naler Semwved
E 15,0 a = . ROy Fower Consumptfan
E i = . —— Peint of Zera daterflow
-

= )£ L 4y Test 1-1 (0.0001 M)
o100 = g O Test -2 (o) MY
3 [ £ D Test 123 (0,01 ¥)
< l‘ ! () Test 1.£ fr.lM}
= 5.0 = - ,? O Test 1 (Mo Treatment?

|

[ LA

| 5 == —‘ﬁ%’ - . N
e - A ﬂ*_—ﬂ m@ T T

p-H)

150 180

TIME. minutes

Figure 8. Dewatering and power consumption curves for laboratory tests using ferric
chloride (FeClz} in soil treatment. Amounts of decant prior to electro-vsmotic dewa-
tering procedures are represented at time zero.

ment during the thawing period, so both
heave and thaw ratios are importantin the
evaiuation of methods for frost heave re-
duction, Electro-osmotic dewatering andc
chemical treatment may affect these ratios
differently, and they both should be ex-
amined.

RESULTS AND DISCLSSION

Figures 8 and 7 give the results of the
iaboratory dewatering tests. The amounts
of decant prior to electro-osmotic dewater-
ing are included. Sprute and Kelsh showed
that the excess or decanted water is the
easiest to remove and requires a refalively
small amount of power® The amount of
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Figure b. Laboratory test model schematic.
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decant may also he affected by the type
and concentration of chemical additive
used. A comparison of the dewatering
characteristics of the different tests should
thus justifiably include the amounts of
decant.

Generally all soil tests dewatered the
same total amount, specifically to a mois-
ture content of 28-30 percent. The notable
exception was the test employing the 0,1
M TSPP treatment {Test 2-4). 1t stopped
dewatering when the soil moisturc content
reached approximately 38 percent. This
can be explained by the stahilizing effect
of the dispersant which allows the smaller
fines to be swept into the flow channels,
causing clogging. !n all cases, as maoistire
cantent reached its terminal level, the de-
watering rates decreased dramatically.

The loss of permeahiiity noted in the
0.1 M TSPP test would be a sericus disad-
vantage for the practical application of
such a dispersant during electro-osmotic
dewatering. It is advantageous, however,
with respect to slowing moisture mave-
ment ta the freezing front in the absence
of any prior dewatering, Thus, if disper-
sants are to he used in combination with
electro-osmotic dewatering, the chemical
dosing should be made affer the dewater-
ing has heen completed.

A significant difference noted between
the dewatering of the chemically treated
and untreated soils was the increase in de-
watering rate observed for the treated sys-
tems. For both the flocculant and the dis-
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persant, dewatering was completed in
about half the time required for the un.
treated soil (approximately 120 vs 240
minutes}. This might be partially explained
as follows: The addition of 2 small amount
of salt can be expected, first of all, to en-
hance the negative zeta potential of the
soil particles through praferential adsorp-
tion of the unhydrated anions. Such a
change in zeta potential did occur and is
revealed in Figure B, which shows the re

sults of zeta potential measurements for
all the conditions of the testing. The soil
in contact with its natural ground water
had a zeta potential of -16.0 mV, and the
chemnical treatment with hoth FeCl, and
TSPP at the 0.0001 M concentration level
increased it further {larger negative values)
to —22.8 mV and -20.0 mV, respactively.
Equation 1 suggests that the rate of electro-
asmotic dewatering should increase in
direct proportion to both the {negative)
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Figure 8. Comparison of labaratory zeta potential results for ferric chloride and tetra-

sodium pyrophosphate treated soils.
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magnitude of the zeta potential and the
electric field strength, other factors remain-
ing the same. The increased zeta potential
may thus explain the increase of dewater-
ing rate with small amounts of salt addi-
tion of either typa.

As salt concentrations increased, the
electric field strength, E, decreased {since
current density remained canstant), so de-
watering rates decreased slightly, as might
be expected. It is puzzling, however, that
a greater divergence in behavior between
the FeCly and TSPP cases was not observed
in this respect, since the effect of the two
salts on the zeta potential was opposite, [t
would be expected that the dewatering
rates of the FeCl; runs would decrease
maore sharply with increasing salt concen-
tration than those of TSPP. In particular,
it would be expected that when the zeta
potential approached zero, as when FaCl,
concentration reached 0.1 M, electro
asmotic dewatering rates wolld approach
zero. Apparently soil permeability assumes
an overriding importance, The flocculating
action of the FeCly prevents clogging of
the flow pathways leading to high perme-
ability, so that even under conditions of
low zeta potential, dewatering rates are
significant. The TSPP promotes clogging
action, sa that increased zeta potential is
offset by decreases in permeability.

