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ABSTRACT

Physic and chemical propertiesof liquidsand particle-fluid interaction (PFI)
mechanisms control relevant soil properties. Chemical properties of pore
fluids affect mainly the structure and hydraulic conductivity of fine soils
with high specific surface. Inthiswork, the hydraulic conductivity of three
different soils (sand, silt and a bentonite-sand mixture) was measured us-
ing fluidswith different chemical properties: deionized water, kerosene, 1N
Sodium chloride solution and a solution with 20% of ethylic alcohol. The
hydraulic conductivity was determined by following the falling head test
procedure and using three different rigid-wall permeameters. Results show
that the hydraulic conductivity of coarse granular soils does not depend
on fluid chemistry since PFI have negligible effect on soil behavior. Inthis
case, the dry density of soils and viscosity of fluids determine the ob-
served behavior. On the other hand, the hydraulic conductivity of fine
soils (silts and bentonite-sand mixtures) shows a dispersion of five orders
of magnitude when tested at the same dry density but with different perme-
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ating fluids.

INTRODUCTION

The hydraulic conductivity of porous mediagov-
ernsthe displacement of fluidsin the pore space, con-
taminant displacement, and pore pressure dissipation.
These aspectsare of fundamental importancefor the
strength-strain behavior of soils, landdide events, soil
settlement anaysis, etc. Hydraulic conductivity isaf-
fected by soil and liquid propertiesasexplicitly shown
inthe K ozeny-Carman equation2%3, Inthefirst case,
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relevant soil propertiesincludevoid ratio, saturation
degree, particlesize, soil fabric, and specific surface*.
Inthesecond case, Significant propertiesof permesating
liquids consist of density and viscosity™. In addition,
therearealargeamount of fine soilswheretheliquid-
solid interaction can bethe primary factor controlling
the displacement of fluidsinsidethe soil pores®4. In
generd, particle-fluid interaction (PFI) mechanismsare
of fundamental importancein the caseof fineplastic
s0ilg%1%, Thiseffect isrelated to soil microstructure,
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diffuse-doublelayer thickness, molding water content
and compaction energy and method(®,

The specific surface of soilsincreasesasparticle
sizedecreases (higher wetted surface areaper unit vol-
umeof particles). Inthiscase, theinteraction between
theliquid phase surrounding particlesand the minera
surface results in complex attractive and repulsive
forces. Thisforce balance, known as DLV O theory
(named after Derjaguin and Landau, Verwey and
Overbeek), governsfabric formation in soil g11213,
entertainswater mol eculesand hydrated counter ions
at short distancesfrom the minera surface”, and re-
stricts the fluid displacement through the soil'®,
Sivappulaiah™, Sridharan and Nagargj*>'9, and Lee
et d.1® show that the effect of PFI on permeability can
beanalyzed intermsof theinduced changesinsoil lig-
uid limit and plasticindex dueto the chemica nature of
theliquid phase(e.g. ion concentration, valence, or pres-
ence of non-polar molecules).

The primary purposeof thisstudy isto analyzethe
influence of the affinity between different liquidsand
minera particleson thehydraulic conductivity andlig-
uidlimit of soils. Thiseffectisevauatedinthreesoilsof
varied specific surface: sands, siltsand asand-bento-
nite mixture. Theinteraction between these sediments
andliquidsisevauated by using permesting fluidswith
different chemica and didectrica properties. Obtained
resultsalow ustoidentify theinfluenceof thediffuse-
doublelayer and PFl mechanismson the hydraulic con-
ductivity of low and high specific surface soil.

