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FOFEWJRD

The U.S. ECanviroanmental Protection Agency was created because cof
increasing public and governament concern about the dangers of pollution to
the heaith and welfare of the American people. lHoxious air, foul waier,
and spolled land are trajgic testimonies to the deterioration of our natural
environmert, The complexity of that ernvironment and the interplay of {ts
components require a concentrated and integrated attack on the proubiei.

Research and development is that necessary first step in problem solu-
tion; f{t involves datining the preblem, measuring its {mpact, and searching
for solutions. The Municipal Environmental Rescarch Laboratory develops
new and improved technology and systems to preveanr, treat, and manage
7astewater and solid and hazardous waste pollutant discharges froom
nunicipal and community scurces, to preserve and treat public drinkirg
water supplies, and to minimize the adverse economic, social, health, and
aesthetic effects of pollution. This publication is oue of the products of
that research and provides a most vital communications link between the
researcier and the wser conmunity.

Francis T. Mayo, Director
Municipal Enviroumental Research
Laboratory
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ABSTRACT

Traditionallv, wster has been used as the fluid with wvhich to measure
peraeihility of cempacted clay solls to assess tuelr suitability for lining
hazardous waste landfills and surface iopoundments. To determine if perme-
ablif{zy ot the liner {s sufficlently charactevized by fts beiag tested with
water Jalone, permeability studies were conducted using both water and a
spectrun of organic fluids couminly placed 1in hazardous waste disposal
facilities . Four clay soils, including kaolinitie, illitic and smectitic
clay scils, were evaluated with the traditiunal perneablility test using
water, and 4ll four were found to qualify 1ror lining hazardous waste
disposz} facilitics on the basis of thelr having permeabilities lower than
! x 1077 em sec”™'. However, these same clay soili underweat larye permea-
bility increases when permcated with basic, neutral polar, and neutral non-
polar otganic fluids, and showed potential tor substantial permeability
{ncreases when exposed tc concentrated organic acids.

Thix report was submitted in fulfillment of Contract No. RIIGB21G by
Texas A& University under the sponsorship ot the U.S. Envitonmental
Protection Asencv. This report covers the periad beginanirng Aupust 1976 and
ending June 1981, whes work was coumpleted.
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SECTION 1

INTRODUCTION

Knowledge of the permeability--a main criterion used to judge whether a
compacted soil liner will prevent movement of leachates below or adjacent to a
disposal facility~-is needed to determine a liner's suitability for use as a
containment system. However, little information is available concerning the
impact of waste fluids on the permeability of clay liners. Also, no simple
permeability test metuod has been developed that is suitable for use with a
range of possible waste fluids. Because a study evaluvating the permeability
of a rarge cf typical clay soils with a spectrum of potential waste fluids
would generate a valuable data base, the following objectives were undertaken:

1. To review briefly the testing and use of clay liners for hazardous waste
landfills and surface impoundments.

2. To delineate from available information the physical classes of
fluid-bearing hazardous waste, the lcachates they generate, and the
predominant fluids in these leachates.

%, To sumr.arize the available informatiorn on the components of native soils
used 1n constructing compacted clay liners.

4, To evaluate the potential interactions between waste fluids and compacted
clay soil liners that may alter the permeability of the liner.

5. To develop a simple, inexpensive, and rapid method suitable for use with a
wide range of possible waste fluids, for comparative permeability testing
of compacted clay soils.

6. To evaluate the permeability of a range of typical clay soils to a
spectrum ¢f potential waste fluids.



SECTION 2

CONCLUSIONS

A delineation of the nhysical classes of hazardous waste indicated
that many contain organic fluids. Furthermore, the organic fluids in these
wastes may, in the presence of overburden or hydraulic pressure gradients,
permeate thas liner of a disposal facility. Leachates generated by the
organic fluids in hazardous wastes were found to fall into four major cate-
gories: acidic, basic, neutral polar, and neutral nonpola: organic fluids.

Permeability remains the primary criterion for evaluating the suita-
pility of clay liners for the lining of hazardous waste disposal facili-
ties. Permeability of clay liners has in the pas® been determined by using
a standard aqueous leachate such as 0,01IN CasO,. Since clay liners may be
exposed to organic fluids, a testing procedure was developed to compar: the
effects of a standard leachate and organic fluids on the permeability of
clay liners.

Evaluation of the clay soils used to construct liners showed that tle
predominant clay minerals in these soils are smectite (montworillonite),
illite, and kaolinite. Four native clay soils that coatain these clay
minerals were seiected for evaluwtion of the comparative permeability
procedures.

When clay soils used in this study are evaluated only by the tradi-
tional permeability test using water (0.01N CaS0;), all four would qualify
for lining hazardous waste disposal facilities on the basis of their having
permeabilities lower than 1 X 10'7 cm sec”l. But these same clay soils
undervent large permeability increases when permeated by basic, neutral
polar, and neutral nonpolar organic rluids, and they showed the potential
for substantial permeability increases when exposed to concentrated crganic
acids.

RELATIVE PERFORMANCE OF THE FOUR CLAY SOILS

Of the four clay soils studied, the noncalcareous smectitic clay soil
showed the lowest initial permeability btt the least resistance to
increases in permeability when exposed ro organic fluids. Tieo calcareous
smectitic clay soil had intermediate initisal permeability, but it showed a
much larger resistance to permeability changes than its aoncalcareous
counterpart. The result was that the noncalcarecss clay generally had a
higher final permcability than the calcareous smectitic clay soil. In



addition, of the tuo smectitic clay soils, the noncalcarecus tended to

yield corganic fluids 3n the effiuent after less fluid had passed through
the 3o0il.

Though the kaolinitiz clay soll had the highest initial permeability
of the four soils studied, it nearly always showed the greatest resistance
to permeability changes. frganic fluids generally appeared in the effluent
of this soil after passage of greecter fluid volumes than with the illitic
or noncalcareous smectitic clay scils.

The illitic clay soil had both intermediate initial permeability and
resistance to permeability changes. But the organic fluids tended to
appear in i‘he effluent of the illitic clay soil after passage of less fluid
than with che other clay soils.

Overall, the kaolinitic and calcareous smectitic clay soils performed
best of the four clays studied. These two clays showed greater resictance
to permeability increases, and organic fluids appeared in their effluent
after passage of more fluid (larger pore volume values) than the illitic or
noncalcareous suwectitic clay soils. Note, however, that all rour clay
soils showed permeabilities greater than 1 x 107/ m sec ! when exposed :o
several of the organic fluids tested.

RELAYIVE EFFECTS OF ORGANIC FLUIDS /N TERMEABILITY OF CLAY SOILS

drganic acids appaventlv affect permeability bty different mechanisms
than other organic fluids studied. The operative me:hanisms for permeabil-
ity changes with acetic acid appeared to be dissolution «f ¢2il particles
followed by piping of the particle fragments thrcugh the soil. A sharp
initial permeability decrease resulted as the migraring particl= fragments
clogged the fluid corducting pores. Howevevr, permearility increised grad-
ually (with two of tLhe soils) as the acid dissolved soil partiales that
clogged the pores.

Ne dissolution or piping was observed for the soils permeated by the
weak organic base (aniline) or the neutral organic fluids. These €luids
tended to causa permeability increases by means of cltering the structural
fabric of the soil.

Neutral nonpolar fluids caused initial permeability increases of
approximately two orders of magnitude. The soils so treated tended, low-
ever, to reach relatively constant permeability at that point., The basic
and neutral polar fluids showed continuous permeability increases with no
apparent tendency to reach maximum values. Though the large viscosity of
ethylene glycol and aniline slowed the vate at which thece fluids increased
permeabilitv relative to less viscous acetone and methanol, all four fluids
iacreased permeability of soils as compared to values chtained with water
(9.01N CaS0y).



A potential exists for the data reported herec to be taken out of its
laboratory context and related back to the field. The data presented here
should not be used as a definitive data base for time-to-failure analysis of
clay liners. It should be ncted that in the lite.-ature seavch performed no
data were found on field verification tests of the impact of organic fluids on
the permeability of clay liners. All clay liner qualification tests
identified in the literature have been laboratory scale using various
permeameter designs.

Because of the above related effects, the results of this study indicate
the need for testing the permeability of clay liners with the organic fluids
to which the liner may be exposed. Permeability tests using the actual fluids
present in a waste would be an environmentally sound alternative to tests
using water only.



SECTION 3
STATE-GF-THE-ART-REVIEW
HAZARDOUS WASTE LAKD DISPOSAL OVERVIEYW

PCRA regulations concerning hazardous waste disposal facilities (effective
November 19, 1981) prohibit the landfill disposal of drums containing free
liquids {(EPA, 1980a). Furrhermore, the regulations prohibit the disposel of
bulk liquids in hazardous waste landfills unless the landfill has an "adequate
liner" and a "leachate collcction and removal system” (EPA, 1980b). Morrison
(1981) indicated state hazardous waste regulations have done little to stem the
disposal of organic liquids in landfills and surface impoundments,

According to a nationwide industry-sponsored survey of land disposal
practices, the United States has a total of 12,627 active landfills, Of these
landfills, 40 were repcrted to operate wich liners 'nd only 26 were listed as
having arn operatioral leachate treatment and control process (Naticnal Solid
Waste Management Association, 1981). The majority of active landfills are
municipal in nature and usually do not accept industrial waste (Table 1). 1In
addition, the survey of land disposal practices identified 109,832 active
industrial waste surface impuundments of which 69,490 are on-site facilities,
No irnformation was reported on the number of these surface impoundments that
have liners ov active leachate control.

Approximately 157 of all industrial was:e (57 million metric tons, wet
weight, per year) is classified as hazardo:s (Hanrahan, 1979; EPA, 1980c).
EPA-sponsored industrial studies conducteq from 1975 through 978 indicated that
78% of all hazardous waste in the United States is disposed of in unlinad
tandfills or surface impoundments, whercas only 2% is disposed of in "tecure
landfills'" (EPA, 1980c).

Cheremisonoff et al. (1979) estinated that 907 by weight of industrial
hazardous wastes are produced as liquids. These liquids are further estimated
to contain solutes in the ratio of 4C% inorganic to 60% organic. The
heterogeneous nature of hazardous waste greatly complicates attempts to predict
its possible effect on such parameters as permeability of clay liners. However,
much can be gleaned from extensive lists of typical descriptions given for the
content of drums placed ir industrial landfills (Table 2).



TABLE 1. PERCENTAGES OF
REPORTED 1IN TWE STATES OF

INDUSTRIAI

. VERSUS MUNICIPAL LANDIFILLS

GEORGTA AMND WASHINGTON*

Industrial Landfills

Huaicipal Landfills

State No. in Sta:ie % of Total No. in State 7 of Total
Georgia 125 392 76
Washington 100 126 56

* National Solid Waste Management Association, 1981.

TABLE 2. TYYICAL DESCRIPTIONS OF THE CONTENTS OF DRUMS
PLACED in INDUSTRIAL LANDFJLLS*

Dibroemo propanol
Methylene chloride bottoms
Fractional bo:toms
Pesticides
Distillation bottoms
PCB waste
011 sludge
Solvent bottoms
Chlorinated still bottoms
Trichlor bottoms

Ink sludge
Phenol sludge
Paint sludge
Tank sludge
Still residues

rganic residues
Terephthalate sludge
PCB bottoms
Laboratory chemicals
Sulfonated still bottoms
Heavy metal sludge
Chlorinated solvent sludge
Marcury filter press sludge
Tank bottom residues
Still bottom residues
Chlorinated organic residues
Plating sludge

Urethane lacouer

Toluene still bottoms
Methanol slurry

Resinous sludge

Phenol tar sludge

Fuel o0il sludge

No. 6 fuel oil sludge
Contaminated fuel oil
Glycoli waste

Heat transfer oil sludge
Acetic acid sludge

MEK distiliation vottcrs
Liquid resins

Freon bottoms

0il and grease sludge
Miscellaneous liquid «astes
Chlorinated xyvlene sludze
Benzyl alcohol buttoms
Grinding cil sludge
Filter sludge

Transformer oil sludge
Methvl chloroform bott.ms
Organic sludges

Percinlor bottoms

Waste solveuts

Resins and solivents

hixed solvents

* Source: Public Records of the Stute of New York on Chem-trol Pollution
Services Scientific Landfill No. 3 containing approximately 680,000 f3

of industrial waste.



PHYSICAL CLASSES OF HAZARDOUS WASTE

Lznd disposal of hazardous wastes can be categorized into the following
fcur ptvsical classes: aqueous-inorgonic, aqueous-organic, organic, and
sludges. Tuis cateporization was usec, for example, in a report to Congress
(EPA, 1974) {(Table 3).

Aqueous—inorganic is the class of wastes in which water is the solvent
(dominant fluid), and solutes are wmostly inorganic. Exanples of these
solutes are inorganic salts, metals dissolved in inorganic acids, and basic
naterials such as caustic soda. Examples of wastes in this category are

brines, electroplating wastes, metal etching wastes, and caustic riase
solutions.

Aqueous—-organic i{s the class of wastes in which water is solvent and
solutes are predominantly orgenic. These solutes are polar or charged
organic chemicals, as irferred by their water solubilities. Examples of
this class of waste are wood rpreserving wastes, water-based dve wastes,
pesticide coatainer rinse water, and ethylene glycol production wastes.

Organic is that class of wasces in which an organic fiuid is solvent
and the solutes are other organic chemlicals dissolved in the organic
solvent. Exanples of this class of wastes are oil-based paint waste,
pesticide manufacturing wastes, spant motor oil, spent :zleaning solvents,
and solvent refining and rzprocessing wastes.

Sludges represent the fourth class of wastes. They ire generated vher
a waste stream is dewatered, filtered, or treated for solvent recovery.
Sludges are characterized by high solids content such as found in settled
matter or filter cakes anu consists largely of clay nminerals, silt, precip—
itates, fine solids, and high molecular weight hvdrocarbons. Exumples of
this waste are APl separator sludge, storage tank bottoms, treatment plant
sludge, or filterable sclids from any production or pollution control
process.

TABLE 3. PHYSICAL CLASSES OF HAZARDOUS WASTES

Waste Class Solvent Phase Solute Phase
£3ueous—inorganic Water Incrganic
Aqueous~organic Water Organic
Organic Organic fluid Organic
Sludges Organic fluvid or Organic and
water inorganic




Both ecoromic and pollvcic:: control pressures ceontinue to mandate
solvent recovery and veductions in discharyes of fluid wastes. These
factors have and will continue to make sludges the fastesct growing class of
wastes. After placement of sludges in a waste rdisposal facility, leachates
migrate out of the sludge due to gravitational fcrces, overburden pres-—
sures, and hydraulic gradients. These leachates are similar in physical
form to the first three classes of waste shown in Table J.

LEACHATE GENERATED BY HAZARDOUS WASTE

To determine the effect of a specific waste on permeability of a
specific clay 1liner, two unique leachates must be investigated. These
leachates include both the flowable constituvents of the waste =nd flowables
generated from percolating water leaching through the waste (Fig. 1).

Flowable constitu>nts of a waste, hereafter referred to as the
primary leachate, includes bctu fluids in the waste, 1i.e., the solvent,
plus all components dissolved in the solvent, i.e., the solutes. Depending
on the physical class of a vaste, its primarv leachate may be aquevus-

organic, aqueous-inorganic, or organic. Leachate generated from water
percolating through a Jdisrusal facility is composed of waier, the solvent,
and all compunents dirsolved or carried with it, the solutes. This
HYDRAUYIC AND INFILTRATICN OF |
BEARING PYESSURE OUTSIDE WATER
| . |
I FLUID PORTION HWATER SOLUBLE PORTION 'I
OF THE WASTE OF THE WASTE {
Hazardous ]
Waste
PRIMARY ’ SECONDARY
LEACHATE LEACHATE
Clay
Liner
Underlying
N Strata -

FIG. 1. Sources of Leachate Generated by Hazardous Wastes that May
Come in Contact with Clay Liners



flowable mixture, hereafter referred to as secondary leachate, may he
aquaous—organic or aqueous-inorgaric, depending cn waste coaposition.

The predominant fluid or solvent phase of leachates may be water cr an
organic fluid (Fig. 2)}. Correspoading solutes in leachates are chericals
chat dissolve in the solvent phase. As in the physical classes of wastes,
both primary znd secondary leachates are divided into a solvent phase, the
predouinant fluid cowmpoczent, and a solute phase, components dissolved in
the solvent (Fig. 3 and 4). While solutes in leachates may aifect permea-
bility of a clay liner, the solvent phase will usually exer: a dominating
influence on permeability.

Essentially a8ll avaiiable literature describing leachates generated by
hazardous waste disposal only considers water as the solvent (lcDougall et
al., 1979; Chian and Dedalle, 1977). Water is viewed as a carrler fluid
aud organlc chemicals are considered tv be present in orly trace quanti-
ties. While this may be the case at the interface of secondary leaciate
and a water tabtle, the fluil phsse at the intorface of primary leachate and
a clay liner will depend on the physical class of the waste being Jdis-
posed. An orfanic wast2 or siudge with an organic rluid phase will most
probably expose the clzy liner to the organic fluids contained in the
waste. As can be seen from Table 2, the organic fluids disposed in a
typical hazardous waste landfill cover the spectrum cf chemicali specles.

The schece presented above for the classification of leachates was
previocusly discussed bv Anderson (1981). While this scheme divides leach-
ates into fluid and dissolved phases, there may also be a suspended phase.
An example of such a suspended phase would be represented by the inorganic
pigments suspended in an organic rfluid saturated with paint.

LEACHATE
SOLVENT or FLUID PHASE SOLUTE or DISSOLVED PHASZ .
ORGANIC FLUIDS ! Hzo [VWﬁRGANIC INCRGANIC
{ L

FIG. 2. Compositice of the Leachate Generated by Hazardous Haste



PRIMARY LEACHATE ‘

1
L__ FLUID PHASE DISSOLVED PHAS%—J

+ i . +
PREDOMINANTLY t ! PREDOMINANTLY ORGANIC INORGANIC
ORGANIC t L_. AQUEOUS ‘ COMPONENTS COMPONENTS
~-——-——-———J i
FIG. 3. Primary Leachate Generated at Hazardous Waste Disposal Sites
SECONDAKY LEACHATE
FLUID DISSOLVED |
PHASE PHASE i
‘ | INORGANIC ORGANIC
AQUEOUS | COMPONENTS COMPONENTS
FIG. 4.

Secoudary Leachate Generated at Hazardous Waste Disposal

Sites

FLJIDS IN HAZARDOUS WASTE LEACHATE

For the purpose of experimentally eovaluating effects organic fluids may
have on permeabilitv of clay soils, the fluids have been classified into four
groups. These grcups are bazed on the ~hysical and chemical properties that
govern their interactions with clay minzrals. These properties include
acidity, basicitv, and polarity (Fig. 5). As ciay liners are initially wetted
with water, the interaction of organic €luids with clay minerals are vicwed
in the context of fully hycrated clay minerals.

Regardless of type of organic fluid, if it has lew viscosity, it may
Fluids with low viscosity are “by theilr very nature” leach-
to extratt organic components from other wise dry waste

te leachable.
able and able
(Wolstenholwe,

1977).

However, several other fluid properties affect

i1c



FLUID PHASE

ORGAXIC FLUIDS Hy0
ACID ‘ | NEUTRAL
— ! NONPOLAR
|
‘ BASE NEUTRAL
— POLAR

FIG. 5. o lassittcation of rhe Fluid Phasce of the Leachates Jenerated
s>y Hazardous Waste

resultant soll permeability. Soxe of these properties are discusced with

respect to the four groups of orgenic fluids and water in following
sectiors.

Organic Acids

Organic acids are organic fluids with acidic furnctional grouns
such as phenols aud carboxvlic acids. Proton donating propecties of
Bronsted acids glve these fluids potential to react with and dissolve
clay soil components.

Dissolution of clay minerals in aqueous solutions of organic acids
takes place by three mechanisws as follows (Yariv and Cross, 1979):

| Through cotion exchange, a proton replaces an adsorbed cation
from the clay surface as follows:

Nat-Clay + non ¥ pt-Clay + NaOH

2. Hydrogen atoms sadsorbed to clay catalyze depolymerization of the
tetrahedral and cctahedral layers;

3. Hydrogen atoms diffusing into the lattice structure replace the
structural Al, Mg, and/or Si atoms. These reactions are concen-
trated at defects in the lattice structure or at -wucleornilic
sites of isomorphous substitution.
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Rates of clay dissulution tucircase with fncreasinz acid cencentration,
clay surface area, and Me0 content of t'e clay intericr, Dissoletion also
increases with decreasing particle size, oroportional ro the suyuare root of
time and linearly related to the estent of octahedral substitution (Shain-
berg et al., 1974).

¥aolinite, illite, and smectite are snaringly  solu*le  in
defonized or distilled water {Bar-0On and Shatshoere, 1970; Huane  and
teller, 1973) btur are considerably rore soluble n dilute scoluttons of
organic as‘ds sinilar to cooponents of huxsic acids (nuang anc Keller,
1971). Yariv and Cross {1979) identi:fed four wavs such organic acids
could affect solubility of clay minerals, as follows:

L. Carhoxylic acvids replace wezker silicic acids that foara the
tetrahedral laver in clay minerals.

2. Stronely chelating acids such as several of the dlcarboxylic and
hydroxy acies form srable, soludble, and nexatively charyed
coordination complexes with Al, Fe, and ¢ which would {ncrease
the solubility of these clay lattice structural cooponents.

3. Acidic orpanic reducing agents convert metalli: oxades {nt, their
msre soluble hydroxide torms (f.e., fervic oxide -+ ferrous
hydroxide).

4, Actdic oryganic compounds scr as clav flocculating apents which
would reduce the effective surtace area of tne «<iiy mineral and
thareby reduce {ts solubilityv,

Pask and Unvis (1945) boiled several clay minerals in acid (20X k.0
$0,) and found the percent sclubilization of 2lumina was 3% froun kaolinite,
11% from {ilite, and 33 to 677 from smectite. Grim (19%8) found that solu-
bility of clays 1n acid “varfes with the aature of the acid, the acdd
concentration, the acid-to-clay ratio, and the temperature and the duration
of treatmert.” Ee ales found that the action of acid on clsy was enharced
when the aci{d had ar zajfon about the same size and geometry i35 a clas

component. This would permit even weak acids to dissolve clays under some
cowiitione,

Hurst (1970) found that permeability of geologic formations could be
increased by pumping in acetic or formic acid. Johansen et al. (19>1)
reported flow increases for water wells following freatment with a citric
acid solutfon. Crubbs et al. (1972) found acid waste as probable causal
agent in permeability fncrease of carbonate-containing minerals., X-ray
diffraction studfes of four clay minerals injected w!th acid waste showed
them to be either dissolved or coupletely altered. Diffraction peaks
showed most varifability with smectitic clays.

Organic acids in a deep-well {njected waste were the major factor

fnvolved in discolution of smectitic, illitic, and kaolinitic nlay minerals
(Malcolm et al., 1975). The kinetics and mechanisms for dissolution of
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smectites by a varietv cof acids have been described by various authors
(Novak and Cicel, 197-; Carson =t al., 19/0).

An ever present source of organic acids In waste impoundments is

anaerobic decozpositicn byproducts. These include acetic, roropionic,
butyric, ischbutyric, and lactic acids,. Anaerobic decomposition  vields

carboxvlic acid cerivatives of whatever organic tluids are ;! .ced in the
impoundrment.,

Acldization {5 the name usea for the process of increasing the perme-
ability of a porous medium by acid mineral dissolution., This process is
widely used to increase per-2ability and hence productivity of oil wells
(Sinex, 1970).