Another abservation is that for both
types of chemical treatments, the amount
of power required for dewatering signifi-
cantly decreased with increasing levels of
chemical treatrnent. This reduction is trace-
able to the increased electrical conductiv.
ity of the soil water when salt is added.
Since the tests were conducted at constant
current density, the required voltage was
decreased with salt additian.

The results of the particle size analyses
and scanning electron micrographs of
treated and untreated soil sampies were
inconclusive but suggest that any detact-
able {involving fines larger than approxi-
mately 0.1 micron} changes in particle
size altributable to chemical treatment
were not significant. The mechanism by
which changes in stability affect dewater-
ing rates thus depends an changes in the
particle-particie *stickiness™ or adhesion
without altering the geometry of the par-
ticle structure,

Evaluation of the field frost-heave tests
is based upon the measured heave and thaw
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ratios, as shown in Table 1. Ratios less
than unity indicate improvement, whareas
ratios greater than one indicatc impair-
ment, Plots 1 and 5 wera neither dewa-
tered nor chemically treated, and the aver-
age ot their freeze and thaw behavior was
taken as the reference against which the
chemically treated, dewatered test plats
were gvaluated. The difference in bchavior
betwean the two reference cases was 15-20
percent, giving a statistical measure of the
reproducibility of the other tests, which
were not repeated in the current work.
Plats 2 and 4 show the positive resuits ob-
tained for ferric chloride treatment with
dewatering, Plot 4 differing from 2 in
that the soil in Plot 4 had been dug up
and reconstituted, with a plastic sheet
buried heneath it. Both tests show sig
nificant improvement with respect to
both heave and thaw ratios, Plot 4, the
isolated system, shawed the best resulls,
indicating that heave due to water trans-
port from soll adjacent lo the piots was a
factor in the other tests. Plot 3 employed
the dispersant TSPP with dewatering, and
it also showed significant improvement in
hoth ratios. In all cases thare was consis-
tency belwecn the heave and thaw ratios,
i.e., those tests yielding the greatest heave
also yielded the greatest degree of settle-
ment.

It is important ta note that the test
plots were inslalled only to a maximum
depth of 30 inches, The active layer in the
test area extends to a depth of about eight
feet. The reduction in the amounts of
heave and settlement are thus a reflection
of only the top third of the active layer.
This suggests that treatment af the entire

depth of the active layer may produce even
greatar reductions in the amounts of heave
and settlemncent,

A possible side effect of electro-osmotic
dewatering in this test series should be
noted. The meta! electrodes {particularly
the anode) may have acted to conduct
heat out of the snil during the winter
{fwhen the surface temperature is less
than the soil temperature beneath the sur-
face) and into the soil during the summer
{when the temperature difference is re-
versed), This would have the detrimentai
effect of promoling both heave and settle-
ment. These effects, if any, were apparent-
ly overridden in the tests run,

CONCLUSIONS

1. Electro-osmatic dewatering with sail
chemical treatment can significantly re-
duce frost heave in soils such as Fairbanks
silt.

2. The rate of soil dewatering is en-
hanced with the addition of low congen-
trations of either a floceulant or a disper-
sant,

3. High concentration levels of disper-
sant can significantly reduce the amount
of water removable by electro-osmosis.

4, The addition of salts can significant-
ly reduce the power consumption for
electro-nsmotic dewatering,

5. The anticipated changes in soil par-
ticle zeta potential were produced by the
addition of ferric chloride and tetrasodium
nyrophosphate.

6. Changes in macroscopic {>0.1 mi-
cron} particle size distribution are not

TABLE 1

Amounts of Heave and Settlement and
Heave and Thaw Ratios for Field Test Plots

Test Plot Number
{ Tvpe of Treatnient)

1 {Electrodes installed,

no treatment} 4,79
{averaged}
5 {No treatment}
2 (FeCly) 4.00
3 (TSPP) 4,50
4 (FeCl,, enclosed) 3.60

Maximum Amount
of Heave {inches)  of Settlement (inches)

Maxinuon Amount Heave Thaw

Ratio Ririo

5,95 1.00 1.00
{averaged)

475 0.84 0.80

1M 0.94 0.83

4,14 0.75 0.70
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affected by the addition of a flacculant
or dispersant.

RECOMMENDATIONS

Further study of the sffects of a wider
variety of chemical additives and saiis on
dewatering procedures should be made.
Test plats should involve the entire active
layer.

The related process of eleclrophoresis
{movement of the negatively-charged par-
ticles loward the anode: the opposite of
elactro-osmosis} should be tested in con-
junction with chemical treatment of set-
tling ponds for the mining industry. The
use of a low DC potential within the
settling pond could greslly enhance the
settlement rate of the very fine suspended
particles. The rate would be greater in
conjunction with appropriate chemical
treatment (to increase zeta potential) at
very low treatment levels, Further research
should find the optimal levels with respect
to cost and environmental tactors,
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