PARTICLE-FLUID INTERACTION

Soil mineralsin contact with water and inorganic
pollutants

I nteraction mechanismsarisewhen the specific sur-
faceof particlesissignificant since, inthiscase, theef-
fect of eectrica forceson soil behavior dominateswith
respect to the effect produced by gravity (the opposite
takes placeinthe case of coarse soils). Abovethepoint
of zero charge, or the pH value at which the el ectrical
chargedengity onasurfaceiszero, clay particleshave
negative surface chargethat interact with the positive
chargeof cations adjacent to the surfacg* 213, |n case
of dry soils, these cations arefound either fixed to the
minera surfaceor as precipitated salts. When the soil

wets, these cationsand anionshydrateand distributein
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the spaceforming the diffuse doublelayer influenced
by the surface el ectric potential®'9. Thedoublelayer
thickness, 3 (m), a so known as Debye-Hiickel length,
isrelatedto theliquid propertiesasfollows™:

3 _

eRK'T

B \} 2F* ¢,z (1)

where R = 8.314 J/(K.mol) isthe universal gas con-
stant, F = 9.6485x10* C/moal is the Faraday’s con-
gtant, e, = 8.85x10" F/misthevacuum dielectric per-
mittivity, T = temperature (K), ¢, = bulk €lectrolyte
concentration (mol/n¥), k' =red relative permittivity,
and z=1ionicvaence. Thechangeof any of these prop-
ertiesinducesdterationsin the soil microstructure af-

fecting thehydraulic conductivityfl.
Soil mineralsin contact with or ganic pollutants

Different i nteraction mechanismscan beobserved
when soilsarein contact with organicmolecules. Inthe
case of coarsegrained soils, e.g. sand and gravel, the
PF becomesnegligibleandtheliquid movesinthepores
mainly governed by gravity and viscousforces. When
the soil containsclay minerals, additiona interaction
mechanismsarise: ) intercaation, b) ionexchange, and
c) adsorption™. If theorganic moleculesare non-polar,
aso known asnon-aqueousphaseliquids (NAPL), soils
are more stable than in presence of water, clays be-
haves asnon plastic and show no swelling potential .
Conversdly, organic moleculescontaining polar groups
with hydroxyl or carboxyl can form agqueoussolutions,
and hydrateions. Then, adiffusedoublelayer develops
around soil particlessimilarly to that expected in soil-
water mixtures®.

Although these phenomenahavebeing extensively
studied inthepast two decades®? therelevant contri-
bution of thisresearchistofocuson the effect that pro-
duce polar and non-polar organic moleculeson par-
ticlearrangements and two corresponding macrascopic
emergent behaviors: @) soil liquid limit and b) soil hy-
draulic conductivity.

MATERIALSAND METHODS

The soilstested in thisstudy aresand, silt, and a
mixture of bentonite (25%) with silica sand (75%).
TABLE 1 showsthephysical propertiesof these soils.
The selected soilscover al therange of expected spe-
cificsurfacefor any natural sediment, whichisthefun-
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TABLE 1: Main physical propertiesof tested soils

——>  Fyl) Paper
TABLE 2: Main physical propertiesof fluids(at 20°C)

Property Bentonite Silt Sand
Passing sieve #200, % 100 9% 12
Particle szelower than 2um, % 80 4 0
Specific gravity 271 267 2.68
Specific surface, m¥/gr 731 3 <0.01
Unified soil classification CL ML SP

TABLE 3: Influenceof fluid propertieson liquid limit (LL)
and plagticindex (I1P)

Sail Water NaCl 1N Kerosene Ethylic alcohol
sand LL 13 13 5 12
IP 0 0 0 0
! LL 27 27 25 24
Silt
IP 28 6.7 0 4
Bentonite LL 301 111 33 388
IP 231 55 0 339

damentd property for theinteraction mechanisms stud-
iedinthiswork.

The selected permeating fluids are: @) deionized
water, b) 1IN NaCl electrolyte, c) 20% ethylic a cohol
solution (v/v), and d) kerosene. Somerelevant physic
and chemical propertiesof theseliquidsare summa-
rizedin TABLE 2. Theseliquidswere sel ected dueto
their different dielectric permittivity and expectedinter-
action with the electrical surface chargesof soil par-
ticles. Kerosene haslow red permittivity and behaves
insidethe soil pores as any other non-aqueous phase
liquid (NAPL) when sorption and degradation are neg-
ligible. Water and the el ectrol yte have the higher ex-
pected didlectric permittivity and thedifferentionic con-
centration helpsto eva uate theinfluenceof electrical
chargesand hydrated ionssurrounding soil particle. Fi-
nally, theethylica cohol hasapermittivity that fall sbe-
tween that of water and kerosene.