Miterial that {ncrusts at the bhase of wells used for deep-well waste
injection wusually consists of calefum, magnesfum, and {ron carbonates,
along with {mbedded sand and clay particles. Tec remove carbonate com-
pounds, they must be dissolved and heid in solution apainst precipitation
forces. Dissolution is usually accorplished with a storg acid. Calcium
will reprecipitate as caictua sulfate (n the presence of sulfuric acid,
unless it {s chelated and removed by a flewing fluid. Chelating avents
effective at preventing reprecipitation ot various carbonates are oitric
acid, tartaric acid, and glycolic acid {Anonymous, 1977).

Orzanic Bases

Bronsted organic bases are oryanic luids capatle cf accepting a
proton to become aun fonjzed catiun. Since these fluids are positively
cha.ued, they adsorb strougly to the negatively charged clay surtaces.
Throurl:s adsorption, tnese fluids moy repiace adsorbed water which would
alter the c(ihemistry of the clay surtace and change the behavior of the clay
soil. While it 1s not clear {f organic bases are strong enough proton
acceptors to dec so, inorganic bases are known to dissalve certain compo=-
nents of clay minerais.

Bases have been {mplicated in the di{ssolution of clav liners. Haxo,
Jr. (1976) found {n preliminary tests that smectitic clay liners allow
passage of both strong acids and strong bases within 2 short period of
time. Nutting (1943) showed that cven extremely dilute solutions of alkalt
effectively removed silica froa emectites by dissolution of the crystal
lattice.

Industrial sludges, such 238 st §l]l bottoms, crude tank bottoms, and APl
separator sludges, contaln sipnificant amounts of conpounds with polvcvelic
condensed ring structures, These compounds often contain basic nitrogen
groups in thefr ring structures (nitrogen helerocycles). When put in
contact with clay minerals, the protonated, pogftively charpged nitropen
groups are elcectrostaticaliy attracted te¢ the negatively charged clay
surfaces. As these basic organic comrounds anprcach the clay surface, two
other forces of attrastion come into play. First, their large moleculdr
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weights would gererate strong vaa der Waals attractive forces. Seccndly,
there would be Interactions between the pi electrons orn the aromatic groups
with either the exchangeablie cations or the oxygens on the surface of the
clay (Clementz, 1976). adsorption of these compounds by clays has been
found tc be rapid and nearly irreversible while yielding a pirous matrix
that is structuraily stabhle under either aqueous or organic fluia flow.

with adsorpticn of organic cations, the charge density of the clay
will affect the rasalting interlayer spacing. Weiss (1958) found the
interlayer spacing after exposure to alkylammonium ions to be 1.3 mn, 1.5
nm, and 2.76 na for smectites with low, medium, and high charge densities,
respectively.

Nentral Polar Organics

Neutral polar crgarnic fluids do not exhibit a net charge but have an
asymmetrical distribution of electron density resulting in an appreciable
dipole moment {an indicztor of polar character) (Debye, 1929). This
property allows polar compounds to compete with water for adsorption sites
on the acgatively charged clay surfaces. As was indicated in the case of
organic cetions, the adsorption of zn organic fluid to clay surfaces will
change the p3havior of the clay soil. This altered behavior may irclude
chanses in permeability of the clay. Examples of such polar compounds are
alcchols, aldehydes, ketones, glycols, and alkyl halides.

Grubbs et al. (1973) found that a neutral polar organ‘c, methanol,
increased perseability of a core previously injected with oil-based
wastes. He also noted use of solvents, organic acids, surfactants, alco-

hols, ana emulsion breakers for permeability enhancement in deep well
injection operations.

Brant (1968) found an iancrease in the permeability of a soil to water
after treatment with 4-t-butylcatechol. He postulated that the permeabil-
ity increase was due to the soil matrix being rendered wore stable to water
flow. This increased soil stability caused a decrease in nmigration of soil
particles that would have otherwise clogged soil pores.

Neutrsl polar organic fluids teand to reduce surface tension exhibited
by water. The decrease ir surface tension (and hence viscosity) of a fluid
would significantly increase permeability of a soil as measured with thag
fluid. Letey et al. {1975) found that permeability of a soil increased
with time if :brere were substances in the soil that were miscibla with and
decreased the suriace tension of water. Additicnaliy, Miller et al. (1975)
fourni that permeability of a soil increased as wate. flushed out an earlier
application of a surfactant.

MacEwan (1944; 1946) demonstrated that a wide variety of polar organic
fluids would adsorb to the center layer surfaces of both smectites and
halloysites. Theng (1974} found that polar ccmpounds can be adsorbed to
these surfaces by van der Waals forces including hydrogen bonding and
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dipole-dipole interactions. Additionally, these compounds can be adsorbed
through ion-dipole interactions with the exchangeable cations oI the clay.

Neutrzl Nonpoldar Organics

Neuwtral noapolar organic fluids have no net charge asnd smali 1if any
dipole moments. These {luids have low water solubilities and little polar-
ity with which to compete w#ith water for adsorption sites on clay nminer-
als., However, in the preseuce of a hydraulic gradient, nonpolar fluids
move downward through a ciay without being appreciably attenuated by clay
minerals. Examples of nonpolar organic fluids are aliphatic and aromatic
hydrocarbons.

Van Schaik (1970) round that the permeability of three soils was
consistently hignher for a neutral nonpolar o0il than for water. Michaels
and Lin (1954) obtained small permea®ility increases in a kaolinitic clay
when a polar permeant fiuid was replaced with a nonpolar fluid. They found
that the permeability iancrease was greatest (10-30%) when the polar fluid
being replaced was water.,

In a studv of permeability of a clay subsoil underlying a proposed
landfill site, White (1976) found the clay soil to be highly impermeable to
water and very pormeable to lighter hydrocarbons. The study concluded that
“under optimum corpaction, a three foot liner of the clay in a tank 23 feet
deep containing henzene can begin to leak witinn 36 days.” If the clay
soil was compacted at moisture coateats below 317, it was conciderably ncre
perceable to the neutral nonpolar fiuid benzene.

A significant factor in the initial displacement of water from a com-
pacted clay by a neutral nounpolar oryganic fluid is the interfacial energy
that would exist between the two relatively immiscible fluids. Lambe and
Whitman (1979) mentioned this interfacial energy as the reason why, accord-
ing to these authors, o0il can be stcred with "no leakage” in prehydrated
clay lined reservoirs. While this may be the case for the short term
storage of a homogenous neutral nonpolar organic fluid, its validity for
the heterogeneous fluids present in hazzrdous waste has not been deter-
mined.

Certain neutral nonpolar fluids (n-paraffins) have been shown to
adsorb to interlaver spaces in smectites (Barrier and MclLeod, 1954). The
usual mechanism for adsorption of nonpolar compounds is by pbysical adsorp-
tion (i.e., van der Waals forces) (Theng, 1974).

Water

Water is a unique fluid in several ways. It exhibits a large dipole
moment which allows it to strongly adsorb to clay surfaces. The ability of
water to hydrogen-bond to itself permits it to adsorb in muitiple layers on
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clay and form large hydration spheres around inorganic svoil cations. These
properties give water the ability to cause certain =lay soils to swell and
seal upon hydratioa and shrink and crack if water is displaced or extracted
from the clay. The tole of water in voluame changes of clay soils is
further discussed in a later scction. As mentioned earlicr, clav surfaces
in a clay liner are initially water-wet. It however, a percolztiag organic
fluid has a higher affinity for the clay suriace than water, tae clay may .
bSecome organic-wet (Raza et al., 1968). For example, water and oil are
said to compete with each other for solid surfaces in oil reserveirs. A
quantitative measure of the preferential wettability of a clay surtace for
water and an organic fluid can be represented as the difference belween the
water—-clay and orgaaic~clay interfacial energies b, the Young-Dupr2 equa-
tion (Adams, 1941) as follows: ’

(yorg:c) = (yw:c) = (yorg:w) (cosb)

where:

y org:c = interfacial energy between organic and clay

(dynes/cm)
v wic = interfacial energy between water and clay

(dynes/cz)

vorg:w = interfacial energy between organic and water
(dynces/cm)

9 . £ angle at the organic:clay:water luterface measured

through water (degrees)

Thaire is no direct method for measuring either orgaanic:clay or water:
clay interfscial energies (Raza et al., 1968). Their difference, however,
.is eguivalent to the product of the water:organic interfacial energy and
the cosine of the water:clay:orpganic contact angle, & (Fig. 6). This
coatact angle is easily calculated from capillary rise measurements of the
fluids (Baver et al., 1972).

Since the clay surface is negatively charged, polar or positively
charged organic leachate components will have an affinity for interlayer
surfaces of an expandable lattice clay. Water on the clay surface may be
several layers thick, and thus water solubility will improve access of an
encroaching fluid to the clay surface. The strength with which water binds
to a clay surface will vary with carions adsorbed and clav charge density.
However, these factors may change from cne place to another 1In 2 clay
liner. Reviews of interactions between interlayer water and clay rminerals

recently have been published by Low (1979), Low and Margheinm (1879), and
Theng (1974).
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FIG. 6 Contact Angle (9) Between the Flvids and the Clay Surface

COMPONENTS OF CLAY SOILS

Physically, a clay soil is a porous mixvure of air, water, organic
matter, and incrganic minerails. Volumetrically, a clay scil centains
approximately 40% pore space (occupied by air and water) and 6(GX solids.
The solids contain trace to 15% orgaulc matter ard 85X to greaater than 997
incrganic winerals. In clay soils, these {norganic mineralcs are sand
(0.05-2.0mm) and silt-sized rock fragments (0,02-0.05mn) and at least 35%
clay-sized particles (<0.G02nm). These clay sized particles consist of
rock fragments smaller than silt and a variety of clay minerals.

Pore Space

Pore spare in clay soils is largely determined by the structural
arrangements of solid soil <omponerts. Pore size distribution determines
permeability of clay soils to fluids. While holding total porosity
constant, a shift in pore size distribution toward more macropores and
fewer micropores greatly increases permeability of elsy solls. According
to Poiseuille's equatisn, volumetric flow througi porous media increases
with the fourth power of pore diameter (Brady, 1974). For instance, where
ali other factors are held constant, a lmm dianeter pore will conduct
volumetric flow 10,000 times that of a O.lmm diasmetar pore. According to
Dixon (1971), “flow tends to follow the path of least resistance or through
large soils voids. . . .” If leachate fluids interact with a compacted
clay scoil ia a way that increases the number cr diameter of macropores,
large permeability increases would result. Thus, an Increase in nacropore
size was thought to be the reason for permeatility increases observed in
six California scils following an increase in l.oalhate salt conceuntratioa.
Waldron and Constantin (1968) noted that the rel.tionship between macropore
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size and permeability was consistent with "the well-known fact that pore
size distribution rather than total pore volume governs . . . permeabil-
ity.” Similarly, large pore focrmation was determined to be the cause for
permeability incrnases in porous media treated with acids {Schachter and
Gidley, 196%). Acid is commonly injected into oil wells to increase the
permeability of an oil bearing formation in the region of the well bore.

Structural development has long been considered to bhe responsible for
the presence of large pores in clay soils (Lauritzen and Stewart, 194.). A
major force behind structural development is the shrinking and swalling
that ciay soils undergo with charges in water coatent. Consequently, if an
organic leachate displaces or extracts water from a clay soil, there may be
an increase in both the number of macropores and thus permeability.

Pore size distributions and total porcsity of smectitic, kaniinitic,
illitic, and halloysitic suhsgils and comaercial clays were determined by
Diamond {1970) using the mercury intrusion porosimeter. This method of
evaluating pore size distritution (s dased on the principle that non-
wetting fluids, i.e., fluids with contact aneles (6) (Fig. 6) greater than
g0° for the solid phase, will only enter a given size pore if sufficient
pressure is applied «Washburn, 1921). Thus, mercury is forced under pres-
sure into the dehydrated and evacuated soil sample. Applied pressvre is
increased increwentally vhile the volume of mercury entering the soil is
recorded. A pore size distributisn curve is obtained by plotting pore size
against cumulative pore volume while using the following relationshin to
convert pressvre applied to pore radius (Nagpal et al., 1Y72):

P =2 jcos?8/r

where:
P = applied pressure
A = gsurface tension of mercury

8 = contact angle of wmercury
r = pore radius

Another method for determining the pore size distribution of soil is
the pressure plate technique. This method is based on the incremental
inzrease of suction on a soil required tc remove water from progressively
smaller pores. The equation used above also applies to the pressure plate
methods where the variables are suction (P), surface tension of water {1},
contact angle of water (€), and pore radius (r). This technique is less
suitable than mercury intrusion because many c¢lay soils experience changes
in pore size distribution with changes in water content (Brewer, 1964).

Diamond (1971) investigated the influence of moisture content during
impacit compaction of illite and kaolin.te on pore size distribution,
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Either clay, when compacted on the dry side of optimum moisture*, exhibited
more large pores than when compacted on the wet side of optinum moisture.

& hydraulic head (h in cm of Hy0) has been shown to displace water in
a pore with an equivalent radius (in micrometers) of approximately 0.15h
(Marshall, 1959). Where water is being displaced by an immiscible or
non-wetting £fluid, there would be an additional energy barrier retarding
the displacenent 6f water equal to the interfacial energy between the two
fluid phases.

An extersive review of pore space in soils and mechanisws of pore
formation in relation ro soil structure and fabric has been pubiished by
Brewer (1964, The publication also covcrs principles of fabric analy:zis,
classification of voids, and techniques for structural anaiysis.

Soil fabric or structure has been defined as the physical constitution
of a soil material as expressed by the spacial arrangement of the solid
particles and associated voids (Brewer, 1964). Voids, 1nterconnected
spaces between the solid components, are classified according to their
size, shape, arrangcment, and morphology.

One size classificatlon scheme for soil voids includes macrcvoids
(>75um), mesovoids (37-75um), and ultramicrovoids (<5Sum). The winimunm
value for macrovoids (75um) was chosen to correspond with theoretical mini-
mum diameter pores from which water would be displaced under a suction or
hydraulic head of 40 cm of water (Brewer, 1964). '

Snape classification schemes for soil voids include those that deal
with borth coarse characteristics and minute surface details. Lxamples of
coarse chavdcteristics are length of the principle void axis, degrece of
void curvature, and regularity of these features. Brewar (1964) described
a void classification based on relative smocthness of void walls on a
nicroscale.

Two void classes based on microscale surface smoothness are orthovoids
and metavoids. Crthovoids are "voids whose walls appear morphologically to
be duz to tue unaltered, normal, randoz packing of plasma and skeleton
grains” (Brewer, 1964). “Plasma” represents relatively mobile and unstable
solid constituents of soil, while "skeleton grains™ represent relatively
stable and irmobile soil matrix. Metavoids have swoother sides ttan ortho-
voids. Under pressure, slicken-sided metavoid walls show evidence of
differeatial wmovement of parallel planar surfaces (Brewer, 19564). In
geneval, the larzer the void, cthe smoother the void wall. Consequently,
the vold wails of an vitra microvoid (such as those within soil aggregates)
wculd generally be classiiied as orthovoids. Macrovoids are generally
nataveoids dve to their rzlatively smooth walls.

Veid arrangemeats refer to distribution and orientation of individual
veids., Distridbution c¢f voids in relation to the basic soil aggregate or

* (ptimum moisture refers to the water content of a given soil for which a
given compactive effert wlll yield the maximum bulk density.
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ped has been divided into intrapedal (voids wi:hin peds), interpedal {voids
betweern peds), and tvanspedal (woids that traverse the soil materizal
without specific associations with individual peds) (Brewer, 1964%).
Further distribution classification can be based on void groupings such as
randoz, banded, and clustered. Orientation of the voids can be classifiad
as parallel or one of several branching patterns (Brewer, 19b64).

Morphologically, Brewer (1964), divided voids into packing voids,
vughs, vesicles, channels, ctambers, and planes. Packing vefids are due to
random packing of the irdividual soil particles. Vughs are larger than
packing voids, irregulur in shape, and may be Interconnected. Vasicles are
different from vughs in that they are ragular and smocth-walled. Channels
are large and roughly cylindrical in shape with smocth walls and & fairly
unifc..rm crossection., Chamberse are different from vughs in their smooth and
reguliar walls and different from vesicles and vughs due to the interconnec—
tion of the chambers by channeis. Plines are simply planar voids that are
further divided into joint planes (“raverse the soil 1in regular patterns
and series), skew planes (traverse soil in an irregular manner with no
identifiable pattera), and craze planes (planar voids with a highly complex
network of interconnecting short, fat, and curved planes).

Clay minerals have been impiicated in at least two types of wvoid
formation (Brewer, 1964). Ovrthovughs are large voids that tend to form in
soils with wide particle size distributions. Fermation of these volds
occur when conditiors exist for flocculation of clay minerals present on
surfaces of skeletal grains. Should these orthovughs be interconnected,
nermeability of the soil wouid increase dramatically. Clay mirerals are
also responsible for the formatijon of systems of cracks and planes from
shrinking and sweiling that accompanies changes in water content.

As voids are essentiil to u.derstanding pore space in soils, cutans
are essential to underst:r<ing voids. Cutans have been defined as "a nmodi-
fication of the texture, st-ucture or fabric at natural surfaces in sofi
material due to coucentrat:on of particular soil constituents or in situ
modification of the plasma; cutans can be composed of any of the couponent
substances of the soil material” (Brewer, 1964). In other words, cutans

are coatings on the sofl skeleton that actually form the wall surfaces of
soil voids.

Cutans have been clasnified according to the kind of surface chey
coat, the nature of the cutanic or coating material, and spacial arrange-~
ment or fabric w'thin the cutaanlc nrrorial (Brewer, 1964). Cutans classi-
fied according io the surface with wiiich tuey are assoriated include grain
cutans (assoclated with skeletal grain surfaces), ped cutans (associated
with ped or aggregate surfaces), channel cutans (assoclated with chanaeid

surfaces), and plane cutans (associated with planar void surfaces) (Brewer,
1964).

Cutans have zlso been class{fied according to the mineralozy of the
cutanic materizl. Argillans (cutans cumposed primarily of clay mninerals)
are the nost significant cutan in compacted ciay sotls. A further subdivi-
sion of argillans can be made bhased on the following criteria: kind of
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clay mineral, size and shaps of clay rnineral particles, coating thickness,
and contaminants adsorbed co the clay minerals (Brewer, 1964). Two inpor-
tart argillans subdivided according to contaminants associated with the
clay minerals arc ferri-arzilians (clay minerals mixed with iron oxides or
hydroxides) and orgaro—argillans (clay minerals stained with organic
compounds ).

Zlay minerals are probably the most dynamic cutanic materials due to
their ability to go into suspensions and readily undergo reorientations
(Brewer, 1964). Strong orientation of the plasma associated with a cutan
is indicative of its being formed from migrating clay minerals. Further-
more, the voids formed from clay iiluviation (migration) tend to be associ-
ated with water-conducting ‘roids,

Solid Components

Solid cowmponents that dominate behavior of clay soils are organis
matter, clay mi-terals, and cations adsorbed to clay mineials. Organie
matter generally imparts structure to clay soil and results in larger pores
and higher perceabillty (Brady, 1974). Low permeanility usually associated
with c¢lay soils, however, is due largely to characteri{stics of clay
minerale and associated cations.

Native Organic Matter

Soil organic matter consists of partially decomposed plant and animal
residues and humus. The rveslidues consist of approximately 60X carbophv-
drates (sugars, starches, ‘emicellulose, and cellulose); 25% lignins
{(exceedingly complex, waxy, resincus material); 5% fats, waxes and tanuins;
and 10% protein (Bradv, 1974). Gieseking (1975) edited a recent text that
ccantained chapters devoted to the following native soil organic constitu-
ents: saccharides, nitrogenous substances, organic phosphorous corpounds,
organic sulfur compounds, fats, waxes, resins, and humic substances. Humus
has been defirned as “a complex and rather resistant mixture of brown and
dark brown amorphous and colloidal substances modified from the or‘ginal
(plant and auiwcal) tissuee or synthesized by the various soil organisms”™
{Brady, 1974). By far the most active part of soil organic matter, as far
as its impact oa physical and chemical properties of soil, 1s the col-
joidal humus fraction. Yumus is composed o negativelv charged colloids
with surface areas gnd cation exchange capacities far exceedirg cven smec-
titic clays (Brady, 1974). Negative charges of humas are highly pH depead-
ent {ureater CEC at higher pH). These charges ari{se from the carboxylic
acid and phenolic groups that are abundant on humic substances.

Through interactioas with the c¢lay fraction of soill, humus and other

organic constituents are largely responsible for formation and stability of
soil apgregates. Clays l:ave been shcwn to (nteract with many soil organic
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constituencts such as humus (fulvic acid, humic acid, humin, and hyaatomel-
anic acid), proteins, organo-phosphorous compounds, cellulose, hezicellu-
lose, and others (Kononova, 1975).

For centuries 1t has been understood that soll organic coastituents
impart to soil a highly aggregated, porcus, and structurally stable charac-
ter. Clay soils with normally low permeabilities can be transforzed into
highly pervious soils by the additicn of organic matter. Thus, in an
effort to simulate the action of humus on structure and permeability of
clay soils, several synthetic "scil conditioners” have heen developed.
Examples of these organic compounds are polyvinyl acetate, polyvinyl
alcohol, polyacrylamide, polyethylene glycol copolymer, styrene—acrylie
acid ester polymers, and many others (Schamp et al., 1973).

It is interesting to note the similarfity between some <oamcnly
disposed industrial organic sludges and the commercially available soil
conditioners (Ta*le 2). Tt has been a common understanding among fermers
the world over that adding organic constltuents to poorly dralaed clay
soils can ¢reatly =unhance soil structure and drainage properties. The
chinese have for centuries added organic human wastes to improve the sofl
structure of fremland., Recently, hazardous waste land treatment facilities
have found that adding organic sludge to clay scils tends to transi>rm the
clay into a highly apgrezate! and very porous bed. While organic material
impartiug stracture and porosity to clay soils {s advantageous to the oper-—
atior of hazardous waste land treatment facilities, it may be a bad omen
for the long terw integrity o: clay liners.

Hydrophobic surfaces in clay solls are usually formed by certain frac~
sions of native organic matter coating clay surtaces (Letsy et 3l., i375;
Letey et al., 19€2), These “water repcllent™ soils generaily have
decreased permeability to water but {rcreased permeability to organic
fluids.

Clay Minerals

Clay ninerals are composed of repeating niate-like structures of
Si0,-tetrahedral and Al,04-octahedral lattice sheets. Two bezsic cuabina-
tions of these lattfce sheets are represented ia 2:1 clays, which consist
of one octahedral sheet sa.dwiched between two tetrahedral sheels; and 1:1
clays, which consist of one octahedral and one tetrahedral sheet. Further
differentiation of clay minerals are made on the basis of the degree to
which adjacent repeating layers are expandable or by the geoneiric shape
taken by individual clay particles. Table § lists the relative sizes and
values for several properties of 2:1 and l:1 clay minerals.

In native clay soils and subsoils, the clay mineral fraction is usual-
ly of mixed mineralogical composition. Seversl clay uineral specfes are
normally present with one or two species dominiting. In the following two
sections, four of the most widespread clay wiaeral species are discussed.
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TABLE 4,

TYPIC/L PROPEZTLIES OF THE 2:1 and 1:1

LATTICE CLAY MINERALS*

Mineral Name-

Unit Parlicle Thickness

Unit Particle

and Lattice Conirasted ‘Hydrated potential Specific Exchange Size Particle
Descripticn (n.) (am) Volunwe Surface Arca Capacity tathickness Shape
Chhnge (m*/ym) meq/100pm L=ieasgth
Sacctite 1
. ! t = L Flaty
. . (V1004 - O G
(£xpandable 2.0 6.0 200 £90 100 106
2:1 lattice)
Illite " o - - L
{Non-expandable 20.0 22.0 10% £0 10-40 t v L Platy
2:]1 lattice
Xaolinfte 1
. . 207, t s« <1 Ly
(Non=expandable 200.0 207.0 1% 8 3 7 1 Platy
1:1 latsice
Halloysite 70 nm{outside diameter ¢ = i-L Hollow
(Expandable 4C nm(inside diameter) 40 12 7 tubea
+ oursiie

1:1 lattice

500 nu(length)

(where ¢
diameter)

*From: Grim (1963); Lambe and Whitman (1979); Theny; (1974).



These are 2:1 expandatle layer smectites, 2:1 non-expandable layer illites,
1:1 non-expandable laver kaolirites, =zud multiple form l:]} balloysites,

2:1 Clay Minerals

Clay minerals with 2:1 lattice cwarigurations include the smectitic
and illitic clavs. These clays have identical structures except for the
bonding mechanisas between adjacent repeatiing layers. Smectite layers are
only loosely bound resulting in a clay with large czpacity for veclume
changes. Illite layers are tightly bound by interlayer gpotassium ions
resulting 1n a clay with little potential for volume changes. Recent
reviews of these clay minerals have been edited by Dixon and Weed (1979).

Smectite. Smectitic clavs have a large cation exchange capacity (100
meq/100 ge), specific surface area (800 m3/gm), and potential for veolune
change (200%) (Tablz 4). These properties conbine to give smectites the
potentially lowest and highest permeability values of clay minerais. Low
permeability 3. due to small unit pacticle size and large capacity for
swelling with water adsorption. Smectitic clays derive high permeabilities
from their ability to shrink und crack with water loss.

Smectites have large cation exchange capacities due to their large net
surf A . - : 2l t 2+
negative surface charge. The negative charge comes from Fe or Mg
isomorphous substitutiorn for A3t in the octahedrol sheet, or A13* substi-
tettan for Si*T {a the tetrahedral shect. Cations adsorb to interlayer
surfaces of the clay to balance the nepative cha-ge arisirg from within the
2:1 lattic. structure (Grim, 1968). The isom~.phous substitution discussed
above is the predominant source of charg: on smecti:ies, Lut taere 1is a
small pH dependent, amphoteric charge assoclated with hroken nonds at edges
of the clay crystal (Yong and Warkeuntin, 1975).

Adjacent 2:! layers of smectitic clays are only leosely bound by
interlayer cations. Smectites readily swelli in water from hydratiom of
interlayer cations and adsorption of multiple water layers on iuterlayer
surfaces. Table 4 illustrates that when dehydratad, two smectite layers
have a thickness of 2 nm. Hydrated smectites can, however, swell to over
200% of tnis thickness by adsorbing four layers of water on each of the
four availiable interlayer surfaces.

Clay soils high in smectitic clays usualiy have very low permeabili-
ties when fully hydrated. However, these sofls tend to develop deep and
wide cracks when dehydrated (Baver, et al., :972). Anything that could
cause a loss of water from a compacted smectitic clay liner could cause
shrinkage cracks to form. These cracks would cause permeanility of the
clay liner to increase several ovrders of magnitude.

Extraction of interlayer water has been cited as the causa »f shrink-
ing and cracking in smectitic clay solils {Baver, et al., 1972; Grim,
1968). Shrinkage due to rewoval of {nterlayer water assubes a decrease in
thickness of the water tilm surrounding individual smectite particles.
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However, soil smectites between suction values of zero to 1.36 x 105 mm Hg
are assumed to have a constant water film thickness (Emerson, 1962).
Therefore it would seem that bulk shrinkage of smectitic clay soils at high
water contents (0-2.72 x 10 mn Hg of suction) cannot be totally explained
by removal of interlayer water. 1In a study of the shrinkage characteris-
tics for 59 clay soils at high water contents, water film thinning was
discounted and deformation of pores was assumed responsible for the shrink-
age observed (Greene-Kelly, 1974). Since clay 1liners are usually kept
moist (if not saturated) in the landfill environment, any significant
degree of shrinkage would probably involve a more compact repacking of soil
particles accompanied by changes in the pore size distribution.

Thickness of the water layer between adjacent smectite lattice sheets
affects plasticity, fnterparticle bonding, compaction, and witer movement
within clays. These properties change as thickness of interlayer water
changes {Yong and Warkentin, 1979). Examination of forces holding water to
interlayer surfaces in smectites will assist in predicting the ecffects of
an intruding organic leachate on interlayer spacing in clay liners. It Is
widely believed that water layers immediately adjacent to smectitic elay
surfaces are non-liquid, hexagonally structured, aud held more strongly
ti:an water layers further out from the surface (Grim, 1968). Thickness of
this strucrured water varies depending on the adsorbed cation. Suectites
have a structured watetr thickness of 1 nm or four water layers per clay
surtace when calcium is the adsorbed cation. Sodium smectite has a struc—
tured water thickness of 0.75 rm or 3 water layers on i.s surfaces (Crim
and Cuthbert, 1945). Glaeser (1949) found, however, that the distance
between dehydrated smectite lavers exposed to acetone increased to 1.25 nm
and 1.51 nom when sodium and calcium, respectively, were the adsorbed
carions, Thus, propertiss of smectites vary greatly depending or the
distribution of exchangeable carions (Yong and Warkeniin, 1975%).

Surface—-bound layers of wacer are held strongly to the clay. However,
they represent only part of interlayer water. Water layers further out
from clay surfaces are held ia place by hydrogen bonding, forming chains
extending back to structured wrter layers anchored to the clay surface,
These outer layers of water ~an more easily be displaced by an intruding
fluid. Smectitic clays have been shown to interact with nitriies, esters,
and ethers (Hoffman and Brindley, 1900), organic bases (Theng, et al.,
1967; Cloos et al., 1%79), aromatic compounds (Greene-Kelly, 1955), alco-
hols (Annati-Bergava et al., 1979), surfactants (Erindley and Rustom,
1958), polyvinyl alcohol (Greealand, 1963), ketones (Parfitt and Mortlard,
1968), glycols and glycerols (Hoffman and Brindley, {961), and several
polyfunctional organic liquids (Bradley, 1945). Several good reviews of
these interactions nave been published (Theng, 1974; Mortland, 1970).

Smectites readily adsorb polar and positively charged organic species
on interlayer surfezces. Since smectitiz clays can swell in water to 200%
of their dehydrated volume, large amounts of shrinkage can occur 1f inter-
layer water is displaced by other fluids which yield a lower interlayer
spacing.
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Interlayer spacing in smectitic clavs 1ncreases as the dlelectric
ccnstant and dipole mozent of the adsorbed fluid increase (Barshad, 1952;
Grim, 196R). Since water has bhoth a very high dielectric constant and
dipole mement, {ts replacement {in clay interlayer spaces by most polar
organic solvents would cause significant decreases in interlayer spacing.
Interlayer shrinkage, even just along large pore walls, could cause signif-
icant increases in permzability of a clay liner.

I1lite. Ilif{te is a field term loosely defined as clay-sized nmica-
ceous minzrals. These zlays have specific surface area (80 mzfgm), cation
exchange capacity (10-10 neq/100 gm), and potential for volume change {1UZX)
intermediate between smectite and kaolinirte. Iliite also has intzrmediate
particle thickness relative ta the other clays listed in Tahble 4. As with
smectites, the source of charge in fllitic ciays is jsomorphic substitutien
in the clay lattice and to a lesser degree the pH dependent charges on
broken bonds at edges of the clay crystal {Yong and Warkentin, 1975).

Many illitic coils are actually admixtures of {futerstratified struc-
tures of i{llite, swectite. and vermiculite (Theng, 1979). Hence, there is

wide varistion in coumposicion and physiochemiral properties associated with
this clay mineral.

Adjacent 1{llite lavers are tightly bound hy interlayer potassium
cations fixed between repeating 2:1 layars. Consequently, this non-expand-
able clay usually will not adsorb water or polar organic fluids on inter-
laver surfaces. This finterliyer exclusfon causes illite to have potential
for no mire thau 107 shrinkage or swelling. However, Maclntosh et ajl.
(1971) found that an organic cation that closel; approximares the size and
charge of potassfuxm (such as dodecylawmonium) could replace this cation in
the interlayer. Except in the rare case stated above, adsorption of organ-
{c chemicals will largeiy be confined to external unit particle surfaces.

Illite-silt mixtures have been shown to undergo decreases in permea-
bility with decreasing electrolyte concentratfon -ollowed by permcability
increascs 1{f the eclectrolyte concentrations were subsequently increased
(Hardcastle and Mitchell, 1974). The permeability increase appeared to the
authove to be due to a siight decrease in clay swelliug.

Illitic clays have been shown tc interact with org¢anic bases {(Macln-
tosh et al., 1971), organic acids and peptides (Greenland et al., 1965),
organic polymers (Schazmp et al., 1975), glycol (Parfitt and Greeniand,
1970), alcohols (Greenland, 1972), and proteins (Albert and Harcer, 1973).
Recent reviews are available that summarize the literature dealing with
{1lite interactions with low wolecular weight organics (Theng, 1974) and

organic polymers (Theng, 1979).

1:1 Clay Minerals

Kaolinite is both a general term for 1:1 layer clay minerals and a
gspecific term for 1:1 noa-expandabie clays. Annther wember of the 1:}
c¢lays 1is halloysite which has hrdrated interlayers and {s shapad like
hollow tubes. There appears to be continuous gradations between :lese two
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i:}l clay minerals (Carroli, 1970; Theng, i979). These clays obtain thelr
exchange capacity both iroms pH dopensent charges on broken bonds at edges
of the clay crystal and i{onization of ~vdroxyl groups on basal surf.ces of
the clay (Yong and Warkentin, 19/5). A gensral review of these clay miner—
als has been written by Dixon (1979).

Ka linite (Species}. Kaolinitic clay has low cation exchange cipacity
(3 meq/l1U0 gu), specific surface area (8 mz/gm). and only small potential
for volume change (Table 4). Adjacent 1:1 lavers are tightly bound by a
netwark oi nydrogen bonds that usually prevents interlayer penetration of
fluids (CGrim, 1968). The 1:1 layers are stacked {nto hexagonal nlatelers
ranging in thickness from 0.05 to 2.0 m. Except where the interlayer
space lias been expanded by certain inorganic salts (Wada, 1961}, orzanic
flutds only adsorb to external surfaces of the hexagonal platelets.

Kaolinite has been shown to intera:t with organic bases (Grim et al.,
1947), amines {(Conley and Lloyd, 197i), polyvinyl alcohols (Greenland,
1972), organic acids (ivans and Russz211l, 1959), polymers (Sakaguchi and
Nagase, 1966), alcohols (German 4and Harding, 1969), and various other polar
organic compounds (Olejnik et al., 1970). Loeppert et al. (1979) investi-
gated the i{nfluence of btaric, polar, and nonpolar organic fluids an the
acidie crystalline edpe sites of kaslinfte. The influence of potar and
nonpolar organic fluids on perneabiitty of compacted kaclinite was favesti-
gated by Michaels and Lin (1954). They fouad that changing frosz water to a
nonpelar organic fluid could cause significant permeability increases.

Halloveite. Halloysitic clays are similar in comoosition to kanlinite
with t'e exception of interlayer bonding aad geometric configuration.
Instead of hvdrogen bonding hetween adjacent layers, halloysite often “as a
tubular peometric configuration when viewed in the dehydrated state by
electron mnmicroscopy (Theng 1979). Hydrated talleysite has a larger
specific surface area (40 mzigm) and cation exchange capacity (12 meq/gm)
then kaolinite,

Hallcysite has been shown to interact with a variety of crganic
compounds (Carr and Chih, i371) such as glycols, ethers, alcchols, amines,
ketones, aldehydes, nitriles, nitroso-compounds (MacFwan, 1948; Maciwan,
1949), and amides (Weisr and Russow, 1963). While the kaolinitic spe-ier
generally do not perumit interlayer penetration of .ater or organic
fluids, halloysitic species readily adscorb polar and basic organic flulds
on interlayer surfaces (MacEwan, 1948).

Another noteworthy property of halloysite is fits amphoteric naturec.
That is, halloys{te may exhibit either positive or negative charges depend-
ing on the pH. Ore side of halloysite has a uetwork of hexagonally
arranged oxygens, whereas the other side {s a network of hydroxides (Theng,
1979). Geometrically, halloysite graduates from slightly curved hexagonal
platelets (hydrated) to individual 1:1 layers tightly curled into tubular
structures (dehydratec) (Table 4).

Halloysite exists in nature in both hvdruted and dehydrated forms. It
is hydrated forms that readily adsorb polar fiuids and organic cations on
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interlayer surfaces. However, if water ol hydr=tion is lost due to heating
or extraction, the clay takes on the curled tube shape. 0Once this form of
halloysite (referred to as metahalloysite) is dehydrated, it will not
readily rehvdrate and loses its capacity for adsoption of polar orzanic
fluids (MacEwan, 1948).

Exchangeable Cations

Exchangeable cations are positively charged ions that are reversibly
adsorbed to negatively charged clay surfaces (Brady, 1974). Both the
composition of exchangeable cations and resulting equilibrium concentration
of the catiouns in soil water will greatly affect the permeability of a
compacted clay soil (Marshall, 1959).

Effects of composition of exchangeable cations on permeability of
smectite, illite, and kaolinite are illustrated in Fig. 7. 1In general, a
clay saturated with divalent caticns (such as calcium) is more permeable

than one sa.urated with monovalent cations such as sodium (Yong and Warken-
tin, 1975).

Sodium has a large hydrated radius which resclts in large interlayer
spacing and hence disperses the clay. The dispersed clay pavticles are
free to migrate with the percolating leachate, eventuzlly lodging in and
clogging pores, effectively reducing pe meability. However, if there were
higher salt concertration in a clay than free water to hvdrate the salts,
the effective hydrated radius of sodium uand interlayer spaciug between the
clay particles woild decrease. Thue, while sodium—saturated clay will
generzlly have low permeabilicy, if the concentration of sgalts in the soil
were large enough, the clay might not disperse. Without the dispersed clay
clegging pores, soils with excess salts alwmost always exhibit permeabili-
ties larger than a soil saturated witn sodium but with lower overall salt
coutent (Quirk and Schofield, 1955).

Calcium has a relatively small hydrated radius -d two charges per
atom. These characteristics combine to make calciun- urated clay soils
more resictent to dispersion and generally more permeable than sodium-
saturated clay soils {Yong and Warkentin, 1975).

While the trend toward lower permeabilities with increasing exchange-
atle scodium levels is same for all clays, the effect is more pronounced for
smectitic clays (Fig. 7). This is due to the relatively large cation
exchange capacity, specific surface area, and hence capacity to swell of
smectite. Sndium-saturated smectite adsorbs interlayer water to yield
basal spacing from 1 nm (oven dry state) to over 5 nm (Theng, 1979). This
represents a thickness of 4 nm for water on each surface. While this much
interlayer expansion would at first appear advantageous for reducing clay
liner permeability, the expansion is reversible and hence sodium smectite
is susceptible to shrinkage. Another problem with sodium smectite is that
when fully expanded, it is susceptible to dispersion and internal erosion.
When a clay is dispersed, it lacks stiructurazl streugth and will flow as a
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FIG. 7 Effect of the Composition of Caticns on the Permeability of
Clays (Modified from Yong ard Warkentin, 1975)
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viscous fluid. This may cause problems such as loss of =strength in w. e
impoundment sidewalls.

Calcium-saturated smectite adsorbs interlayer water to yield stepwise
increases in basal spacing from 1 nm {oven dry state) to about 2 um (Theng,
1979). This correspouds to a 1 mnm thickness of water per surface when Ca-
smectite is fully expanded. With divzlent cations such as calcium or mag-
nesium adsorbed to surfaces. the clay is resistant to -welling and disper-~
sion. Clay in a calcium~saturated state tends to b»r flocculated into
stable aggregates of 10 or mere clay particles. These aggregates act as
larger unit particles and thus pores between these unit particles tend te
be larger than pores in a dispersed clay. Formation of these interaggre-
gate macropores is the primary veason for larger permeability of a divaleat
cation-saturated clay.

Waldron and Coustantin {1968) found that permeability of sodium—satu-
rated smectites decreased when NaCl concentration in the percolating leach~
ate decreased. A similar clay saturated with calcium showed noc appreciable
decrease in permeability with respect to decrease in calcium concentration
i{n the leacnate. Quirk and Schofield (1955) similarly showed large. perme-
ability decrease with decreasing leachate salt concentration for clays with
highec exchangeable sodium perceatages. Hughes (1975) examined the effect
of a concentrated salt solution (water containing 3.1%7 NaCl + 3.6% NaZSOQ)
on permeability of a clay liner coastracted from a mixture of sandy soil
and sodium-saturated smectite. With a four foot head of wa%ter, permeabii-~
ity of the clay liner increasea 100 fold (from 1.0 x 107® to 1.0 x 107
cm/sec) in seven days.

McNeal (1968) developed a procedure for predicting permeability of
soils containing swelling clays. For smectites in mixed salt solutions for
a given SAR sr~lium adsorption ratios (SAR = Na/(Ca + Mg) , vhere amount of
adsorbed cations is givea in mmole;liter), permeability was always found to
be greater at lower SAR values. At given SAR values, the permeability
decreased with decreasing salt concentration of the percolating leackate.

McNeal and Ccleman (1966) evaluated the effect of decreasing followed
by increasing electrolyte (salt) concentration of soils with smectitic,
illitic, and kaolimitic clay fractions. They fcund that permeabiiity of
soils rich in kaolinitic clays were relatively irsensitive to decreases or
increases in salt concentration. Soils with predominantly illiric clays
showed moderate decreases in permeability with decreasing salt concentra-
tion and nc change in permeability with increasing salt concentration.
Snectitic clays showed large permeability decreases with decreasing salt
concentration, and only soils witl a large amount of smectitic clays showed
any recovery of initisl permeability values with increasing salt concentra-
tions.

FAILURE MECHANISMS OF CLAY LINERS

Failure mechanisms of clay linevs are defined here as any interaction
of the compacted clay soil liner that can substantially increase its
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permeability. Climatological cycles (wet-dry, freeze-thaw, percolating
rainfall that dissolves soluble clay soil coaponents, etc.) are widely
understaood to be respousible for much of the structural development and
permeability increases in clay soils (Brewer, 1964; Brady, 1974). dowever,
this text is mainly devoted to investigating a much less understood context
of structural development in clay soils: the inservice envircnment of a
remolded and compacted clay soil liner used for nazardous was.e landfilils
and surface impoundments. Two main failure mechaunisms discussed are
dissolution and piping, and volume changen

5%5.

Dissolution and Piping

Dissolution and piping are considered together beczuse their effects
on permeability of a clay liner tend to be complimentary. As a dissoiving
agent ercdes pore walls, the released Zragments of soil tend to clog pores
unless these particle fragments are “piped” out of the compacted c:ay

soil. Theoretical investigations of clogging have been reviewed by Kovacs
(1981).

Both organic and inorganic acids and bases react with, and many dis-
solve, portions of compacted clay soils. Acids dissolve aluminum, iron,
and silica, eroding the lattice structurc of clays anu releasing undis-
solved fragmeats for migration with a percolating leachate (Grim. 1953).

Acids may also oxidize native organic matter and dissolve calciom carbonate
nodules.

Solubilitv of silica is affected by a vaviety of envirommentii factors
and the form of silica. Amorphous silica is more soluble than crystalline
or polymeric silica. Silica is more soluble at higher temperatures, pres—
sures, and pH's (Yariv and Cross, 1979). 0Of course, larger particles oI
silica-~containing minerals will be slower to solubilize due to decreased
surface area. Wey and Siffert (1961) shoved that aluminum and magnesiun
ijons drastically affect solubility of silica in pH ranges of 5 to 10.5 and
10 to 12 respectively.

Silica is also more soluble in the presence of organic acids such as
those found in humic acids (Barnum et al., 1973; Bartels, 1964). Bases
have been shown to extract silica from clay lattice structures (Rutting,
1943). Solubility of silica is pH dependent and greatly increases above pH
9 (Alexander et al., 1954). Amorphous silica is wore soluble than erystal-
line or polymeric silica, but exact solubility measurements are difficult
due to slowness of equilibria and large solubility effects (Krauskopf,
1956;.

Usually pore sizes present in compacted ciay soils are not large
enough to transport slaked fragrents produced by reactive acids or bases.
In this case, pore clogging and 1t least a temporary decrease in permeabil-
ity of a clay liner would occur. if, however, the clay liner were placed
atop stratum containing pores large enough to “pipe” soil fragments or if
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clogging fragments themselves were dissolved, permeability increases could
eventually be expected to occur.

Piping has been described as "acrive erosion of scil from helow the
ground surface which occurs as a result of substratum pressure and the
concentration of seepage 3n localized channels” (Mansur and Keuffman,
1956). Jones (1978) found early stages of piping development to be associ-
ated with vertical contrasts in structure and permeabiiity of soils. Soil
piping was also associated with shifts in soil pore size distribution
toward macropores with no ccrresponding change in total porosity. A reac-
tive fluid may enlarge surface area of pores by dissolution of the soil
matrix between two pores. While reactivity in a fisid is reduced by its
action on the pore wall, the size increase in the pore willi increase rate
of delivery of the fluid to the pore. In this manrer, any variability in
‘pore size distribution of a clay liner may be magnified with time. Schech-
ter and Gidley (196%) found that wormhole formation was the result of a
reactive fluid preferentially flowing in larger pores. They further found
that quasi-equilibrium was reached where further growth of a pore -as
limited by the rate of diffusion of the reactive fluid.

Mitchell (1975) found that quick clays were often associated with
the presence of organic compounds possessing strong dispersing characteris-—
tice. These clays act as viscous £fluids with no structural st-ength and
are thus susceptible to erosion caused by seepage. Reservoir wacer seeping
into earthen dams has been reported to cause dispersive piping and eventual
tunneling all the way through the dams. Tunneling was reported to occur in
soils with a local permeability of greater than 1 x 1072 cm/sec.

Similarly, differential solution and subsequent leaching has been
reported to result in formation of channels, <sink lkoles, and cavities
(Mitchell, 1975). This was found to be especizlly true with calcareous
sediments. Cedergren (1967} reported that differential leaching of lime-
stone, gypsum, and other water soluble mineral cecmponents could lead to
development of solution channels that increase in size with time and
substantially increase permeability.

It is important not tc underestimate the importance of minor soil and
geologic detail on permeability of soil foruwations. Cedergren (1967) found
that such minor details caused the majority of failures in dams, reser-
voirs, and other hydraulic structures. Furthermore, he concluded that most
failures caused by seepage could be placed in the following two categories:

1. Those caused by soil particles migrating to an escape exit resul-
ting in piping and erosional failures;

2. Those caused by uncontrolled seepage patterns leading to satura-
tion, internal erosion, and excessive seepage.

Crouch (1978) found that tunnels and tuvsnel-gullies (or pseudokarsts)
developed in dispersive soils where soil-colloid bond strengths were low
compared to energy of water flowing through the soil. HYe found that
dispersive soils or those with low structural stability were associated
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with tunnel erosicn throughout the world. Other factors found to b2
related to tunnel erosion were Exchaungeable Sodium Potentiai (ESP), soil
cracks, low permeability, and hydraulic gradients.