Soilswereovendried at 105 Cdsiusdegree, mixed
with any of theliquidsshownin TABLE 2, and com-
pacted insidearigid-wall permeameter inthreelayers
of equal height by giving 25 blows per layer with a
10.95mm inner diameter blunt tip bar. The compaction
moisture content was 10% in all casesexcept for the
sand-bentonite mixture were theliquid content was
higher than the bentoniteliquidlimitin order to ensure
homogeneity. Hydraulic conductivity testswere per-
formed by following thefaling heed method (ASTM D
585617) and using as permeating liquid the sameem-
ployed for compaction. The hydraulic gradient varied

Property Water Kerosene Ethylic alcohol
Chemical formula H,O N/A CH;-CH,-OH
Density, Kg/m® 1000 800 790
Viscosity, mm?/s 100 271 1.52
Dielectric permittivity  78.5 21 25.7

from15to5inal casesduring tests. Each samplewas
tested several timesuntil constant valuesof hydraulic
conductivity were obtained.

TABLE 3 showstheliquid limit (LL) and plastic
index (PI) of each soil withal thefluidsused asperme-
ating liquids. The LL of bentonite measured with the
NaCl solutionislower than that measured with water,
aspreviousdy determined by Leeet d.®®. Inthe case of
the sand and silt specimensthis effect cannot be de-
tected probably because of the low effect of PFI in
theselow specific surfacematerias. Inthe case of kero-
senedll samplesshow noplagticity andalL L lower than
that measured with water, since kerosene can neither
hydrates counter ionsnor devel opsdoublelayer around
minerd particles. Findly, inthecase of theethylicaco-
hol solution, the observed behavior issimilar to that of
Soil-water mixtures,

RESULTS

Figure 1 showsthe hydraulic conductivity of com-
pacted sand (a), silt (b) and sand-bentonite mixture (c)
permeated with theliquidsshownin TABLE 2, asa
function of thedry unit weight. Inthe case of thetested
sand, silt and sand-bentonite mixtures permeated with
water, the changeof unit weight (or void ratio) and spe-
cific surface arethe main factors controlling the ob-
served hydraulic conductivities, in agreement with the
K ozeny-Carman modd . In addition, the change of spe-
cificsurfacejustify the several ordersof magnitude of
difference observedin soil permeability, whilethedry
unit weight and corresponding void ratiofal inavery
narrow rangefor thethree soilstested here.

Thehydraulicconductivitiesof sand (Figure1a) fal
inavery narrow range of values, one order of magni-
tude, regardlessthe permeating fluid type. Then, the
presence of ionsor organic moleculesin the permeat-
ingliquid producesnegligible PFl mechanismscapable
of dter thedisplacement of liquidsing dethesand pores.
Inthiscase, theeffect produced by gravity forces pre-
vailsover thedectrica forces(DLV O) because of the
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Figurel: Influenceof thepermeating fluid on the hydraulic conductivity: a) sand, b) silt, and c) bentonite-sand mixture
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Figure?2: Influenceof liquid limit on the hydraulic conduc-
tivity

low specific surface of sand. Thecompacted siltsspeci-
mens(Figure 1b) havehydraulic conductivitiesthat vary
from 7.5 x 10 to 1.6 x 10°m/s depending on the
chemical propertiesof the permeating liquid. In gen-
eral, the specimens compacted and permeated with
water, eectrolyteor water-a cohol solutionshavelower
conductivitiesthanthet observed withkerosene Asmilar
trend isobserved for the sand-bentonitemixturesbutin
thiscase, theincrease of the hydraulic conductivity of
specimens compacted and permeated with kerosenein
comparison with those permeated with water isclose
to 5 ordersof magnitude. Nevertheless, thedifferences
influid density and viscosity shownin TABLE 2 arenot
aufficient toexplainthesetrends.