In a study of variables affecting pining, Landau and Altschaeffl
(1977) noted strong interaction between chemical coaposition of eroding
water and couwpaction water content. Ion concentration seemed to have
little effect on soil piping susceptibility for mixed illitic and kaolini-
tic clay loam compactad dry of optimem, For ihe same soil compacted wet of
optimum, soil piping susceptibility was highly related to ion conceatration
in eroding water. The authors suggested that wet of optimum compaction
produced more parallel orientation of soil particles which increasad the
effect of osmotic repulsion. Consequentl: the ion concentration of sail
water would have a relatively greater effect on dispersive forces in soil
compacted wet of optimum. When low ion concentration eroding water was
combined with wet of optimum compaction, they reported an exceptionally low
resistence to internal erosion. These findings are felt to be especially
important due to the long standing practice of compacting clay liners wet

of optimum to produce minimum iritial permeability possible for a given
compactive effort.

Piping involves slaking scil particles. Slaking is defined as disin-
tegration of unconfined soil samples when submerged in a fluid. Moriwaki
and Mitchell (1977) iavestigated dispersive slaking of sodium and caicium—
saturated kaolinite, illite, and smectite. All the clays slaked by disper-
sion when saturated with sodium, with the process proceeding faster with
sodium kaolinite and sodium illite. Sodium illite swelled slightly, while
dispersion of sodium smectite was preceded by extensive swelling. Sodium
kaolinite underwent no visible swelling while dispersing. For calciuu-
saturated clays, 1illite dispersed much more slowly while the rate of
dispersion increased for kaolinite and smectite. Calcium kaolinite was
thought to disperse faster because of its higher permeability relazive to
sodium kaolinite. Sodium smectite was thought to disperse slowly GCecause
of the large degree of swelling it underwent. This would lower permeabil-
ity, thus slowing water entry and retarding dispersion.

Compactiocn has been shown to decrease the electrolyte content of
expelled interlayer water (Rosenbaum, 1976). Such lowering of fluid elec—
trolyte concentrations in sodium-saturated clays may cause substantial
swelling and dispersion (Hardcastle and Mitchell, 1974). This dispersion
causes parti:le migrations. 1f there were fluid-conducting pores large
enough to transport these dispersed clay particles, permeability increases
and soil piping might result (Aitchison and Wood, 1965). It is iumortant
to note that piring wouid initiate on the underside of a clay liner where
clay particles can migrate into substrata contzining larger pore diame-
ters. The soil pipe would then progress upward through the clay liner
until {t found an opening into the impoundment. Since clay particles have
been shown to migrate through porous media containing less than 15X clay
(Hardcastle and Mitchell, 1974), clav liners underlain by soils contaianing
less than 15% clay may be susceptible to soil piping.
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Four laboratory tests for the determination of soil suscertibility to
dispersive erosion have been developed by the U. S. Soil Conservation
Service. A major conclusion of a recent symposium on soil piping was that
these four tests should be performed on soils where piping can cause
unacceptable damage (Sherard and Decker, 1977). The rfour tests (ASTM
Special Technical Publication Number 623) are the pinhole test, a test of
dissolved salts in pore water, the SC3 dispersion test, and the crumb
test. Ideally, the tests should incorporate both primary and secondary
waste leachates.

Volume Changes

Volume changes occur ian clay soils from bulk and interlayer shrink-
age. Bulk shrinkages are usually identifiable by visual inspection of a
clay liuner. This type of shrinkage is represented by macrostructural
fratures such as cracks, fissures, joints, faults, slickensides, shears,
channels, ice wedges, planes, and rhambers. 1Iaterlayer shrinkages may not
be detected by visual inspection, but their impact on permeability of a
clay liner canm be just as dramatic, This type of shrinkage is represented
by microszructural alterations in the clay liner which are usually mani-
fested as shifts in pore size distribution. An extensive review of voids
in soil that result from bulk and interlamellar shri-kage has been written
by Brewer (1964).

Volume charnges in clay lirners cccur wnen there is a change in water
content of czlav. Adsorption of water on exposed surfares occurs with all
clay minerals, with the exception of completely dehydrated halloysite. For
a given change in water content, the magnitude of volume change is depend-
ent on clay mineral type, arrangement of clay particles. size of clay
particles, surface arca pa2r unit weight of clay, and kind and proportion of
cations adsorved to clay. Smectite, and to a lesser degree illite, may
cause problems associated with changes in volume o. clay liners (lable 4).

Two contracted lattice sheets of smectitic clays have a 2 nm thick-
ness. Since each layer of adsorbed water is approximately 0.25 na thick,
the adsorption of foar water layers on each of the two external and int=ar-
layer surfaces would give a smectitic unit particle (2 clay layers) :zn
increase fin volume of 200% between the dehydrated and hydrated states. It
is the small size and expandable lattice properties of the smectitic unit
particle that give this clay its uniquely liarge potential for volume change
(Theng, 1979).

Extraction of interlayer water causes shrinking and associated crack-
ing exhibited by smectitic soils (Baver, et al.,1972; Grim, 1968). Crack-
ing is a result of the clay undergoing three dimensional shrinkage. Where
the rate of watar extraction is not uniform, cracks will form in wetter
soil (Yong and Warkencin, 1975). Water corntent of a clay liner nay change
if an organic leachate extracts water from the ciay liner.
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Shrink-Swell Benavior

Swelling behavior of compacted clay soils has been shown to be related
¢ clay wminerals present (Yong and Warkentin, 1975), presence of organic
compounds adsorbad to clay surfaces (Hughes, 1975, Barrier, 1978),
e<changeable cations present (Horrish, 1954), fabric or structural arrange-
ment of clay particles (Lambe, 1958a, 1958b), overburden pressure (Davidson
and Paga, 1996), and Attarberg limit values of clay sofils (Holtz aad Gibbs,
1936). Swelling tends to decrease permeability of clay soils, but zimul-

taneously indirates potential for shrinkage should the soil environment be
aitered shscantiaily.

Swelling behavior of clays is significantly affected by the clay
ninerals preseut (Table 4). Both kaolinite and illite have substaatially
less capacity to swell than smectitic clays. Halloysite has a shrink-swell
potential between that of kaolinite and illite.

Smectite owes its large shrink-swell capacitvy to a combination of its
large cation exchange capacity, moderate surface charge density, cctahedral
Laye - lscmorphous substitution, and large surface area to volume ratio
(Gasc, !979). With larger population of exchinzeable cations, there will
be a covrespondingly Jarger potential volumetric increase upon hydration of
the catious. A moderate surface charge density leaves more clay surface
area for water adsorption and sllows more water of hydraticn to be posi-
rioned berween the cation and the clay surface.

In smectites, the octahedral lattice sheet is sandwiched between two
tetrahedral lattice sheets, and rost isomorphous substitution occurs in the
octahedral <he-t. That is, substitution of Mg2+ or Fe’t in the octahedral
lattice positicns normally held by a3t cives smectitic clays 3 net rega-
tive charge. Furthermore, since the negative charge emanates frcm the
middle of the lattice structure, =ue electrical charge is diffused or
evenly spread over the entire clay surfacc. The diffuse nature of the
negative charge plus the relatively small charpe density of smectites
decrease the rigidity with which exchang2able positively charged cations
are held to the clay surface. This permits formation of a wide, diffuse,
electrical double layer. The repulsive forces between adjacent cation-
covered positively charged double layers enable the monovalent saturated
smectites to continuously swell until one of the following occurs:

1. Repulsive swelling continues until all remaining attractive
forces are overcome, and the clay disperses inte individual
particles forming a gel, sol, or suspension (Theng, 1979).

2. Confinement pressure of the surrounding clay soil body prevents
further swelling (Lambe and Whitman, 1979).

3. Swelling causes a shift in pore size distribution toward larger

nusnber of micropores and smaller number of macropores (Lauritzen
and Stewart, 1941). )
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Since smectites have a large surface area to volume ratio which gives
the clay approximately 800 mZ/gm available surface to wnich water cau
adsorb, this large amount of adsorbed water represents a large potential
for shrinkage or swelling (Theng, 1979).

An important aspect of the shrink-swell betavior of kaolinite and
jl1li*e is that these clays shrink upon dehydration but show very little
swelling upon subsequent rewetting (Yong aund Warkentin, 1975). This
characteristic limits the capacity for these two clays to "self heal” or to
close shrinkage cracks once formed.

Smectitic clays have a large and reversible capacity for volume
changes under normal conditions. However, Gileseking (1939) found that
smectites lose their capacicy for "self healing” or swelling when exposed
to organic cations. Barrier (1978) reported the swelling ol smectites
after exposure to neutral polar organics (alcohols, glycols, ketones, and
acetonitrile) and neutral nonpolar organics (xylene and cyclopentane).
Watson (1968) found rhat certain concentrations of surfactaants stabilize
soils against dispe:rsion and swelling, thercby preventing a decrease in
permeability of a soil. Hughes (1977) found that one reason for reversal
of cwellipg in smectites was adsorption of organics on clay surfaces. He
suggested that adsorbed organics interferred with the interactions between
interlayer water and clay surface. Grim (1968) found that water adsorbing
sroperiies of smectitic clays were reduced as interliyer spaces ware coated
by organic cations. He noted that "in gineral, the larger the corganic ion,
the greater is the reduction in the weter adsorbing capacitv.” Grim et
al., (1947) also found that the water adserption capacity of kaolinitic
EIéys were reduced following treatment with organic cations. The decrease
in water adsorption was less than the decrease exhioited by smectitic
clays, Grim (1968) assumed that the water adsorption decrease for other
clavs would be intermecdiate .etween those for smectite aud kaolinite.

Hughes {1975) found that exchangeable cations couid arffect the swell
behavior of ~lay soils in st least two ways, as follows:

ie Exchange of monovalent cations for divalent cations could cause
reversal of swelling.

2. Presence of ercess sodium could coapete for available water with
clay surfaces causing a decrease in interlayer spacing of the
clay.

Norrish (1954) showed initial or crystalline swelling of clays to be
directly related to hydration energies of interlayer cations. Crystalline
swelling has been defined as the swelling range at which “the gross crystal
morphology is preserved” (Theng, 1979). Within this range of water con-
tent, swelling pressure exhibited by clay minerals is largely determined by
exchangeable cations (Norrish, 1672). Above the water content range of
crystalline swellirg, the valence of the exchangeable cation controls the
swell behavior of smectites.
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Mouovalent cation-saturated smectites will generally continue to swell
beyond the crystalline ranie into state I1 or osnmotic swelling (swelling
due to the nmigraticn of water to higher salt concentration in interlaver
water as compared to Iinterpedal or interaggregate water). The consistency
of smectite in this state ranges from that of a still paste at the low end
of water content range (0.7 gm Hoo/gm clay), to that of a thick gel at the
higii end of the scale (.29 ga r{-,O/g'r clay) (Th81 , 1975).

Soil fabric or structure has been defined as the physical constitution
of a soil material as expressed by the spacial arrangement of the clay and
other solid particles and associated voids. OF special importance in clay
soils are the extremes of possible spacial arrangements of clay particles
from the tlocculated structure (edge to face) to the dispersed structure
(face to face). Clay soils with a dispersed structure will tend to underso
more vclumetric shrinkage with changes in water content (Lambe, 1958a).
The degree of dispersed structure {parallel orieatation) exhibited by com—
pacted clay soils iacreases as water content of the soil or compaction
effort are increased (Fig. 8) (Lambe, 1958b).

Structural form affects permeability as well as swelling behavior of a
compacted clay soil (Mitchell and Hooper, 1965). The flocculated structure
\SSOLiatLd with compaction on the dry side of optimim meisture results in
larger average pore diameters and permeabilities than exhibited by clay
soils compacted at water contents on the wet side of optimum (Fig. 8). 1In
either case, Mitchell (1975} cencluded that compacted clrys revert to wmure
flocculated structure after placement and hence mav exhibit a several fold
increase in permeability with time.

Another factor which influences clay liner swelling and shringing
potential is sverburden pressure. Swelling pressure in clays will deter-
mine the extent to which it is capable of swelling undar a given overburuen
pressure. Davidson and Page (1956) determined that swelling prescure
exm.bited by sodium saturated mineral samples of smectite was substantial,
while that exhibited by kaolinite and illite was negligible.

Swelling pressure exerted by smectites in the crystallire swelling
state (10.0-0.1 gm H)O/gm clay) is approximately 10%-107 dyre/cmz. Tha
opposing forces generating this net swelling pressure are catiou hydration
{repulsive) and electrostatis attrvaction (Norrish, 1972). Hence. swelling
pressure in this state is largely determinec by hydrztion energy of the
cation, and would be expected to decrease with increasing cation valence.
Consequently, smectites saturated with divalent cations do not normally
swell past the " 2nm 1interlayer spacing limit of crystalline swelling
(Theng, 1979;. In cther words, interlayer repulsive force of cation hydra-
tion is less than both van der Waals forces of attraction between adjacent
clay sheets and electrostatic attractions between divalent cation and nega-
tiv:ly charged clay surfaces. Clays satureted with monovalent cations
continue to exert a nei swelling pressure (10 ~10 dyne/Cm‘) at interlaver
spacings greater than 2nm with water contents from ~0.7-20gm HZO/gm clay.
Net swelling pressure at these interlayer spacings is due to the following
two opposing forces:

37



High Compactive Effort

Compacted Denslly e i

‘Mokiing Wotsr Content —————— @i

FIG. 8. Effects of Compaction Water Content on the Structural
A-rnagement of Clay Minerals (Lambe, 1958b)

1. Repulsive, osmotic forces of interacting diffuse electrical
double layers (i.e., mutual repulrioa of cation rich hydration
ghells surrounding adjacent clay sheeots);

2. Frictional forces generated by edge to face bonding of the clays
and, to a lesser extent, vam der Waals attractive forces (Theng,
1979; Norrish, 1972).

Potential for volume changes in a clay also can be significantly rela-
ted to Atterberg limit values such as the "plastic range” and “shrirkage
limit” of the clay (Holtz and Gibbs, 1956). The "plastic razge” 1is the
range of water coatent below whicn a ciay will lose its cohesiveness. The
"gshrinkage limit™ is the water coacent-of a clay below which no further
shrinkage is possible. Vzlues for Atterberg limits are given for clays
with low, medium, and high swell potential in Table 5.
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TABLE 5. SWELL POYENTIAL VERSUS ATTERBERG LIMIT VALUES
IN THEEE CLAY SOILS*

_ Swecll Potential

Low Madiun High
Plastic rangel <30 30-50 >50
Shrinkage limitl >12 10-12 <10

* After Holtz and Gibbs (1956)

1 Water content as percentage dry weight

Swalling beravior in clav soils is a complex result of many interac-
ting mechanisms. Bowles (1279) found swell behavior of soils to be related
to clay type, overburden pressure, void ratio. method of saturation, and
general environmental conditieas. Franzm:ier and PRoss (196&) reviewed
factors affecting swell petential of 30 kaolfuitic, {llitie, and smectitic
clay soils. They found swell potential of clay soils to be most signifi-
cantly related to kind and amount of clay and soil fabric (expressed as
amount of clay per unit dry volume of soil).

A receut review of the shrinking 2ad swelling behavior of clay soils
has teen written by Brown (1979). The review extensively discusses
shrink-swell behavior relating t¢ swelling pressure, Atterberg limits,
structure, strength, stabilization, water holding capacity, and permeabil-
ity of clay soils.

Interlayer Spacing Changes

Interlayer spacing of clay minerals refers to spacing between adjacent
basal surfaces. This includes the thickness of one clay layer plus the
thickness of the sorbed fluid layer bYetween tw: adjacert clay layers.
Changes in interlayer spacing of clay may impact its bulk volume, pore size
distributfion, and thus permeability. Factors affecting this spacing
include the clay mineralogy, properties of the fluid, and the exchangeable
cations adsorbed to the clay minerals. A related phenomenum, applicable to
all solid surfaces in clay liners, is the change in thickness of the fluid
filus coating soil particles and lining soil vcids.

In the service environment of a compacted clay soil liner, nearly ail
accessible clay mineral surfaces are water-wet. Two significant exceptior
are clay surfaces coated with paturally occurring hydrophobic substances
and the fully dehydrated form of halloysite. The followirg discussio:
emphasizes interlayer spacing changes that may occur in initially water we:
clays cr deiydrated clays exposed to water and organic fluids simultan—
eously.
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Effect of Clay Mineralogy. Clay minerals exhibit interlayer spacings
that reflect strensth of bonding hetween adjacent clay liayers. Tue non-
expandable clay minerals {(illite and kaolinite) only rarely undergo inter—
layer spacing changes due tc strength of interlayer bonds. Expandable
lattice clays (smectites and to some extent halloysite) have much weaker
interlayer bonds and thus are able to intercalate (adsorb between adjacent
layers) water and a variety of polar or cationic organic fluids.

Smectites are by far most geographically widespread of the expandable
lattice clays. Due to the large hydrated radius of monovalent sodium,
smectites saturated with thic cation adsorb water until the clay disperses
into a clay-water suspension. At this point, the water layers are several
times the thickness of the clay lavers (Theng, 1979). Iu the case of
divalent cations, interlayer expansion is normally limited to the point
where water lavers are about equal to the clay lavers in thickness (Theng,
1379: Grim, 1968). This is caused by strong electrostatic attractions
batween negatively charged clav sheets and the two positive charges on the
divalent catfon (Theng, 1974).

Another property of clay minerals that affects interlaver cxpansion is
interaction between interlayer cations and dipoles present on the clay
surface. Caticn-dipole interactions have been found to dramatically affect
interlayer spacings of homoionic smectites with acetone and ethanol
(Bissada et al., 1967). Iuterlayer spacing increased with cation sequence
Y ¢iat Bat™ ccat™t for both acetone and ethanol. Through cation-dipole
interactions, divalent cations were found to increase adsorption of organic
molecules. For iouns with the same valence, the smaller ion caused greater
adsorption and hence the larges:t interlayer spacing. Oleinik et al. (1970)
further discuss the ztfects of catioun-dipole interactions, and Theng (1973)
describes the “profound influence on the adsorprion process™ of ianterlayer
cations.

Other clay mineral properties that affect interlayer spacing resulting
from exposure to particular ovganic fluids include surface acidity, suriace
charge density, tetrzhedral/octahedral layer charge ratio, surface coat-
ings, and degree of weathering (Swoboda and Kunze, 1968; Yariv and Heller,
1970; Grim, 1968). Excellent reviews of effects of wvarious factors on
interlaver spacing of clay minerals can be found in Theng (1979; 1974),
Grim (1968), Yariv and Cross {1979), Mortland (1970), and Yong and Warken-
tin (1975).

Characteristic interlayer spacings for clay minerals with water as
adsorbed fluid are given in Table €, These values are “typical” and may
vary substantially depending on types of exchangeable cations, degree of
clay mineral weathering, and previcus treatments that the clay has under-
gone,

Effects of Organic Fluids, Any change fn water content of a clay
mineral is 1likely to cause change in interlayer spucing. This can be
accomplished by displacing, extracting, or replacing water in either soil
pores or interlayer spaces.
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Water <aa be displaced from saturated clay soll by movement of an
organic fluid into the soil., As the organic fluid wmoves througn a fluid-
conducting pore, incompressible witer is displaced. By itself, this does
not change interiayer spacing, but the new pore fluid nay cause movement of
water from ncn-conducting pores and interlayer spaces to satisfy ecuilib-
rium water centent of the intrudiig organic fluid. Since water 1is usually
adsorbed to clay surfaces in wmultiple layvers, the most tightly adsorbad
surface layers oY water need not be renlaced for there to be change in
interlayer spacing.

Water displac~ment would first affect interlayer spacing o¢f clay
particles immedi.tel: udjacent to or lining pores through which organic
fluids were nmoving. With a compacted clay liner, water would be expaected
to move from other povticas of the liner to re-establicsh equilibrium inter-
layer spacing that previously erxisted in the clav soil., However, {{ inter-
layer spacing changes 1in clays coatiag or adjacent to pores also caused
structural rearrangement of clay particles, changes in interlayver spacing
might be irreversible.

TABLE 6. INTERLAYER SPACINGS OF CLAY MINERALS WITH WATER
At THE ADSORBLD FLUID PHASE®

Exctangeable Cation®

Clav Mineral Li | Na Mg Ca
Smectite _ 2.20 1.30 1.9 1.9
Illitel 1.43 1.43

Kaolinite? 0.72 6.72 0.72 0.72
Halloysite

(Hydrated)3 1.01 1.01 1.01 1.01

* Brown (1961)

X Monovalent cations may result in extensive interlayer swellingz bevond
the values given

Normally potassium {s non-exchangeably adsorbed yieldins an interlayer
spacing of Ino,

[a]

Protons are usually the interlayer caticns since hydroger bionding pre-
vents interlayer separation

3 Metahnalloysite (dehvdrated) yields interlayer spacings approximating that
of kaolinite
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A cowmbination of interlayer spacing decrease and particle rearrange-
ment by organic fluids could cause change in effective pore diameter and
hence overali permeability of the clay. A factor of 4 increase in a fluid
conducting pore diameter is depicted in Fig. 9. Such increase in pore
diameter would increase permeability by a factor of 256.

1f the intruding organic fluid had an appreciable dipole moment, the
amount of water solubilized would be greater than if the fluid were non-—
polar., However, polarity also gives the organic fluid ability to directly
replace water in interlayer spaces. This effect would negate some inter-
layer spacing decreases expected from removal of iaterlayer water.

Water can be replsced in capillary pores (micropores), interlayer
spaces, and interlayer surfaces bv cationic and strongly polar organic
fluids. The strength of the water retention by clays is determined by the
hydration energy of interlayer cations, adsorption energy of the water on
interlayer surfaces, and ability of water to bridge across capillary pores
by a network of hydrogen bonds. Water could be replaced in micropores and
interlayer spaces by disruption of stri.cturing generated by the network of
hydrogen bond: . If this occurre’, resulting interlayer spacing oi the clay
would Ye a ccmplex function of several interacting fluid properties affect-
ing the balance of attractive and repulsive forces between clay layers.

For-es of attraction, represented by the London-van der UWaals forces,
are strongest close to the clay surface and diminish rapidly with increas-
ing distance forn the surface. Values of these attractive forces at glven
distances from the surface do not vary significantly with changes in envir-
onmental context. An explanation of theory underlying this force has been
written by Van Olpher (1963).

FIG. 9. Change in a Pore Diameter {400%) Corresponding to a
Permcability Increase of 25,600%
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Forces of repulsion between clay layers are deterained by several
factors such as salt concentration, dielectric constant, and dipcle wmoment
of the fluid in the interlayer. Effects of salt concentration and diclec-
tric constant on repulsive forces are schematically represented in Fig.
10. Weiss {(1958) noted the direct relationship between salt concentration
and interlayer spacing of smectites in a study utilizing distilled water
and several concentrations of sodium chloride in water. Both distilled
water and U.0IN NaCl gave infinite interiayer spacing values (:he clay was
completely dispersed), while 1.0, 3.0 and 5.0 NaCl gave interlayer
spacings of 1.92, 1.60, and <1.57 mm respectively. Yonz and Warkentin
(1975) found that at interlayer spacings less than 1.5 na, attractive
forces between clay particles were greater than the repulsive forces. As
the concentration of salt dissolved in the interlayer space increases, the
repulsive furces (represented by thickness of the electrical double layer)
are diminished. If the salt concentration in an interlayer fluid is high
encugh to cause the attractive forces to exceed the repulsive forces
between clay particles, the clay will tend to flocculate. This could
change a dispersed, structureless, and slowly permeable clay soil into an
aggregated, structured, and more permeable one.

An analogous situation could occur where interlayer water is displaced
by an organic fluid that has a lower dielectric constant than water (Figure
10). Theory of dielectric constant has been thoroughly explained by
Bockris and Reddy (1970). Simply stated, the dielectric constant repre-
sents the 2bility of a fluid to transmit charge through itseif. As this
ability decreases (i.e., decrzasing dielectric constant), the fluid film
surroundiny the clay and containing positive cations must be thinncr for
the negative surface charge on the clay to be neutralized.

Due to the effects of dielectric constant on the electrical double
layer, there is a relationship between the dielectric constant of an
adsorbed fluid and interlayer spacing exhibited by clay particles. In
general, interlayer spaciag decreases with decrease in the dielectric
constant (Table 7). This aprarent relationship is complicated by a number
of other factors such as the dipole woment of a fluid {(Barshad, 1952},
interlayer cation of the clay (Bissada et al., 1967), degree of =ethyl
substitution on the organic molecule (Olejnik et al., 1970), and ion-dipole
interactions {(Czarnecka and Gillott, 1980). Most studies of various
factors affecting ianterlayer spacing, howvever, have been limited to situa-
tions dealing with clav surfaces following pretreatments such as dehydra-
tion prior to immersion-in test fluids (Barshad, 1952).

In one study that has some applicability to hydrated systems, tbe clays
were dehydrated prior to the study but then immersed in a mixture of water
and an organic fluid (Barshad, 1952). The dehydrated clays were immersed
in 100% water and various mixtures of water and propanol to obtain inter-
layer spacing for the clay exposed to a fluid series with decreasing
dielectric corstant (Table 8). As predicted, interlayer spacing exhibited
by calcium saturated smectite decreased with decreases in dielectric
constant of the fluid mixture. The same author performed a similar study
obtaining similar results with water-glycerol mixtures.
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FIG. 10. Focrces Between Clay Surfaces as Affected by Salt
Concentration and Dielectric Censtant
TABLE 7. INTERLAYEK SPACING OF CALCIUM SMECTITE AS A FUNCTIGON OF

DIELECTRIZ CONSTANT AND DIPULE MOMENT*

Interlayer Sorbed Dipole Dielectric
Spacing Fluid Moment Constant
- G.99 Benzene 0 2.3

0.9¢ pParaffin 0 2.1}
1.45 Butanol : 1.6 17.7
1.70 Ethanol ‘ 1.7 25.0
t.71 Methanol 1.6 32.4
1.73 Methyl Ethyl

Ketone 2.7 18.2
1.92 Water 1.8 78.5

From Barshad (1952)

* All samples werz dehydrated at 250°C prior to immersion in the test
fluid.
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TABLE 8. INTERLAYER SPACING OF CALCIUM SMECTITE' IMMERSED IN FLUIDS
0OF VARIOGUS DIELECTRIC CONSTANTS*®

bielectric Interlayer

Constant Spacing

Immersion Liquid (25°C) ( nm)
100% water 78.5 1.92
70% water-307Z propanol 57.7 1.88
40% water—-607 propanol 36.4 1.84
30% water—-70% propancl 30.7 1.77
20% water-50% propanol 26.1 1.77
10% water--90%Z propancl 22.7 1.52
106X propancl 20.1 1.44
100% water 78.5 1.92
40% water-60%Z glycerol 59.4 1.79
100% glycerol 39.2 1.68

* Modified from Barshad (1952)

* pehydrated at 250°C prior to immersion in liquid.

The dipole moment of a fluid alsc affects interlayer cpacing by
affecting the number of fluid layers that will form on clay surfaces,
MacEwan (155i) found that the number of fluid lavers in smectites increased
with iacreasing dipole moment and decreasing molecular siza. Strongly
polar fluids, such as nitremethane and acetonitrile, were icund to form
more than two layers (MacEwan, 1948).

While interlayer spacing resulting from intercalation of a given
compound increases with increasing molecular size, the number of fluid
layers that will adsorb to a clay surface decreases with increases in
molecular size. This phenomenum explains the initial increase in inter-
lay.t spacing from methanol through ethanol which are small enough to
adsocbh in two lavers (Table 9). However, members of the homologous series
larger thar ethanol are restricted to adsorbing in one layer. Thus from
ethanol to propanol, there is an initial decrease in interlayer spacing
corresponding to one adsorbed layer. Followirg this initial decrease, the
interlayer spacing gradually increases with increasing molecular size of
the adsorbed alcohol. The decrease from two to onc adsorbed fluid layer is
due both to the increase in molecular size and the decrease in dipole
morents and dielectric coustants of the large alcohols.

In comparing the interlayer spacings for an organic fluid adsnrbed at
different dehydration temperatures (Table 10), several interesting trends

can be observed. Dehydration at higher tempcratures removes mor2 of the
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TABLE 9. CHANGES OF INTERLAYER SPACING IN SMECTITE WITH A HOMOLOGOUS
SERIES OF NORMAL MONOHYDRIC ALCCHOLS*

Normal Monohydric Spacing Between Thickness of Nupmber of

Alcohols Layers One Layer Adsorbed

(nm) (nm) Layers
Methano1l 0.74 0.37 2
Ethanoll 0.73 0.39 2
1-Propanol? 0.45 0.45 1
1-Butanol? 0.46 0.46 1
1-Pentanol? 0.46 0.46 1
2-Methyl~2-Butanol? 0.54 0.54 1
Cyclohexanol? 0.54 0.54 1

* From MacEwan (1948)
Treated with large excess of cold liquid
Boiled down to half volume with excess of liquid

TABLE 10. INTERLAYER SPACINGS FOR ORGANIC FLUIDS AT DIFFERENT
(PRETREATMENT) DEHYNRATION TEMPERATUKR=S*

Interlayer Adsorbed Dipole Dielectric Dehydration
Spacing Fluid Homent Constant Temperature
(nm) (debyes) (°c)
0.99 Paraffin 0 2.1 ) 250
1.45 n-Butanol 1.66 17.7 250
1.45 Paraffin 0 2.1 20
1.52 n—-Butanol 1.66 17.7 20
1.92 Water 1.84 78.5 250

* From: Barshad (1952)

strongly adsorbed interlayer water. Subsequent treatment with orgacic
fluids yjields lower interlayer spacings for clays dehydrated at the highest
temperature. This 1is also true, but to a lesser degree, when sodium rather
than calcium is the interlayer cation. When clay is dehydrated at room
temperature (20°C) there is still water coating its surfaces. However,
both a neutral polar compound, n~butanol, and a2 neutral nonpolar mixture,
paraffin, reduce interlayer spacing of clay dehydrated at 20°C as compared
to clay treated with water after dehydration. This indicates that even
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compuunds less attracted to clay surfaces than water can displace sone
interlayer water and thus decrease interlayer spacing. Such common
neutral nonpviar- organic solvents such as xylene, benzene, heptane, or

paraffin 5il huve potential for decreasing interlayer spacings in clay
liners.

Concentratior. of organic compounds in interlayer spaces of clay has
been found to affect preferred compound orientation and hence resultant
interlayer spaciag. In a study conducted with fully hydrated smectite,
Greene~Kelly (1955) found that the slightly basic aromatic compound aniline
adsorbed with aromatic rings parallel to the clay surface at low concentra-
tions (0.62 meq/gm clay) resulting in low interlayer spacing (1.42 nm).
Orientation of the aromatic compound became perpendicular at higher concen-

traticns (0.91 meq/gm clay) and resulted in higher interlayer s»acings
(1.78 nm).

Assessment of effects of organic fluvids on initially “water-wet™ clay
in clay liners is complicated by the complexity of interaciions betwcen
clay surfaces anrd resulting interlayer spacing changes. An 1Increase in
energy is required to dehydrate the clay surface (Gh), repel water “rom the
interlayer space (Gp), and dissociate azn organic fluid molecule from other
organic mclecules in the flowing phase (3d) in order to nenetrate to the
clay surface. However, energy is decreased when the organic fluid is
adsorbed by the London-van der Waals forces {(Gs) or associated with the
cxygen on the clay surface (Ga). Such energy decreases would iacreace the
likelihood of aa organic molecule penetrating the inner Helwholtz layer
(v}, which is the layer immediately adjacenr to the surface of a clay.

Penetr 'tinn of the inner Helwholtz layer by an organic cation is
promoted by au increase in molecular charge (Z) or an increase in inrer
Relzmholtz el:2t:ical petential (Y). Regardless of type of orginic fluid,
its ability to penetrate to the surface of a clay is greatly enhanced by
increasing its conceatration ‘X). An eguation relating the above vari~
ables, temperature {(7), and the Boltzmann coastant (k) has bcen given by
Yariv und Cross (1979) as follows:

V = Xexp—(YZ + AG,tAGg—AG4~AG4.Gp)/kT

It is next to impossible to quantitate several of the above variables even
in carefully controlled laboratory experiments. Obviosusly, the task would
be even narder in the actual environment of ar in-place clay liner expased
to a complex mixture of organic compounds. One important factor that can
be gleaned from the eguation, however, is that potential for inner Helm-
ho®:cz layer penetration by organic molecules normally exclude! from clay
surfaces is greatly enhanced if the molecule is in high concentration.

The reason for concern about changes in interlayer spacing of clay is
the impact the changes may have on permeability of a clay 1liner. No
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studies have been found that examine the relationship betwcen interlayer
spacing and vermeability. However, by combiniug information found in
several studies, a relationship can be deduced. Decreasing dielectric
constant or dipole moment of an adsorbed fluid nas been found to dacrease
interlaver spacing uf clays (Barshad, .952) and yield a clay with increased
permeability (Michaels and Lin, 1954).

PERMEABILITY MEASUREMENTS OF CLAY SOILS

Permeability (K) describes the rate at which a fluid can move through
a porous matrix (Fetter, 1980). Darcy (1856) was first to systematically
study_the relationships between flux of a liqu‘d through a porous matrix (J
in cm> em 2 sec_l), volumetric liquid flow (Q in cm sec—l), the hydraulic
gradient (H), cross sectional area of liquid {low (A in cmz), and the
permeability constant for a given porous matrix (K in cn sec'l). These
parameters are related through Darcy's Law:

J:%:KH

Hydraulic gradient (H) is defized as the ratio of the difference in
hydraulic head between the top and bottum of the porous matrix {~h in cm of
“20), and the length of the porous matrix over which the liquid flows (1l in
ce)., This infers that volumetric liquid flow (Q) is proportional to the
di{ference in fiuid head (Ah) and inversely proportional to flow length (1)
where flow is laminar. dydraulic gradient (H) can be expressed as follows:

_ b (rop)-h{bottom) _Lh

H 1 1

Volumetric liquid flow (Q) is siuaply volume eof liquid (v in cm3) which
moves through the porous matrix In a given time (t in secoads), and
expressed as follows:

Q:

<

Combining the above variables, the permeability constant of a porous matrix
can be expressed as follows:

K =
€ ah

To normalize the permeability counstant (K) for flow of fluids with
various viscosities ( M expressed as gm cm lszc™l) and deunsities ( fin gm
cm"3), the intrinsic permeability constant {k in cm”) caa be calculated
from the petrmeability constant (X) of a porcus matrix as follows:

k=—_1(_p_..
pg
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where g is the gravitational constant of 983 cm sec™2, The viscosity
parameter normalizes resistence to flow of a fluld due to cohesivenecs,
while the density parazeter normalizes the effect of gravity. As the above
equation indicates, permeability of a porous watrix is directly proportion-
al to density and inversely proportional to viscosity of the permeant fluid
(Fetter, 1980).

One assuwption of Darcy's Law is that fluid flow is laminar rather
than turbulent (Bear, 1972). Bowles (1979) stated that turbulent flow
would occur in pipes abnve o Liydiavlic gradient of 2,100, and in presumably
sandy soils at hydraulic gradients as low as 300-600. Hubbert (1956) stud-
fed flow in a bed of cylinders and found that Darcy's Law broke down at
hydraulic gradients greater than 600. He found the “cause of the failure
of Darcy's Law is the distortion that results in the flowlines when the
velocity is pgreat enough that the inertial force becomes significant.”
Rumer (1964) concluded that “"the limit of validity of Darcy's Law is not
because oi the inception of turbulence but is due to the increasing influ-
ence of the inertia forces.” These inertial forces become significant
before flow is turbulent in the nonlinear laminar flow regime.

The use of large hydraulic gradients has shortcomings. The thickness
of immobilized fluid films on soil particles would be substantially
decreased at large pressures (Yong and Wackentin, 1975). This would
increase effective pore diameter available for fluid flow and thus pe.nea-
bility. On the other hand, large hydraulic gradients can increase soil
particle migration causing soil clogging and a resulting decrease in perme-
ability (Olson and Daniel, 1979).

Criteria for selecting an appropriate hydraulic gradient greatly
depends on proposed use of the permeability study. Waere the objective is
to est‘mate field permeability values, it has beea suggested "to use gradi-
ents as close to those encountered in the field as is economically feas—
ible’ (Olson and Daniel, 1979). Ziwmmie et al. (1981) suggested use of
hydraulic gradients befween 6 and 20 for laboratory studies attempting to
duplicate field cornsitioms,

In comparative permeability studies, larger hydraulic gradients may be
used. Care should be taken, however, to maintain linear laminar flow and
monitor for particle migration. Comparative studies often use permeant
fluids that may change permeability of a soil (Michaels and Lin, 1954).
Hydraulic gradients used should be far enough below the turbulent. flow
threshold to maintain linear laminar flow after permeabclity increases. If
permeability of a clay soil increases enough for flow to become turbulent
at the hydraulic gradient utilized, subsequently obtained permeability
values may be invalid even for comparative purposes.

Laboratory permeability studies can be used to estinmate permeability
in the field or to evaluate relative effects of different facturs on perme-
abilicty of a clay liner. The former is by far more difficult to perform
due to difficulty in exactly duplicating field conditionc. Comparative
permeability studies can be performed wdre easily since rigorous
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duplication of field conditions are not essential so leng as flow is
laminar and particle migration is minimal,

Several authcrities on permeability studies have e<pressed doubts that
laboracory permeability tests are capable of reproducing field conditions.
Olson and Daniel (1979) uoted that the volume of scil sampies used in
laborstory tests are almost always too small to contain statistically
significant distributlons of macrofeatures encountered in the field (i.e.,
saad lenses, fissures, joints, channels, root holes, etc.). They further
noted that samples taken in the field may be affected either by collection
method or selection of the most uniform or intact sample. Bowles (1978)
stated that "The soil in the permeability device is never in the same state
as in the field—it is always disturbed tu some extent.” Zimmie et al.
(1981) stated that "It is virtually impossible to duplicate field hydraulic
gradients in the laboratory. Test times become excessive and it becomes

difficult to obtain accurate neasurements of flows and heads at very low
hydraulic gradients."

Several factors not incorporated into laboratory tests affect overall
permeability of clay. Sherard and Decler (1977) listed primary factors
determining “"effective overall permeability” of a soil layer as being
continuity, regularity, thickness, and characteristics of interbeded layers
or lenses. Laboratory permeability determinations on clay liners cannot
account for this type of variability and can only attempt to characterize a
nomogeneocus sample of clay soil. Other factors that may lead to discrepan-
cies between field and laboratory permeability values are discussed in
detail by Olson and Daniel (1979).

Comparative permeability studies utilize multiple permeameters to
isolate-effects of one or more variables. This testing approach has been
wicely used in agricultural irrigation studies evaluating the influen-e of
various salt types and concentraticns on soils of 1low permeability
{McIntyre et a:., 1979; McXeal, 1974). Conpzrative methods have also heen
used to evaluate the influence of organic fluids on soils (Michaels and
Lin, 1954; Van Schaik, 1970).

Permeability tests conducted for this study are strictly comparative
in nature and do mnot attempt to reproduce :typical field conditions. The
aim of this study is to iavestigate the potential influeunce of various
organic fluids on permeability of compacted clay soils. Except where noted
in the discussion of test results, effects of factors cther than soil-fluid
interactions are considered to be eliminated through establishment of base-
line permeabilities for each sample using 0.01lN Ca30, as initial permeant
flaid.

Testing procedures used in this study are not suitable for exact
determinations of field permeability values. They are, however, considered
suitable fer performing rapid comparative studies to evaluate the pctential
influence of waste fluids on permeability of compacted clay soil liners.
As there is a large variety of waste fluids placed in hazardous waste land-
fills and surface 1impoundments (Table 2), there is a great need for a
qualitative permeability test which can rapidly determine potential effects
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these fluids may exert on permeability of ciay liners. As waste fluids
listed in Table 2 are but a fraction of fluid-bearing waste types disposed
in industrial landfills, rapid qualitative permeability tests that can be
performed easily by laboratory technic{ans may be the only feasible method
for evaluatinyg the impact of hazardous wastes on clay liner integrity.

To simplify laboratory personnel :Zraining and allow intercalibration
by independent laboratories, a qualitiative permeability test method should
use standardized procedures and readily availabie apparatii. The test
method developed for this study was designed with these objectives in mind.

In comparative permeability studies, flow should be laminar, and all
but the vaiiable being tested should be constant. Under these conditious,
any change in permesbility is the result of changes in the povous matrix,
Yong and Warkentin (1973) noted that aside from independent fluid and soil
properties, permeability of a soil is affected by forces holding a fluid to
soil particles and soil-fluid interactions. They iJurther noted that rela-
tive influence of any ore factor on permeability was difficult to assess
since many are interdepeundent.
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SECTION 4

MATERIALS AND METHODS

To understand factors influencing permeability of clay liners to
organic fluids, it was necessary to construct a functional perspective.
This perspective includes the following components:

1. Delineation of physical zlasses of organic liquid-bearing hazard-
ous wastes.

2. Descriptinn of leachates generated by various waste classes.

3. Interpretation of fluid types contained by various waste leach-
ates.

4. Evaluation of characteristics of clay soils used to line disposal
facilities.

S. State~of-the—art review c¢f mechanisms involved in interaction

between organic fluids and clay soils that may alter perameability
of clay liners.

With this pecspective as a guide, representative organic fluids and
clay scils were selected, and methodology was developed appropriate for
evaluating the influence of organic fluids on permeability of compacted
soils.

FLUIDS STUDIED

Seven organic fluids representing four classes of organic fluids and
water (Figure 5) were selected for use in comparative permeability
studies. The four classes of organic fluid: ciidied were acidic, basie,
-neutral polar, and nectral nonpolar. Table 11 lists the seven organic
fluids and water along with their relevant physical and chemical proper-
ties.

Organic fluids used in this study were reagent grade (pure). Actual
wvaste leachates are normally a mixture of fluids combined with various
organic and inorganic solutes. 1In addition, waste leachates often contain
particles in suspension that could clog or coat soil pores. While pure
organic fluids would not usually be discarded, pure fluids were used in
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TABIE ll. ORGANIC YLUIDS AND WATER: RELEVANT PHYSICAL AND CHEMTCAL PROPERTIES

Temp. Range Water
of Fluid Density vViscosity Dielectric Solubil- Dipole
FLUIDS State (°C) at 20°C at 20°C Constant ity at Moment Molecular

Orgaaic Melting Bolling (gm/cm’) (Centipose) at 20°C 20°C (debyes)  Weight
Fluid Name Point  Point (gu/1)
Acld, Acetic
Carboxylic  Acid

(Glacial) 17 118 1.05 1.28 6.2 miscible 1.04 60.1
Base, Aromatic
Annine Aniline -6 184 1.02 4,40 6.9 34,0 1.55 93.1
Neutral Polar,
Alcohol Methanol -98 65 0.79 0.54 31.2 miscible 1.66 32.0
Neutral Polar,
Ketone Acetone ~95 56 0.79 0.33 21.4 miscible 2.74 58.1
Neutral
Polar, Ethylene
Glycol Glycol -13 198 1.11 21.0 38.7 miscible 2.28 62.1
Neutral Nonpolar, .
Alkane Heptane -91 98 0.68 0.41 2.0 0.003 0.0 100.2
Neutral
Nonpnlar, Xylene =47 139 0.87 0.81 2.4 0.20 C.4n 106.2

Alkyl-Benzene

Water 0 100 0.98 1.0 80.4 1.83 18.0




this study to eliminate variables other than fluid properties that could
affect the resulting permeability values.

Gliacial acetic acid was celected to represent the acidic organic fluid
class. Organic acids are byproducts of several induscrial processes and of
anagerobic decomposition processes that cccur in landfills. Acetic acid is
fluid at room temperature with a density and viscosity somewhat preater
than that of water. The dielectric constant is significantly lower, and
dipole moment is only slightly lower than values exhibited by water.
Acetic acid is infinitely soluble in water.

Aniline 1is a slightly basic organic fluid af rsom temperature and
substantially soluble in warer, 1: is counsiderably more viscous and only
slightly more dense t%.. wa.er., As with acetic acid, aniline has z dielec-

tric constant o»uch lower and dipole moment slightly lowe= than values
exhibited by water.

Three neutral polar organic fluids studied zre fluid at room teupera-
ture and infinitely soluble in water. Values fov other properties decrease
in the following orders:

Density: Ethylene Glycol >Wa'er DAcetonce=Methanol

Viscosity: Ethylene Glycol >>Water DAcetone >Methanol
Dielectric Constant: Water >>Ethylene Glycol DMethanol D>Acetone
Dipole Moment: Acetone DEthylene ¢lycol DWater >Methanol

Two neutrzl nonpolar organic fluids studiel are fluid at rcom tempera-—

ture and very sjaringly soluble in water. Values for other properties of
these fluids decrease in the following orders:

Density: Water >Xylene >Heptane

Viscosity: Wwater >Xylene DHeptane

Dielectric Constainc: Water >>Xylene DHeptane
Dipole Mouent: Water >>YylenedHeptane

Water (0.0IN CasSO;) was used as control fluid to establish baseline
permeability of each soil core. The calcium salt was selected due to its
stabilizing effect on permeability. Concentration of 0.0lN was selected
because 1t approximates salt concentrations tvpically found in soils.

CLAY SOILS STUDIED

Four native clay soils with diverse mineralogical or chemical proper-
ties were selected for this study. Two of the soils had predominantly
smectitic clay minerals but different chemical properties. Two other soils
contalned predominantly kaolinitic and fllitic clay mincrals, respective-
ly. Additionally, each soil was characterized by the following:

1. Exhibited permeability less than 1 x 1077 cm sec”! shen conpacted
at optimum water content,
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2. Had a geographic exteunt of at least one million hectares.

3. Existed in deposits thick enough to perait economic excavation
for use as clay liners.

4. Contained a mininmum of 35Z (by weight) clay minerals.

Following collectiuvn, the clay soils were broken into golf ball size
clods and air dried. The soils were then ground sufficiently to rass
throngh an ASTM Nuaber 4 sieve (4.75 mm) and stored at room temperatur? in
large drums prior to testing. Methods for determining scil propeties used
by Soil Physics Laboratories at Texas A&M UniVQﬂéity are described by Blazk
(1905) except for moisture-density relations yﬁere ASTM methods were used.

General information on the four soil/ is given in Table 12, This
includes so0il series and order, its locatisn geographically and within the
solum, and the parent material from which wach soil was derived.

I

Table 13 gives grain size distribution of the soils and the wmineralogy
of the cilay sized fractivn. Native clay deposits se'dom coutain only one
type of clay mineral, and these four clay soils are no exceprion. The
mixed cation kaolinitic snil contains two predominant clay uineral species
(kaolinite and nalloysite). Clay sized quartz 1is present in all so0lls to
varying extents.