Sail properties that depend on PFI mechanisms
(e.g.LL andk) aredgnificantly influenced by thechemi-
ca propertiesof theliquid surrounding particleswhen
the specific surface of soil particlesishigher than 1m?/
gi1t123 |nthe case of LL, the expected changes are
related tothe rel ativeimportance of the diffusedouble
layer respect to the volumetric content of free water
insdethe pores®19. Thefigure2 summarizestheinflu-
ence of theLL onthe mean hydraulic conductivity of
compacted specimensdetermined with different liquids.

Thelow specific surface of sandisresponsible of the
Research & Reotews On

Figure3: Relationship between hydraulic conductivity and
real dielectric permittivity of thefluid insidethepores
inggnificant effect of fluid chemistry onk. For high spe-
cificsurfacematerias, k reduceswhentheL L increases
asaresult of PFl mechanismg®1519, Thisphenomenon
wasclearly identified in the bentonite-sand mixturesas
showninfigure2.

Behavior of silt and clay in contact with thedectro-
lyte and alcohol solution depends on the thickness of
thediffusedoublelayer (Eq. (1)), because thedisplace-
ment of hydrated ionsisaffected by the negative elec-
trica surfacecharge of minerdswhich aso affectsfluid
displacement insidethe pores. However, dl soilsshow
similar behavior when are permeated with kerosene
sincethisliquid can neither hydrate ions nor form a
doublelayer regardlessthe soil specific surface.

Figure 3 showstheinfluenceof thereal dielectric
permittivity of the permeating liquid on k. Error bars
represent + 1 standard deviation. Thevariability of k
respect to any liquid ismainly affected by the specimen
void ratio (assumesthat the chemical propertiesof the
permesting liquid do not change). In addition, themean
vaueof k isassociated to thefluid chemicd properties.
In the case of sand, k is amost the same no matter
what istheliquid real didlectric permittivity. However,
inthecaseof finesoils, k decreaseswhen theliquid has
higher diel ectric permittivity which enlargesthethick-
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nessof doublelayers(EQ. (1)). Theseresultsreved the
relevance of thechemica propertiesof liquidsand the
interaction between liquid and mineralsonk.

CONCLUSIONS

Thiswork analyzestherelevance of PFl mecha-
nismsonthehydraulicconductivity of sand, Slt and sand-
bentonite mixtures permeated with water, el ectrolytes
and organicfluids. Themain conclusionsof thiswork
canbesummarized asfollows:

e Incontact with kerosene, al soilsshow no plasticity
because of the non-polar natureof thisliquid, their
incapecity to hydrateionsand to form diffuse-double
layersaround soil particles. Then, themeasured hy-
draulic conductivity repect to keroseneresultshigher
than that measured with water sincethetotal pore
spaceisavailablefor thedisplacement of theliquid.

e Particle-fluid interaction becomesof relevancein
soilswith high content of clay and high specific sur-
facematerials. Inthiscase, thehydraulic conductiv-
ity may vary upto 5 ordersof magnitude depending
onthe chemical and dielectrical propertiesof the
permesting liquid, which control €ectrochemistry a
short distancefrom the particles. Conversdly, sand
and very low specific surface materia s have con-
ductivitiesthat fall inanarrow rangeregardlessthe
dieectric constant of thefluid surrounding soil par-
ticles. Inthislast casetherdativeimportance of the
water forming the diffuse-doubl e layer respect to
bulk water and the mass of soil particles becomes
negligible

e Athigher soil plasticity measured with weter, higher
isthe observed increase of hydraulic conductivity
when the soil ispermeated with non-polar liquids
(e.g. kerosene, NAPLS). Thethickness of the dif-
fuse-doublelayer isresponsible of thelow hydrau-
licconductivity observedin soilswithhighplagticity
(andliquidlimit).
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