Physical properties of tte four clay soils are given in Table 14.
Properties determined for the toils in undisturbed states included shrink-
swell potential, permeability, calor, corrosivity, and structure. Other
properties determined on rems'ded soil samples included 1liquid limit
plasticity index, water retentiun, opfimum umcisture content, and maxinmum
dry density. Other values for phyvsical properties of the remolded soils
can be found in Appendix B.

Chemical properties of the four so0ils are given in Table 15. The
distinction bhetween noncalcareous and calcareous smectites arises Jirom
values for total alkalinities of 3.3 and 129.2 meq/100g respectivelv. The
calcareocus nature of the latter is further 1illustrated by its conternt of
33% hy weight calcium carbonate.

Other chemical properties of especizlly high potential for influencing
permeability include <¢he 3% organic maiter content of the calcareous
smectite and the 13.2%1 Fe,04 content of the mixed cation illite. (The
kaolinitic and illitic clay soils wevre given the prefix “"mixed cation”
because no specific cation predominates on their exchange sites),

Optimum water content for obtaining maximum dry density of & soil
subjected to a given compactive effort wvas determined for the four solls
using ASTM 698-70. Several compacted soil cores prepared for optimum water
content determinations were also utilized to determine the influence of
compaction water content on permeability of the soils o water (0.01N
Casoa). Figs. 11-18 show the resulting moisture~density-permeability
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TABLE 12. GENEKAL PROPERTIES OF THE FOUR CLAY SOILS
Clay Soil Noncalcareous(l) Calcareous(l) Mixed Cation(l) Mixed Cacion(z)
Description Smectite Smectite Kaolinite Illite
Snil Series Lufkin Houston Black Naceogdoches Hoytville
Soil Order Alfisol Vertisol Alfiscl Alfisol
Horizon Ba1eg Ap1hi2 B21e7B2e B2147B22¢g
location in
Solum (cm) 18-51 0-61 15-178 20~67

Parent
Material

Geographic
Setting
Extens (Ha)

General Location

Type Locatinn

Slightly acid to
alkaline clayey
sediments.

Upland with 0-3%
sope.

2.2 million

East Central Texas

Brazos County, Texas,
500 m south of FM 60,
1 km west of College
Station.

Calcareous clays
and marls.

Upland with 0-8%
slope.

5.5 million

Blackland Praries
of Texas

Bell County, Texas,
truom intersection of
US 190 and Texas 36,
go 1000 m southeast
on Texas 95, and go

0ld Marine sediments
high {n glauconite.

Upland with 0-15%
slope.

>l.1 million

Coastal Plains of
Teras

Nacogdoches County,
Texas, frow a road
cut on the right
hand side of Hwy 105
polng west, 20 km

800 m west northwest. west of Nacegdoches.

Calcareous silty
clay, glacial
till.

Lake plain with
0-2% slove.

2.3 million

Northwestern
Ohio

Wood County, Ohio,
on the grounds of
the Northwestern
Branch of Ohio
Agricultural Res.
and Dev. Center
near Hoytville,

(1) soil Conscrvation Service (1976)
{(2) Ble.ins and Wildine (1968).



TABLE 13. GRAIN SIZE DISTRIBUTION OF THE FOUR CLAY SOILS AND
MINERALOGY OF THE CLAY SIZED FRACTIONS*

Clay Soil Noncalcareous Calcareous Mixed Cation Mixed Cation
Description Smectite Smectite Kaolinite Illite
% Sand
(>50 nm) 35-37 7-8 39-41 14-19
% Silt
(50-2.0 nm) 26-28 42--44 17-18 38-39
% Clay
(<2.C nm) 36-38 48-50 42 47
Coarse Clay
(2.0-0.2 nm)
7 of Total 16 (1) 25 (1) 33 (1) 61 (2)
Mineralogy (3) Qz-1 MT-1 KK-1 I-1
KK-2 KK-2 QzZ-2 Qz-2
MI~2 0zZ-3
Fine Clay
(<0.2 nm)
% of Total 84 (1) 75 (1) 67 (1) 39 (2)
Mineralogy (3) MI-1 MT-1 KH-1 I-1
KK-3 MI-3 MT-2
*

All data from Soil Physics waboratories, Texas A&M University unless
otherwise noted.

(1) Soil Conservation Service (1976).
(2) Blevins and Wiiding (1938).
(3) Xey to Mineralogy Data:

MT = Smectite 1 = >40%

FX = Kaolinite 2 = 10-40%
I = Illite 3 = <10%

QZ = Quartz

MI = Mica or Illite

KH = Halloysite
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TASLE 14. PHYSICAL PROPERTIES OF THE FOUR CLAY SOILS*

Clay Soil

Calcareous

Noncalecareous Mixed Cation Mixed Cation

Description Smectite Smectite Kaolinite Illite
Shrink-Sw:11
Potentlal vary high very high moderate moderate
Permeabitity
(cmsec™ ] )** 4.5 x 1073 <4.5 x 1070 4.5 x 1074 4.5 x 1074
Liquid wLimit 51-67 58~98 41-60 b (1)
Plasticity Index 30-45 34-72 18-30 27 (1)
Color (dry) grayisi brown very dark gray dark red gray (1)
Corrosivity
(steel) high high high N.D.
Water Retention
at 1/3 bart 31.0 (2} 48.0 (2) 21.0 (2) 30.0 (2)
Optimum Water '
Content™ 20.0 (2) 21.5 (2) 20.0 (2) 19.0 (2)
Maximum Density '

(kN n™3) 15.0 (2) 14.4 (2) 16.3 (2) 16.6 (2)
Struciural Prismatic to blocky, Blocky, cricks Blocky, friable Moderate to
Description vertical cracks 1-10 cm wile when wien moist, hard strong, fine to

2 m vide.

dry.

when dry.

medium angular
blockyv.

&

(2) Soil Physics Laboratories, Texas A&SM University
N.D. Not Determined.
*%  Undisturbed State.

+ %4 by Weight.

i+ % by Dry Wetgit,

: All data from Soil Conscrvatiorn Service (1976) unless otherwlse noted.
(1) Blevins and Wilding (1968)



TABLE 15. CHEMICAL PROPERTIES OF

TEE FOUR CLAY SOLLS*

Clay Soil Noncalcareous Calcareous Mixed Cation Mixed Cation
Description Smectite Smectite Kaolinite Illite
Cation Exchange
Capacity 24,2 36.8 8.6 18.3
(meq/ 100 gm)
Exchangeable
Cations
(meq/ 100 gm)
Na 1.4 1.4 0.1 0.1
X 0.3 1.0 0.2 0.4
Ca 18.5 51.8 (3) 1.3 17.3
Mg 6.3 1.8 1.4 3.0
Water Soluble
Catlons
(meq/100gm)
Na 0.49 0.84 0.33 0.62
| 4 0.22 0.27 0.12 1.86
Ca <0.07 0.25 0.02 .03
Mg 0.04 0.06 <0.01 0.09
Total Alkalinity
(meq/100 gm) 3.3 129.2 .8 4.2
pH (saturated -
paste) 6.1 7.9 5.1 7.5
Ec (mmhos/cm) 0.2 0.4 <0.1 0.2
Fe203 (% 0.42 (1) 0.2 (1) 13.2 (2) -
Organic Matter (Z) 0.9 (1) 3.0 (1) 0.6 (2) -
CaC03 Equiv. (%) - 33 (2) Trace (2) -

(1
(2)
3

All data from Soil Physics Laboratories, Texas A&M Uaiverciry unless

otl.erwise nqted.
pavidson and Page {1956).
Derenlinger (1968).

Calcium value is high due to dicsolution of Ca(0y by the extracting
solution used (1.0N Ammonium Acctate at a pH of 7).
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relationships of the four clay soils. Data used in these figures is given
in Appendix A.

Percentage of soil voids filled with water after compaction at optinmum
moisture content was approximately 75% and 90%Z for the two spmectitic and
the other two clay soils respectively. The minimum permeabilil., value for
each clay was found to occur at or just above the optimum moisture con-
tent, Particle densities (Gs) of the four clay soils are given on the
moisture-density graphs.

PERMEABILITY TEST CONSIDERATIONS, CALCULATIONS AND PROCEDURES

Tests on soils of low permeability must be corefully performed to be
accurate. Leaks, trapped air, volatile losszs, and turbulent flow or chan-
neling zlong the soil chamber wall can greatly affect permeahility values
{Bowles, 1978). Each of these sources of error was considered in the
development of permeability test procedures. In additioa, steps were taken
to minimize inheren: dangers associated with organic fluids under pressure.

Compacted clay soils often have permeability values Iower than 10"8 cam
sec *, and it may be necessary to pass a pore volume or water through a
soil before a stable baselire permeability value ic obtaived. After estab-
lishing the permeability baseline, tue passage of at least a pore volume of
organic test fluid may be necessary to fully determine effects the fluid
méy have on permeability of the compacted clay soil. Consequently, a
pressurized air source has been used to increase the hydraulic gradient and
reduce time needed for testing (Bennett, 19266; Jones, 1960).

Adcditionally, trapped air has been a common cause for artificially low
permeability values (Christiansen et al., 1946). Increasing the pressure
head exerted on a soil core reduces trapped air by iacreasing the weight of
gas that will dissolve in water flowing through the core (Jones, 1960).
Elevated pressure also reduces volume of remaining air pockets.

A pressurized air-induced, elevated hydraulic gradient was used in the
comparative permeability tests of the compacted clay soils. A hydraulic
gradient of 361.6 (equivalent to a hydraulic head of 42.2 m of HZO) was
used for the two smectitic clay soils. A hydraulic gradient of 6l.1
(equivalent to a hydraulic head of 7 m of Hy0) was used for the illitic and
kaolinitic clay soils.

Te avoid channel formation, the compacied clay soils were seated at a
hvdraulic gradient of 1.85 (10 cm H,0). By letting 10 cm of standard
leachate stand on the soils for 48 hours, an effective seat was obtained
for the top few millimeters of soil. This thin layer prevented bulk flow,
thereby permitting the rest of the soil to adequately seal the permeameter
sidewalls at elevated pressures.
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The form of Darcy's Law used to calculzate permeability is as follows:

\Y
K=

vhere:
K = permeability constant (cm sec™’)
V = volume of liquid passed through the soii (cm3)
h = cross-sectional area of liquid flow (80.1 cm?)

H = hydruulic gradient = E}l

h = hydraulic head (cm of H,0)
1 = length of soii (11.7 cm)

Ferueability constants obtained with the above equation can be normal-
ized for liquids with various viscosities and densities by multip.ying by
the density and dividing by the viscosity of the test fluid. By noreaiiz-~
ing the impact of viscosity and density on permeahility, tte Intluence of
other factors on permeability changes can be observed.

Compacted soil cores used to evaluate permeability to organic fluids
were prepared at or above optimum water content. Data on these ccres are
presented in Appendix B. After compaction, the soil cores were wounted on
permeameter base plates and fitted with fluid chambers and permeameter top
plates (Fig. 19). Each top plate was fitted with a pressure iniet connec-

ting it to a pressurized air source via the pressure distribution manifold
(Fig.20).

A moisture and debris trap, pressure regulator, and pressure gauge
were placed between the pressurized air source and manifold. The trap was
positioned between the air svurce and regulator to jrevent Luildup of
debris on the regulator membrane. The pressurc gauge was placed between
the regulator and manifold so that the hydraulic gradient applied to the
permeaneters could be monitored.

A pressure cutoff valve for each permeameter was placed between the
manifold and permeameter top rplate. These valves allowed placement or
removal of individual permeameters without depressurizing other permeame-
ters.

All gaskets used In the permeameters were teflon to pravent deteriora-
tion and possible blowout from contact with various organic fluids. To
avoid leaxage around the hard teflon gaskets, all metal surfaces against
vhich the gaskets seated were wiped zlezn oI grit, Permeametar components
were found to withstand continuous operational use at pressures up to 60
psi (42.2m H,0),
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Directly under the soil chambers and in the perme~neter base plates
were porous stones to permit seepage of effluent to the base plate outlet,
To limit extent of effluent mixing after passage through the compacted
soils, the outlet was fitted with an adapter connected to 3 mm inside
diameter teflon tubing., The use of translucent teflon at the base plate
outlet provided a convenient window with which to monitor expulsion of
trapped air. Usually, at least one pore volume of standard leachate (0.01N
Cas0,) had to be passed through soil cores before there were nc air bubbles
visible in the outlet tubing. Where piping occurred in soil cores, eluded
soil particles were visible both clinging to the iaside walls of the outlet
tubing and as a suspension or precipitate in the effluent.

Teflon tubing carried the effluent to an automatic frantion collector
which collected effluent samples simultaneously from ten permeameters at
specific time increments. Since there was potential for volatile losses
during effluent delivery from the tubing to the collection bottles, the top
of each bottle was fitted with a long stem funnel, and the fraction collec~
tor was placed in a refrigerated, air-tight chamber. Additionally, the
entire test apparatus was fitted into a vented hood (Fig. 20). This extra
precaution was taken as insurance against worker injury im the event of
accidental spills or s;stem leaks.

After seating the soils at low pressure, the selected air pressure was
applied to the permeameter fluid chamber until stable permeability values
were obtained with the standard leachate. At this point, pressure was
released and permeameters disassembled to permit examination of the core
for signs of swelling or dererioration. If the soil had expanded out of
its mold, the excess was removed with a straight edge while trying not to
smear the surface of the soil. The material that had expanded out of the
core was oven dried and weighed to estimate percent sweiling that had taken
place, '

With the three soil types that had swollen, additional standard leach-
ate was pas-ed to ensure that permeability was not affected by the excess
s7il rewmoval. This extra procedural step was not necessary with the
kzolinitic soil since it underwent no swelling after passage of standard
leachate.

Next, the remaining standard leachate was removed and replaced with
the organi¢ fluids for all but the control permeameter. After passage of
hetween 0.5 and 2.0 pore volumes of simulated primary leachates (organic
filuids), the permeameters were depressurized, disassembled, and the cores
dissected to determine if structural changes had occurred in the compacted
clzy soils.

For determining breakthrough zurves, the percentage of organic fluid
in Lhe effluent was determined by one of two methods depending on the fluld
analyzed. Immiscible fluids were determined simply by recording the volume
of each fluid layer in the sample collection bottles. The only miscible
fluid for which determinations were madz was methanol. Percent methanol irn
water was determined using thermocounductivity gas chromatography.
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SECTION 5

RESULTS AND DISCUSSION

Permeability values for the clay soils were vlotted against cumulative
pore volume of test fluid that passed through the compacted core. Volume
of effluent was divided by volume of pore space in a given core to obtaiu
the fraction of a pore volume passed at each permeability value. The
vertical dashed line on each graph indicates the point at which standard
leachate (0.01N CaSOQ) was replaced by organic fluids. For several soil
cores, breakthrough of organic fluids was plotted across the top of the
permeability graphs. All permeability data is given in Appendix C.
Following are discussions of effects seven organic fluids and water had on
permeability of four clay soils.

WATER (0.01N CaSOy)

Pormeability of four compacted clay seoils to standard leachate (0.01N
CaSO,) are depicted in Fig. 21. Depressurization which occurred ar the
dashed line appears to have had little effect on permeability. Noncalcar-
eous smectite and mixed cation kaolinite so0il permeability values were
essentially constant during passage of approximately two pore volumes of
standard leachate. In contrast, permesbility of calcareous smectite
decreased slowly while that of the mixed cation illite increased slowly.
Both permeability changes were, however, relatively small.

Relative permneability values for the four clay soils to water are
consistent with values typical for those clay types (Fig. 7). Kaolinite
exhivited the highest, noncalcareous (partially sodium saturated) smectite
showed the lowest, and calcareous (calcium saturated) smectite and mixed
cation illite had intermediate permeability.

After passage of two pore volumes 5f standard leachate, the four clay
soils exhibited no visible aggregations and appeared to have retained their
iritially massive structure. In oddition, the surface of the soils showed
no signs of large pore development {Fig. 22).

Mean and standard deviation of permeability to water (0.0IN CaSOA) for
each soil type and individaal soil column used in the study are listed in
Table 16. Variabiliiy in the permeability values was small in all cases.
Permeability values of the mixed cation illitic scil exhibited the highest
degree of variability of the four clay soil types tested.
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FIG. 21. Permeability of the Four Clay Soils to Water (0.0IN CaS0)

Since permeability of all soil columns were initially determined with
water (0.0JN CasO,), the columns were fully saturated prior to exposure Lo
the organic fluids. There are industrial landfidls with conditions that
rway maintain clay liners in an unsaturated state, such as landfills that
are in the drier climates prevalent in parts of the western and central
U.S. or that have an effective leachate removal system. However, mcst
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TABLE 16: PERMEABILITY OF FOUR CLAY SOILS TO WATER (0.01NCaSO4)*
Fluids to Which PERMEABILITY (em sec™l)
the Soil Column
Would be Noncalcareous Calcareous Mixed Cation Mixed Cation
Exposed onectite Smectite Kaolinite Illite
Water - -
(0.0IN Casty)  {2.14(£0.26) x 1079 [ 7.77040.64) x 1079 | 1.92(0.18) x 10 8 | 6.07(£3.88) x 1079
Acetic Acid 1.59(20.19) x 10=9 | 6.48(20.11) x 1079 | 1.30(£0.35) x 1078 | 7.31(0.93) x 1077
Aniline 2.91(£0.23) x 10~9 | 3.86(20.19) x 1079 1.51(30.12) x 1078 | 3.87($1.62) x 1079
Ethylene Glvcol {1.39(#0.14) x 1077 4.67(£0.64) x 1072 1.55(20.35) x 1078 | 6.75($1.52) x 1079
Acetone 1.14(20.16) x 1079 3.47(£0.66) x 1079 | 2.01(20.12) x 1078 | 3.06($0.69) x 1079
Methanol 1.55¢£0.17) x 1077 5.07:40.52) x 1079 1.46(30.42) x 1078 | 5,54(1.52) x 1079
Xylene 1.44(£0.21) x 107 | 5.62¢£0.11) x 1072 | 1.77(20.15) x 1078 | 3.51(21.13) x 1079
Heptane 1.51(£0.13) x 1677 3.62(40,37) x 1079 1.87(20.10) x 1078 | 4.26(£0.99) x 10™°
All Permeameters(1.63(£0.50) x 1077 4.98(£1.60) x 1077 1.71(£0.25) x 1078 | 5.14(£2.20) x ic™?

* Values for individual columns represent mean % one std. dev. of 2-7 permeabliity measurements,
Values given under the designation “All Permeametcrs” iepresent mean t one std. dev. for all soil

columns of a given soil type.




industrial landfills are located in relatively wet climates such as the
Gulf Coast, Great Lakes, northeast and southeast regions of the U.S. (LPA
1980d, EPA 1980e). These wotter climates would most probably maintain any
buried clay soil near saturation.

Traditionally, permeability tests on prospective clay liners for
hazardous waste landfills and surface impoundments have used only standard
aqueous lcachates (such as G.0IN CasSO, or CaCl) as the permeant fluid. All
four of the clay soils used in this stidv, if only evaluated by this tradi-
tional test, would qualify as adequate for lining hazardous waste disposal
facilities ou the basis of their havirg permeabilities lower than 1 x 1077
cm sec .

ORGANIC ACID - ACETIC ACID

All four clay soils permeaega with acetic acid showed initial
decreases in perueability (Fig. 23). However, a significant amount of soil
piping occurred in these cores, indicated by scil particles clinging to the
inside walls of the outlet tubing and ceposited on the bottom of effluent
collection botties. In addition, effluent from these cores was usually
tinted (red, creamy, or black) indicating that soil components were dis-—
solved by the acid. 1Initial decreases in permeability are thought to be
due to partial dissolution and subsequent migration of soil particles.
These migrating particle fragments could lodge in the fluid conducting
peres, thus decreasing cressectional are: available for Fluid flow.

Two of the soils treated with acetic acid (calcarcous smectite and
mixed cation kaolinite) showed continuous permeability decreases throughout
the test period. After passage of approximately 20% of a pore volume, the
acid treated kaolinitic clay generated a dark red coloreda efflueat that
smelled of acetic acid. The color was probably due to disscluticn of iron
oxides which comprise about 13% of the solids in the kaolinitic clay
soils. The acid treated calcareous smectite began passing cream colored
foamy effluent after passage of about 28% of a pore volume. Since the solid
fraction of this clay soil is approximately 33% calcium carbonate, the
largest portion of the creamy material was probably dissolved calcium,
while the foam was the result of CQy liberation from the dissolved carbon-
ates.

Roth noncalcareous smectite and the mixed cation illite eventually
showed permeability increases after the initial decreases, but the increase
did not begin until passage of 39% and 62% of a pore volume respectively.
Effluent from the noncalcareous smectitic clay contained soil particles and
a black ash-looking material, while effluent from the illitic soil con-
tained red tinted soil particles that became increasingly darker as more
effluent was passed. Plermecbility increases with both of these soils were
probably due to progressive soil piping that eventually cleared initially
clogged pores.
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FIC. 23. Permeability of the Four Clay Soils to Acetic Acid

In light of the across-the-board piping that occurred with the acid
treated clays, any fluid (such as strong acids and bases) capable of
dissolving clay liner coomponents could potentially cause increases ir the
permeability of the liner. It would seem that neutralization of acids and
bases prior to their disposal would be the best safeguard against clay
liner failure in these cases.
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The density to viscosity ratio of acetic acid (0.82) infers thsat
permeability should decrease approximately 18% from the value obtained with
standard leachate. However, the large permeability decreases and subse-
quent increases (in two of the soils) indicate that soil piping was the
predominant influence responsible for permeability changes.

ORGANIC BASE - ANILINE

pPermezbilities and breakthrough curves for the four clay soils treated
with aniline are given in Fig. 24. While ali four clay soiis showed
significant permeability increases, calcareous smectite showed the least.

Both noncalcareous smectite and mixed cation illite had breakthrough
of aniline with concurrent permeability increases at lower pore volume
values (<N.5) than the other two clay soils. There was sone indication
that the permeability of the noncalcareous smectite was reachang a constant
value just above 1 x 1077 cm sec”l,

Permeapbility climbed above 1 x 1677 cm sec”! and aniiine broke through
after passage of one pore volume for the kaolinitic soil. Only the calcar-
eous smectite clay maintained a permeability value below 1 X 1077 cm
sec”l. 1ts permeability increased rapidly at first, tut showed substantial
decrease concurrent with aniline breakthrough. After the permeability
decrease, this soil exhibited a slow btut steady permeability increase.

There were no signs of migrating soil particles in any etffluent
samples collected from the four aniline treated cores. Apparently, aniline
is too weak a base to cause significant dissolution of clay soil compon—
ents. However, examination of the cores subsequent to the permeability
tests indicatad that the organic base caused extensive structural chaages
in thes upper half of the soil cores. The massive structure of the four
soils after treatment with standard ‘eachate was altered by aniline into an
aggregated structure characterized by visible pores and cracks in the
surface of the soils [Fig. 25(upper 1left)]. Fig. 25(upper right) shows
aggregated soil removed from the surface of the noncalcareous smectitic
clay soil. Tig. 25(lower two) details the platy soil structure exposed by
excavation of the soil surface.

According to the equation for intrimsic permeability, a2 permeznt fluid
with density and viscosity of aniline should result in soii permeapility
77% lower than that obtained with water. However, thie four soils tested
underwvent permeability increases of between 100%Z and 200% when permeated
with aniline. It appears that the predominant factor affecting permeabil-
ity was the ability of aniline to alter the structural arrangement of
particles making up clay soils.
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NEUTRAL FPOLAR ORGAKICS

Etlhiylene Glycol

Permeabilities of the four clay soils to ethyleme glycol are depicted
in Fis. 26. As with aniline-treated cores, permeability trends with ethyl-
ene glvcol showed little consistency with predicted iamtrinmsic permeability
values. The ratio of density to viscosity of ethylene glycol suggests that
resulting soil permeability should be only 5% of that obtained with water.
However, actual permeability values indicated that it was the ability of
ethylene glycol to alter the soil fabric that was the domirvating influence
on permeability.

Three of the clay soils treated with ethylene glycol showed initial
permecability decreases. The kaolinitic clay soil continued to undergo
. sermeability decreases as long as it was heing tested. The illitic clay
soil began showing a permeability increase after passage of 0.5 pore
volumes. In contrast, the calcareous smectite followed its initial pesrmea-—
bility decrease with a substantial increase, a second decrease, and finally
reached a nearly constant value that continued until the end of the test
period. Noae of the three clays that showed initial permeability decreases
ever reached permeabilities greater than 1 x 107/ cm sec b,

The noncalcareous smectitic clay soil treated with ethylene glycol
showed an initial rapid increase in parmeability and a slower but continu-
ous increase =zfter passage of 0.5 pore volume. Tts permeability exceeded
1 x 10”7 cn sec™ afte:s passage of two pore veolumes.

Permeability trends in ethylene glycol trezated cores emphasized the
need to pass at least one pore volume of an organic leachate to detemmine
if rhe fluid is likelv to affect permeability of a prospective clay liner,
In addition, if the permeability increases during the passage of the first
pore volume, an additional pore volume should be passed tarough the core to
determine the upper limit of the permeability increase.

Aceton2

Permeabilities of the four clay soils to acetone are given in Fig.
27. Three of the acetone~treated soils reached permeabilities in excess of
1 = 1077 cm sec”! prior to tne passage of one pore volume, while the cal-
careous smectitic soil exceeded this permeability within 1.5 pore volumes.

While density to viscosity ratio of acetone {2.4) indicates that
perrcability should increase 240% over values obtained with water. the
observed permeability increases actually exceeded 1000% for the acetone~
treated soils. The illitic and calcareo.> smectitic clay soils underwent
100 fold (10,000%) permeability increases, while the noncalcareous smecti~
tic clay soil had a 1,000 fold increase.
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FIG. 26. Permeability of the Four Clay Soils to Eihylene Glycol

It ‘is interesting to note that all soils treated with acetone had
initial permeability decreases. These decreases continued until passage of
approximately 0.5 pore volume. Ducing passage of the next 0.5 pore volume,
however, the soils uaderwent large permeability irncreases. One possible
explanation for this sequence of permeability changes is as follows:

1. The higher dipole moment of acetone czused lnitial increase in
interlayer spacing between adjacent clay particles as compared to
water only.
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2. As more acetcne passed thrcugh the soil cores, more water layers
were removed Irom clay surfaces. Due to 1ts larger molecular
weight, bPowsver, fewer acetone layers were adsorbed than bad
adsorbed when water was the only fluid present. This resulted in

a larger erizctive cross—-scctonal area available for fluild flow.

While acetone can displace water from clay surfaces due tu its higher
dipole moment, it cannot form as many adsorbed fluid layers as watar due to
its higher molecular weight.
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In a previous study conducted by Green et al. (1981), this sare
initial decrease 1in permeability occurred with three other acetone-treated
clay soils. Apparently, however, the tests were not of sufficient duration
to pass enough 5f a pore volume to chserve the large permeability increases
as occurred in the present study above 0.5 pore volunes. This iurther
illustrates the importance of passing at least one full pore volume of a
waste l-achate to determinc tow tne fluid will aifegct the parmeabdbility of a
clay liner.

Exzmination of the suil after acetene -restment showed extensive
shrinkage and cracking. Such soil shrinkage +5 wusualiy associated
with dehydration, indicating that acetone had e<tL:_-ted water from soil
particle surfaces.

Methauol

Permeabilities of the four soils treated with methanol and a break-
through curve for the illitic clay soil arve given in Fig. 28. As with
acetone-treated coil cores, soil permeated with msthanol reached permeabil-
ities greater than 1 x 107 cm sec™!. tnlike soils treated with acetone,
methanol-treated soils underwent no initial permeability decrease.

Percent methanol in the effluent from the illitic ciay soil paralleied
an increase in permeability of the soil. After passage of :.5 pore
volumes, the hvdra:lic gradient was reduced from 6}.! to 1.85 aad another
pore volume of methanol passed (Fig. 29). Afer ar. “nitial decrease, perme-—
ability of the soil steadily increased at the lower hydraulic eradient to a
value greater than ! x 1072 cm sec™l.

No particle migration was detected in effluent from nethanol~treated
cores, and therefore soil piring was discounted as a mechanism for observed
permeability increases. If these increases were due solely to the 1.46
density to viscosity ratio, permeability of the cores would have leveled at
values 150% of those obtained with water. Instead, the cores showed stezady
permeability increases to values greater than 1,000% (kaolinitic soil) and
10,000% (illitic and noncalcareous soils) of permeability values with
water.

Examination of methanol-treated soil cores tevealed development of
large pores and cracks viscible on the soil surface (Fig. 30). The lower
dielectric constant of metharol may have caused a decrease in interlayer
spacing of the clay minerals present in the soils and thereby promoted the
structural changes. Table 8 shows the trend relating dielectric constant
to interlayer spacing tor prownunol, another low molecular weight alcolol,
in wvarious concentrations of water. In the case of propanol treated clay,
it can be seen that both the dielectric constant of the fluid and the
interlayer spacing of the clay decrease. as the percentage propanol in the
fluid increased.
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NEUTRAL NONPOLAR ORGANICS

Xylene

Permeabilities and breakthrough curves of the four clay soils treared
with xylene are given 1in Fig. O5l. Xylene-treated soils showed rapid
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permeability incresses followed by nearly constant permeatilities roughly
two orders of magnitude greater than their permeabdilities to water.

Permeability increases due tu the ratio of density to viscosity of
xylene (1.07) accounts for only a 7% incrcase ir. permeability over valucs
ohtained with water. Since permeabilitv incr-ases averaged 10,000% (two
orders of magnitude), othe- mechanisms are ohv.ously involved. An indica-—
tion of these mechanisms was the structural changes in the xylene-treated
soils, exemplified by massive structure before treatment and blocky struc—
ture after the soils were treated with xvlene.

An earlier study by Greenm et ai. (1981) noted that neutral nonpolar
conmpounds such as xylene may greatly increase permeability of compacted
clay soils by causing the formation of shrinkage cracks. This study how-
ever, ervoneously listed the “cquilibrium coefficient of permeability™ for
the xylene-treated soils as the low permeability values obtained prior tn
the formation of che shrinkage cracks. The authors compoundrd this error
by plotting the artificially low permeability values for these aeutrzl non-
polar fluids versus dielectric constant and arrived at the follow.ng
conclusion: "All clay soils were move permeabls to wazter than tc organic
solv._nts.”

Permeabilities and breakthrough cvrves of the four clav soils treated
with heptane are given in Fig. 32. Prermeability petterns for cthe heptane
cores closely approximated those showr Ly the xylene treated cores, That
is, the cores underwent initial permeability increases of roughly 12,900%.
Following these initial large increases, rate of perweability increase
slowed until nearly coustant permeability values were observed.

Only the calcuareous sme:titic clay showed a significaat differenca ir
its permeability to the two neutral nonpolar liquids, with its permeability
tc neptane well below its perieability to xylene.

The constant permeability va‘ues eventually reached by the neutral
nonpoler treated cores were orob-bly related to the limited ability o
these fiuids to penetrate interlay:r spacas of the cley minerals. Permea-
bility trends for neutral nonpolar {luids differed from the continucus
permeability increases observed in clay soils treated with neutral polar
fluids, acetone and methanol, :

REINTRODUCTION OF WATER

As stated earlier, changes ir permeability for clay soils treated with
organic fluids do not follow trerds that would be predicred simply from
changes in viscosity and density of th~ permeant fluid. Fig. 23 gives the
permeability and breakthrough history of the noncalcareous smecticic clay
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soil sequentially permeated with woter (0.01IN CaSOQ), aniline, and water
(OoolN CaSU4)-

According to intrinsic permeability theory, more viscous aniline
shoul. render the soil lecs permeable than water. Tu fact, the oppousite
trend wis observed. Aniline increased permeability nearly two orders of
magnitude. Reintroduction of water caused a subsequent decrease in the
permeability of roughly one order of magnitude. Since reintroduction of
water did not return the soil to its ociginal permeability to water, there
was at least partially irreversible structural alterations caused by the
interaction of aniline with the compacted clay soil-

Water was also reintroduced on the noncalcareous smectitic clay soil
after the soi' hoad been treated with methanol and ethylene glycol (Table
17). The permeability trend (observed when wiier was reintroduced on the
aniline-treatued soil) also held fcr both the methanol and ethylene glycol-
treated soils.

USE OF ELEVATED HYDRAULIC GRADIENTS

Two elevated gradieats were used to shortin the time rcquired for
these permeability studies. A gradient of 361.f -2as vsed with the smecti-
tic clay svils and a gradient of 61.1 was used with both the illitic and
kaclinitic ciay soils, There were no signs of particle migration or turbu-
lent flow in the neutral or basic organic fluid trearved clay scils at
either gradient. 1In addition, the zrudients usel did not appear to affrect
the permeability trend —stablished by water or the organic fluids.

A disadvantage of using the higher gradient (261.6) was the ravidity
with which permeability changes occurred. On several occasiois, an

TABLE 17: PERMEABILITY OF NONCALCAREOUS SMECTITIC CLAY 307TL
TO THE FOLLOGWING FLUID LEGUENCE: WATER (C.CIN ZasOj)-
TCST FLUID-WATER (0.0IN CCSOA)

Initial Permeability Permeability Final Permeability
Test to Water (0.0IN CaS0;)| to Test Fluid |to Watar (0.0IN CaSQ,)
Fluid (cn sec™l) (er sec™l) (cm sec”l)
Aniline 2.91(#0.23) x i07? 2.2 x 1077 2.3 x 1078
Methanol 1.55(20.17) x 107 1.1 x 1076 6.0 x 078
Ethylene
Glycol 1.39(£0.15) x 1079 3.1 x 1077 i.1 x 1077
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increase occurred s¢ quickly that the entire fluid reserveir was depleted
before the end of a samplinz period, thes permitting air to blow through
and denydrate the soil.

There were two main advantages of using the low hydraulic gradient
(€1.1). TFirst, the lower gradient retained the advantage of a stortened
testing time. Secondly, permeability changes at the lower gradient
occurred slowly enough to obtain several points along a changing
permeability curve.
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APFENDIX A

MOISTURE-DENSITY-PERMEABILITY RELATIONS PATA

TABLE A-l. MOISTURE-DENSITY-PFRMEABILITY RELATIONS OF
NONCALCARECUS SMTCTITE SOIL

~ Water Content ~ Dry Density Permeability

(% of Dry Density) (km~3) (em sec” 1)
14.1 13.7 1.55 x 107/
16.6 14.2 2.51 x 1078
17.8 14.8 ND
26.0 15.0 1.50 x 1079
21.7 14.7 2.54 x 1079
21.8 i&.5 ND

ND - not determined.
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TABLE A-2.

MOISTURE-DENSITY-PERMEABILIVY RELATIONS Of

CALCAREQUS

SMECTITE SOIL

Warer Content

Dry Dengity

Permeability

(% of Dry Density) (kNm"3) (cm zec™t)
15.9 12.1 7.00 x 1676
16.4 12.6 ND
18.0 13.3 1.75 x 1070
20.0 13.5 2,13 x 1077
20.7 14.5 ND
22.1 14.4 6.13 x 1078
22.6 14.4 ND
23.3 13.7 5.24 x 1077
23.5 14.1 4,49 x 1079

ND - not determined.
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TABLE A-3. MOISTURE -DENTITY-PERMEABILITY RELATIONS OF

MIXED CATION OF KAOQ

LINITE SOIL

Water Content Dry Density Permeability
(% of Dry Density) (k:\'m‘B) (cm sec™?)
16.2 15.7 6.23 » 1070
18.8 16.4 4.29 x 1678
21.7 16.0 1.78 x 1078
21.7 16.2 1.98 x 1078
22.0 16.1 1.32 x 1078
22.3 15.7 2.06 x 1078
23.9 15.4 1.70 x 1077
24.6 15.2 2.61 x 1077
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TABLE A-4.,

MOISTURE-DENSITY--PERMEABILITY RELATIONS OF

ILLITE SOIL

Water Content

Dry Density

Permeability

(% of Dry Density) (xNp~3) (cm sec™t)
15.6 16.4 8.83 x 1078
17.3 16.5 5.23 x 107¢
19.0 16.6 6.94 x 1079
20.2 16.5 5.03 x 1079
22.1 16.5 ND
24.7 15.6 3.55 x 1072
25.2 15.4 3.49 x 1079
26.5 13-1 4.83 x 1079

ND - not determined.
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APPENDIX B

PHYSICAL DATA ON THE SOIL COLUMNS USED IN THE STUDY

TABLE B~l. DATA ON THE NONCALCAREOUS SMECTITE SOIL COLUMNS PREPARED FOR THE PERMEABILITY STUDIES

it

Compaction Dry Density Dry Density Porosity Pore Volume
Water Before After % After After
Content Swelling Swelling Swelling Swelling Swelling
(% dry density) (kNm™3) (kim™3) (em”)

21.7 14,7 14.7 4 0.444 4l€
20.0 15.0 14.4 4 0.432 405
20.0 14.9 14,3 4 0.437 409
20.0 14.8 14.4 3 0.434 407
2105 1406 14;0 l' O.IQ’EB 419
21.5 15.3 14,6 5 3.426 399
21.5 15.1 14.5 4 0.428 401

21.7 14.8 14.2 4 0.439 411




491

TABLE B-2. DATA ON THE CALCAREOUS SMECTIVE SOIL COLUMNS PREPARED FOR THE PERMEABILITY STUDIES

Compaction bry Density Dry Density Porosity Pore Vo.ume
Water Before After z After After
Content Swelling Swelling Swelling Swelling Swellirg
(% dry deneity) (k™) (kNe™3) (cm’)

23.3 13.5 12.5 7 0.502 471
23.5 14.0 13.2 6 0.473 443
23.3 13.6 12.% 6 0.488 457
23.3 14.1 13.0 8 0.478 448
23.3 13.7 12.7 7 (¢.493 462
23.5 14.0 12,9 8 0.436 455
23.5 14.0 12.9 8 0.485 454

23.3 13.3 12.3 38 0.510 478
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TABLE B-3. DATA ON THE MIXED CATIOU KAOLINITE SOIL COUUMNS PREPARED FOR THE PERMEABILITY STUDIES
Compaction Dry Density Dry Density Porosity Pore Volume
Water Before After % After After
Content Swelling Swelling Swelling Swelling Swelling
(% dry density) (k¥n~3) (kNo™3) (cm3)

22.3 15.7 15.7 0 0.418 395
21.7 16.1 16.1 0 0.400 373
21.7 16.0 16.0 0 0.407 385
22.0 16.1 16.1 0 U.404 381
22.2 15.7 15.7 0 0.418 395
22.3 15.5 15.3 0 0.433 409
21.7 15.7 15.7 0 0.6418 395

15.4 15.4 n 0.429 405
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TABLE B-4.

DATA ON THE MIXFED CATION ILLITE SOIL COLUMNS PREPARED FOR THE PERMEABILLTY STUDIES

Compaction Dry Density Dry Deusity Porosity Pore Volume
Water Before After % After After
Content Swelling Swelling Swelling Swelling Swelling
(% dry density) (kNm™2) (kNm™3) (em?)

25.1 15.6 15.2 2.5 0.425 398
26.5 15.1 14.8 2.1 0.441 413
25.2 8.4 15.0 2.5 0.432 405
25.6 15.4 15.0 2.3 0.432 405
26.9 15.4 15.1 2.0 0.430 402
24,7 15.6 15.2 2.6 0.426 339
25.4 15.6 15.0 2.4 0.435 408
24.8 15.5 15.1 2.6 0.431 404




PERMEABILITY DATA ON THE SOIL COLUMNS USED IN THE STUDY

APPENDIX C

TABLE C~1. PERMEABILITY HISTOKY FOR THE NGNCALCAREOQOUS SMETITIC CLAY
SOIL PERMEATED WITH H20 (0.J1IN Casoé) ( CONTRCL)
(PORE VOLUE = 415 cnd; HIDRAULIC GRADIENT = 361.5)

X T Volume Pore
(cn sec™ 1) (sec) (mls) Volume
2.15 x 1079 6.912 x 10° 43.0 0.51
i.97 x 1079 6.912 x 10° 39.5 0.41
1.8) x 1079 6.912 x 10° 36.0 0.32
2.40 x 1079 6.912 % 1¢° 48.0 0.23
2.37 x 1079 6.912 x 10° 47.5 0.1
“Fluid 1n” continued with H,0 (C.CIN CaS0,) 0.0
1.97 x 10792 6.912 x 10° 39.5 0.09
2.06 x 1072 6.912 x 10° 0.0 0.19
2.00 x 1079 6.912 x 10° 50.0 0.29
2.42 x 1079 6.912 x 197 48.5 0.40
2.35 x 1079 6.912 x 107 47.0 0.52
2.50 x 1677 6.912 x 10° £0.0 .64
2.32 x 1079 6.912 x 10° 46.5 0.75
2.50 x 1072 6.912 x 10° 50.0 0.27
2.52 x 1079 6.912 x 107 50.5 0.99
2.55 x 1077 6,912 x 10° 51.0 1.11
2.45 x 1079 5.912 x 10° 49.0 1.23
2.62 % 1079 6.912 x 10° 52.5 1.36
2.45 x 1079 6.912 x 10° 49.0 1.47




TABLE C-2.

PERMEABILITY HISTORY FOR THE NONCALCAREGUS SMETITIC CLAY
SOIL PERMEATED WITH ﬁ20 (0.01N CaSOA) FOLLOWED BY ACETIC

ACYD
(POGRE VOLIME = 407

3.

c<m” s

HYDRAULIC GRADIENT = 361.6)

K T Volume Pore
(cn sz 1y (sec) (mls) Volume
1.65 x 1079 6.912 x 107 33.0 0.47
1.92 x 1079 6.912 x 107 38.5 0.39
1.65 x 10™9 6.912 x 103 33.0 0.29
1.45 x 1079 6.912 » 103 29.0 0.21
1.52 x 1979 6.912 x 10° 30.5 0.14
1.37 x 1079 6.912 x 13° 27.5 0.07
"Fluid In" changed from H,0 (0.0IN CaSO,) to Acetic Acid 0.0
1.75 x 1079 6.912 x 107 35.0 0.909
1.37 % 1079 6.9i2 x 107 27.5 0.15
1.02 x 1072 6.912 x 107 20.5 0.20
6.50 x 10710 6.912 x 13 13.0 0.24
4.75 x 10710 1.382 x 16 19.0 0.28
5.87 x 10710 1.382 x 107 15.5 .32
4.62 x 10710 1.282 x 109 18.5 6.37
4.25 x 10”10 1.382 x 196 17.0 0.41
2.62 x 10”10 1.382 x 106 19.5 0.43
1.96 x 1072 1.382 x 108 78.5 0.63
2.77 x 1072 1.382 x 1c6 111.0 0.30
6.26 x 1079 1.382 x 100 250.5 1.51
9.85 x 1077 1.037 x 166 296.0 2.24
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TABLE C-3.

~

J

PERMEABILITY HISTORY FOR THE NONCALCAREOQUS
SOIL PERMEATED WITH HZ

SHMETITIC CLAY

(0.01IN CasSO,) FOLLOWED BY ANILINE

(PORE VOLUME = 419 cm3; HYDRAULIC GRADIENT = 361.6;

Effluent K T Volume Pore
Hy0(%) Aniline(Z) (cm sec™) (sec) (mls) Volume
100 0 3.00 x 1079 6.912 x 10° 60.0 0.55
100 0 2.95 x 1079 6.912 x 10° 59.0 0.£1
100 0 3.10 x 1579 6.912 x 107 62.0 0.27
100 0 2.57 x 1079 6.912 x 10° 51.5 0.12
“Fluid In" changec [rom H,0 (0.0IN CaS0,) to Aniline 0.0
109 0 2.52 x 1079 6.912 x 10° 50.5 0.12
V87 ~13 3.00 x 1079 5.64 x 10% 7.5 0.14
19 .81 3.41 x 1078 4.50 x 10% 44.5 0.24
16 N84 6.64 x 1078 1.17 x 10 22.5 0.30
N 10 ~ 90 8.94 x 1078 1.158 x 104 30.0 0.37
<10 >90 2.28 x 1077 1.135 x 10% 75.0 0.55
Trace " 100 2.17 x 1077 1.638 x 10° 103.0 0.79
Water (0.01N Caso,-‘) reintroduced as the "Fluid In” (0.0)
Trace " 100 1.60 x 1078 8.64 x 10% 40.0  0.89(0.10)
n9 A 91 4.22 % 1078 8.64 x 10% 105.5  1.14(0.35)
n 35 ~n 65 3 20 x 1078 8.64 x 10% 80.0  1.33(0.54)
A 169 Trace 1.56 x 1078 8.64 x 10° 319.0  1.43(0.63)
~ 100 Trace 1.96 x 1078 8.66 x 104 49.0  1.54(0.75)
NG 96 2.50 x 1078 8.64 x 10% 62.5 1.69(0.90)
"~ 100 Trace 2.40 x 1078 8.64 x 10° 60.0  1.84(1.04)
~ 100 Trace 2.28 x 1078 8.64 « 10* 57.0  1.97(1.18)

1

1

7




TABLE C-4. PERMEABILITY HISTORY FOR THE NONCALCAREOQUS SMETITIC CLAY
SOIL PERMEATED WITH 520 (D.01N CaSO,) FOLLOWED BY ETHYLENE
GLYCOL

(PORE VOLUME = 41! cm3; HYDRAULIC GRADIENT = 361.6)

K T Volumze vore
(em sec™l) (sec) (zls) Volume
1.42 x 1079 1.382 x 16° 57.0 0.54
1.22 x 1079 6.012 x 105 24.5. 0.41
1.49 x 1079 6.912 x 10° 28.0 0.35
1.50 x 1079 6.912 x 10> 30.0 0.28
1.52 x 1072 6.912 x 10° 30.5 0.20
1.52 x 107° 6.912 x 10° 30.5 0.13
1.17 x 1079 6.912 x 102 23.5 0.06
“Fluid In” chauged from H,0 (0.0IX €CaS0;) to Ethylene {lycol 0.0
1.40 x 1073 6.912 x 10° 28 4 6.07
1.20 x 1079 3,456 x 102 12.0 | 0.10
4.00 x 1079 8.64 x 10% 19.0 0.12
7.59 x 1072 8.64 x 10* 19.0 0.17
8.79 x 1977 8.64 x 10% 22.0 0.22
2.08 x 1078 " 8.65 x 104 52.0 0.35
5.51 x 1078 8.64 x 10% 138.0 0.68
6.87 x 1078 8.64 x 10° 172.0 1.10
1.68 x 1y~7 8.64 x 104 420.0 2.12
1.80 x 1077 4.80 x 103 25.0 2.18
2.24 x 1077 3.84 x 103 25.0 2.24
2.15 x 1077 3.54 x 103 22.0 2.29
{Continued)
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TABLE C-4. CONTINUED

K T Volune Pore

(cn sec"l) {sec) (mls) Volume
2.40 x 1078 1.32 x 103 9.0 2.32
3.07 x 1077 3.60 x 103 32.0 2.40
2.92 x 1077 3.30 x 103 28.% 2.46
z.88 x 1077 1.56 x 163 13.0 2.50
2.04 x 1077 4.74 x 103 2.0 2.556
2.47 x 1077 3.90 x 103 26.0 2.63
3.i19 x 1077 2.88 x 103 26.0 2.70
3.07 x 1077 3.60 x 103 32.0 z.72
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TABLE C-5.

PERMEABILITY HISTORY FOR TEE NONCALCARFOUS SMETTTIC CLAY
SOIL PERMEATED WITH HZO (0.0iN CaS0,) FGLLOWED 3Y ACETONE

(PORE VOLUME = 399 cm3; HYD?AULIC GRADIEST = 361.6)
K T Volume Pore
(cm sec™!) (sec) (mls) Volume
1.29 x 1079 1.382 x 108 51.5 0.46
1.02 x 1079 6.912 x 10° 20.5 0.3t
1.5 x 1079 6.912 x 10° 23.0 0.28
1.15 x 107° 6.912 x 10° 23.0 0.23
1.10 x 1079 6.912 x 103 22.0 0.17
1.25 x 1079 6.912 x 10° 25.0 0.11
1.02 x 1079 6.912 « 10° 20.5 0.05
“Fluid In" changed from Hy0 (0.0IN CaSOA) to Acetone ¢.0
1.30 x 1079 6.912 x 16 26.9 .06
1.12 x 1079 6.512 x 10° 22.5 0.12
1.10 x 1078 6.912 x 10° 22.0 0.18
7.49 x 10710 6.912 x 10° 15.0 .21
7.24 x 10710 6.912 x 10° 14.5 0.25
6.49 x 10710 6.912 x 10° 13.0 0.22
5.49 x 10710 6.912 x 10° 11.0 .31
4.99 x 10710 6.912 x 10° 10.0 0.34
4,00 x 10710 6.912 x 103 8.0 0.36
3.75 x 10710 6.912 x 107 7.5 0.37
3.75 x x 19710 6.912 x 10° 7.5 .39
4.24 x 10710 6.912 x 103 8.5 0.61
(Continued)
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TABLE C-5. CONTINUED

K ! Volune Pore
(ca sec™!) (sec) (mls) Volume
4.00 x 10710 6.912 x 10° 8.0 0.43
4.00 x 10710 6.912 x 10° 8.0 0.45
7.66 x 10710 5.184 x 10° 11.5 0.48
i.i2 x 1078 8.640 x 10% 28.0 0.55
8.95 x 1078 1.080 x 10% 28.0 0.62
6.71 x 1077 3.600 x 103 70.0 0.80
8.06 x 1077 3.600 x 103 84.0 1.01
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TABLE C-6. PERMEABILITY HISTO2Y FOR THE NONCALCAREOUS SMETITiC CLAY
SOIL PERMEATED WITH H20 (0.01N €as0,) FOLLOWED BY METHANOL

(POXE VOLUME = 401 cm3; HYDRAULIC GRADIENT

K T Volume Pore

(cn sec™D) (sec) (mls) Volume
1.37 x 1079 6.912 x 10° 21.5 0.46
1.40 x 1079 6.912 x 107 28.0 0.40
1.47 x 1079 6.912 « 10° 29.5 .32
1.65 x 1079 6.912 x 10° 33.0 0.25
1.82 x 1079 6.912 x 10° 36.5 0.17
1.57 x 1079 6.912 x 10° 31.5 0.08
“Fluid In” changed from H,0 (0.01X CaSO,) to.Methanol 0.0
1.72 x 1079 6.912 x 10° 34.5 0.09
2.31 = 1079 6.048 x 10° 40.5 0.19
6.79 x 1079 8.640 x 10% 17.0 0.23
2.18 x 1078 8.640 x 10% 54.,° .36
3.84 x 1078 4.500 x 103 5.0 0.38
3.66 x 1077 4.200 x 103 44.5 0.49
1.12 x 1076 2.580 x 103 84.0 0.70
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TABLE C-7.

PERMEABILITY HISTCIY FOR THE NONCALCAREOUS SMETITIC CLAY

SOIL PERMEATED WITH Hy0 (0.CIN CaSO,) FOLLOWED BY YYLENE
(PORE VOLUME = 409 cm’; HYDRAULIC GRADIENT = 361.6)

Fffluent K . T Volume Pore
H,07%) Xylene(%) (cm sec™) (sec) (mls) Volumo
100 0 1.63 x 1079 5.184 x 10° 24.5 0.40
100 0 1.55 x 1079 6.912 x 10° 31.0 0.34
100 0 1.20 x 1079 6.912 x 10° 24.0 0.27
100 0 1.17 x 1079 6.912 x 10° 23.5 0.21
100 0 1.62 x 1079 6.912 x 10° 32.5 0.15
100 0 1.47 x 1079 6.912 » 10° 29.5 0.07
"Fluid Tn" changed from H,0 (0.0IN CaS0;) to Xylene 0.u
100 0 1.30 x 1679 6.912 x 10° 6.0 0.06
100 0 1.34 x 1079 6.048 x 10° 23.5 9.12
N26 NI 7.59 x 1079 8.540 x 19° 19.0 0.17
N1 99 3.56 x 1078 8.640 x 1% 9.0 0.38
Trace  ~100 >4.00 x 1077 8.640 x 10% >1000% >2.82

* Entire volume of the fluid chanber (“1 liter) was releas:d within one
sampling period (24 hrs) resulting in air blowing thirough the core.
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TABLE Cc-8.

PERMEABILITY HISTORY FOR THE NCNCALCAREQUS SMETITIC CLAY
f0Ii. PERMEATED WITH HEQ (0.318 CaSO,) FOLLOWED BY HEPTANE

{PORE VOLUME =

405 cm3;

s

HYDRAULIC GRADIENT = 361.3)

Effluen:

K T Volune Pore
Ho0(%) Geptanel %) (cz sec™h) (sec) (als) Volume
100 0 1.62 % 1079 6.912 x 107 32.5 0.43
100 0 1.57 x 107° 6.912 % 10 31.0 0.35
100 G .27 x 1079 6.912 x 10° 25.5 0.27
100 o 1.47 x 1079 6.912 = 162 29.5 0.21
190 0 1260 x 1077 6.912 x 10° 32.0 0.13
100 0 1.50 » 1079 5.184 x 10° 22.5 0.06
"Fluid In" changed from HyU (ﬂtQIN CaS0,) Heptane 0.0
100 0 1.33 x 1072 5.184 x 103 20.0 0.05
100 ¢ 1.50 x 1079 6.912 x 10° 30.0 0.12
18 n82 1.08 x 3078 8.640 x 10% 27.0 0.19
Trace  ~193 >5.00 x 1077 £.660 x 10° 100G* 2.65

-

3

tire volume of the fluid chamber (V1 liter) was released within one
samplang pe-iod (24 hrs) resuiting in air blowing through the core.
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TABLE C~9. PERMEABILITY HISTORY FOR THE CALCAREQUS SMETITJ< CLAY
SOIL PERMEATED WITH H20 (0.01N CaSO,g.) (CONTROL)

(PORE VOLUME = 471 cm3; HYDRAULIC GRADIENT = 361.6)

K N Volume . lore
(cm se(:'l) (sec) (mls) Volume
7.32 x 1079 5.184 x 10° 110.0 0 9
8.22 x 1079 5.184 x 10° 123.5 0.26
“Fluid In" continued with Hy0 (0.0IN CaS0,) 0.0
8.94 x 1079 6.912 x 107 179.0 G.38
7.27 x 105 6.912 x 107 145.5 0.69
7.47 x 1079 6.912 x 10° 149.5 1.0:
6.49 x 1079 6.912 x 107 130.0 1.28
5.77 x 1079 6.912 x 10° 115.5 1.53
5.42 x 1079 6.912 x 107 108.5 1.76
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TABLE C-10. PZRMEABILITY HISTORY FOR THE CALCAREOUS CMETITIC CLAY
SOIL PERMEATED WITH HZO (0.01IN CaSO,) FOLLOWED BY ANILIXE

(FORE VOLUME = 454 cm®; HYDRAULIC GRADLENT = 361.6)

Effluent K : T Volurme Pore
H,0(%) Anilinel) (cm sec™!) (sec) (mls) Volume
100 0 7.29 x 107% €.912 x 10% 146.0 0.56
100 0 5.67 x 1079 6.912 x 174 113.5 0.24
“Fluid In" changed from Hy0 (0.0IN CaSC,) to Aniline 0.0
100 0 7.04 x 1079 3.456 x 10% 70.5 0.15
100 0 1.12 x 1078 1.728 x 10% 56.0 0.27
96 "4 8.63 x 1078 8.540 x 10% 216.0 0.74
90 30 4.80 x 1078 8.640 x 10% 120.0 1.00
<10 >90 2.32 x 1078 8.640 x 10% 58.0 1.13
Trace 100 2.52 x 1078 5.640 x 10% 63.0 1.2€
Trace 100 3.08 x 1078 8.640 x 10° 77.0 1.42
Trace  ~100 3.28 x 1078 8,640 % 10% 82.0 }.61
Trace 100 4.12 x 1078 8.659 x 10% 103.5 1.83
Trace 100 2.36 x 1078 8.640 x 10% 84. 2.01
Trace ~IGI 4.60 x 1078 8.6¢0 x 10% 115.0 2.26
Trace ~100 4.96 x 1078 §.640 x 0% 124.0 2.53
Trace ~l00 3.96 x» 10738 8.640 x 104 9.0 2.7
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TABLE C-l11.

PERMFEABILITY HISTORY FOR THE CALCARECUS SMETITIC CLAY
SOIL PERMEATED WITH HZO (0.018 Cas0,) FOLLOWED BY ACETIC

ACID

(PORE VOLUME = 448 cm

3

HYDRAULIC GRADIENT = 341.6)

X T Volune Fore
(cn sec™ 1y (sec) {mls) Volune
2.52 x 1079 6.912 x 10° 50.5 0.29
5.19 x 1079 5.1€4 x 107 78.0 0.17
“Fluid In" changed from H,0 (0.0IN CaSO,) to Acetic Acid 3.0
4.66 < 1077 6.912 x 192 93.0 0.21
1.57 » 1079 6.912 x 107 31.5 0.28
8.74 x 10749 6.912 x 10 17.5 0.32
4.5¢ x 10710 6.912 x 10° 9.0 0.34
2.05 x 10710 6.912 x 10° 4.0 0.34
9.99 x 1o~ 1.037 x 10% 3.0 0.35
4.99 x 1071t 6.512 x 10° 1.0 0.35
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TABLE C-i2. PERMEABILITY HISTORY FOR THE CALCAREOUS SMETITIC CLAY
SOTL PERMEATED WITH H,0 (C.DIN CaSU,) FOLLOWED BY ETHYLENE
GLYCOL

{PORE VOLUME = 478 cmg; HYDRAULIC GRADIENT = 361.6)

K T : Volume Pore
(em sec™}) (sec) (mls} Volune
5.12 x 1679 6.912 x 107 102.5 0.39
4.22 x 1079 6.9:2 x 103 84.5 0.18
"Fluid In" changed from H-0 (0.0:iN CaSO,) to Ethylene Glycol 0.0
6.07 x 1077 6.°12 x 107 121.5 0.25
5.29 x 1079 1.728 x 105 26.5 0.31
5.39 x 1079 8.640 x 10% 13.5 0.34
1.60 x 1072 8.640 x 10% 4.0 0.35
1.08 x 1078 8.640 x 10% 27.0 0.4¢
8.79 x 1072 8.640 x 10% 22.0 0.45
1.i2 x 1078 3.640 x 10% 28.0 .51
1.12 x 1078 8.640 x 10% 28.G 0.56
1.64 x 1078 8.640 x 10% 41.0 0.65
2.32 x 1078 8.640 x 10% 58.0 0.77
5.27 x 1078 8.640 x 10% 132.0 1.05
1.86 x 1078 3.456 x 107 186.0 1.44
1.84 x 1078 3.456 x 105 184.0 1.82
1.71 x 1078 3.456 x 103 171.0 2.18
1.72 x 1078 3.456 x 109 ‘ 172.0 2.54
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TABLE C-13.

PERMEABILITY HISTCIY FOR THE CALCAREOUS SMETITIC CLAY
SOIL PERMEATED WITH H2O (0.0IN Ca50,) FOLLOWED BY ACETONE

(FORE VOLUME = 455 cm3; NYDRAULIC GRADIENT = 361.6)

K T Volume Pore
(ca sec” D) (sec) {mls) Volune
2.82 x 1079 6.912 x 107 56.5 0.46
3.44 x 1079 6.912 x 10° 69.0 0.33
4.14 x 1079 6.912 x 10° 83.0 0.18
“Fluid I~" changed from H,0 (0.0IN CaSOa) to Acetone 0.0
4.32 x 1079 6.912 x 10° 86.5 .19
3.27 x 1079 6.912 x 10° 5.5 0.33
9.99 x 1077 8.640 x 10% 23.0 0.39
1.12 x 1078 8.640 x 1C% 28.0 0.45
>4.00 x1077 8.640 x 10% >1000% ' 32.65

* Entire vc.ume of the fluid chamber (v1 liter) was released within one
sampling period (24 hrs) resulting in air blowing through the core.
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TABLE C-~14. FERMEABILITY HISTORY FOR THE CALCAREOUS SHMETITIC CLAY
SOIL PERMEATED WITH HZO (0.917 Cas0,) FOLLCWED BY METHANOL

{PORE VOLUME = 454 Cm3; HYDRAULIC GRADIENT = 361.6)

K ~ Volume Pore
(cm sec™}) (sec) (mls) Volume
4.70 x 1079 6.912 x 107 94.0 0.39
5.43 x 1079 5.184 % 10° 81.5 0.18
"Fluid In" changed from Hy0 (0.0IN CaSO,) to Methanol 0.0
5.12 x 1079 6.912 x 10° 102.5 0.22
5.19 x 1079 8.640 x 10% 13.0 0.25
4.0 x 1077 8.640 x 10% >1000% >2.45

* Entire vclume of tha fluid chamber (V1 liter) was released with’n one
sampling period (24 nrs) resclting in ailr blowing through the core,
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TABLE C-15.

PERMFABILITY HISTOKY FOR THE CALCAREQUS SMETITIC CLAY

(PORE JOLUME

478 cm3; HYDRAULIC GRADIENT = 361.6)

SOIL PERMEATED WITH H,0 (0.01% CzSC,) FOLLOWED BY XiLENE

Effluent K T Volume Pore
H,0(%) Xylene(Z) (cm sec™}) (sec). (mls) Volume
100 0 5.5. x 1079 6.912 x 10° 111.5 0.41
100 0 5.69 x 1072 5.18% x 107 85.5 0.18
“Fluid In" chznged from‘qxo (0.01N CaS0,) to Xylene 0.0
100 0 5.4¢ x 1079 3.456 x 10° 54.0 0.11
100 0 4.79 1 1079 8,660 x 104 12.0 0.14
n26 A4 1.70 ¢ 1078 8.640 x 10% 425 0.23

14 n86 4.5¢ x 1078 5.280 x 103 7.0 0.24
Trace  A100 4.4% x 1076 3.600 x 10> 462.0 i.21
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TABLE C-16. PERMEABILITY HISTORY FOR Ti!F CALCAREJUS SMETITIC CLAY
SOIL PERMEATED WITH Hzo (0.0C1N CaSO4) FOLLOWED BY HEPTARE

(FORE VOLUME = 443 cm3° HYURAUL1C GRADIENT = 361.6)

Effluent ' K T Volune Pore
Hy0(%) Hepotane(%) (cm sec™)) (sec) (mls) Volume
100 0 ©3.37 x 1679 6.512 x 10° 67.5 0.28
100 0 3.90 x 1079 5.184 x 10° 58.5 0.13
"Fluid In" changed from Hy0 (0.0IN CaS0,) to Heptane 0.0
100 0 3.86 x 1679 5.184 x 10° 58.0 0.13
A5 65 1.02 x 1078 8.640 x 10% 25.5 0.19
Trace ~100 2.81 x 1078 4.920 x 103 40 0.20
v < 96 2.48 x 1077 3.900 x 103 28.0 0.26
Trace 100 1.76 x 1077 8.640 x 10% 440.0 1.25
Trace ~190 1.73 x 1077 8.640 x 10% 432.0 2.23
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TABLE C-17. PERMEABILITV HISTORY FOR THE MIXEL CATION KAOLINITE CLAY
SOIL PERMEATED WITH H,0 (0.0IN Cas0;) {CONTROL)

(PORE VOLUME = 395 ca’: HYDRAULIC GRADIENT = 61.1)

K v Voluma Pore

(ca sec™ 1) (sac) (mls) Voluma
2.04 x 1078 1.602 % 10° 16.0 O.l4
1.79 x 1078 1.765 % 167 15.5 0.10
1.9¢ x 1078 2.475 x 10° 25.0 0.06

. "Fluid In" continued with H,0 (0.01X CaS0,) 0.0

2.35 x 1078 6.912 x 10° 79.6 0.20
2.47 x 1078 6.912 x 107 83.5 0.41
2.56 x 1078 6.912 x 10° 86.6 0.63
2.43 x 1078 6.912 x 10° 82.1 0.84
2.76 x 1078 6.912 x 107 93.3 1.08
2.23 x 1078 6.912 x 10° 75.6 1.27
2.06 x 1078 6.912 x 10° 69.7 1.4%
2.05 x 1078 6.912 x 10° 69.4 1.62
2.06 x 1078 5.184 x 10° 52.2 1.75
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TABLE C-18.

PERMEABILITY HISTGRY FOR THE MIXED CATION KAOLTHITE CLAY

SOIL PERMEATED WITh HEO (0.01N Cas0,) FCLI.OWED BY ACETIC

ACID

(PORE VOLUME = 381 cm3; HYDRAGLIC GRADIEXT = 61.1)

K T Volure core
(cm sec_l) (sec) (mls) Volume
1.27 x 1078 3.367 x 10° 21.0 0.10
1.32 x 1078 7.475 x 10° 16.0 0.04
"Fluid In" changed from H,C (0.01IN CaSO;) to Acetic Acid 0.0
9.78 x 1072 5.912 x 10° 33.1 0.09
3.64 x 1079 6.912 x 107 12.3 0.12
3.55 x 1072 6.912 x 10° 12.0 .15
3.40 x 1079 6.912 x 10° 11.5 .18
3,58 x 1072 6.912 x 10° 12.1 0.21
2.30 x 1079 6.912 x 10° 7.8 0.23
3.58 x 107 6.912 x 102 12.1 3.26
1.98 x 107° 6.912 x 10° 6.7 0.28
<1.6 x 10711 1.382 x 108 0 0.28
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TABLE C-19.

PERMEABILITY HISTGRY FOR THE MIXED CATION KAOLINITE CLAY
SOIL PERMEATED WITR H>0 (6.CIN CasO;) FOLLOWED BY ANILINE

(PORE VOLUME = 395 cad; HYDRAULIC GRADIENT = 61.1)

Effluent K T Volune Pore
Hy0(%) Aniline(%) (em sec™!) ’sec) (nls) Volume
100 0 1.52 x 1078 3.367 x 10° 25.0 0.11
100 0 1.49 x 1078 2,475 x 10° 18.0 0.04
“Iluid In" chaaged from H,0 (0.C'N CaSO,) to Aniline C.C
100 0 1.09 x 1078 6.912 x 107 36.9 0.09
;100 ) .47 x 1078 6.912 x 10° 49.8 0.22
100 0 2.06 x 1078 6.912 x 10° 69.7 0.40
100 d 2.21 x 1078 6.912 x 10° 74.8 0.58
~100  Trace 2.90 x 1078 6.912 x 10° 98.1 0.83
90 N 10 5.68 x 1078 1.728 = 10° 4£8.0 0.96
<10 <90 9.66 x 1073 1.728 x 10° 81.7 1.16
Trice 100 1.05 x 1077 1.728 x 10° 89.0 1.39
Trace  ~100 1.00 x 1077 3.456 £ 10° 170.0 1.82
Trace 100 2.51 x 1077 1.668 x 10° 205.0 2.4
Trace 100 3.17 x 1077 1.266 x 107 18.7 2.38
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TABLE C-20. PERMEABILITY HISTORY FOR THE MIXED CATION KAOLINITE CLAY
SOIL PERMEATZD WITH “20 (0.01N CasS9O,) FOLLOWED BY ETHYLENE
GLYCOL

(PORE VOLUME = 408 cm3; HYDRAULIC GRADIENT = 61.1)

K T Volum= Pore

(cm sec’l) (sec) (mls} Volune
1.5z » 1078 3.367 x 135° 25.0 0.11
1.57 x 1078 2.475 x 10° 19.0 0.05
"Fluld Ir" changed from H,0 (0.0IN CaSO,) to Ethylene Glycol 0.0
1.68 x 1078 6.912 x 10° 56.7 0.3
9.64 x 1072 6.912 x 10° 32.6 .22
S.44 x 1079 6.912 x '0° i8.4 0.27
4.17 x 1079 6.9:2 x 10° 14.1 0.30
4.76 x 1077 6.912 x 10° 16.1 0.34
4.52 x 1977 €.912 x 107 15.3 0.38
5.65 x 1672 6.912 x 16° 19.1 0.43
4.38 % 1079 6.912 x 105 14.8 0.47
3.31 x 1077 6.912 x 107 11.2 0.50
2.56 x 1672 6,912 x 107 8.6 0.52
2.36 x 1079 8.640 x 10% 1.0 0.52
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TABLE C-21. PERMEABILITY HISTORY FOR THE MIXED CATION KAOLINITE CLAY
SCIL PERMEATED WITH HZO (0.01N CaSU.) FOLLGWED BY ACETONE

{PORE VCLUME = 408 cm3; HYDRAULIC GRADTENT = 61.1)

X T Yolunme Pore
{ca sec‘l) {sec) (mls) Volume
1.91 x 1078 1.602 x 107 15.0 0.14
1.97 x 1078 1.765 x 10° 17.0 6.10
2.15 x 1678 2.475 x 102 26.0 0.06
“Fluid In" changed from H,0 (0.01N CaSO,} Acetone 0.0
2.77 x 1073 3.456 x 10° 46.9 0.11
2.06 x 1078 3.456 x 107 34.5 0.20
1.31 x 1¢78 2.456 x 107 22.% 0.25
1.24 x 1078 3.456 x 107 21.0 0.31
1.42 x 1078 3.456 x 107 24.2 0.36
2.14 x 1078 3.456 x 10° 36.2 0.45
3.74 % 1078 ©1.728 x 10° 31.6 0.53
6.15 x '0°8 5.640 x 104 76.0 0.59
1.8 x 1077 4.320 x 10% 40.0 0.69
3.55 x 1077 5.320 x 10% 75.0 0.88
4.82 x 1077 5.360 x 10% 126.5 1.19
5.26 x 1077 2,270 x 10% 58.5 1.33
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TABLE <-22.

PERMEABILITY HISTGRY FCR THE MIXED CATION KAOLINITE CLAY
SOIL PERMEATED WITH HZO (0.01N CasSO,) FOLLOWED BY METHANOL

10™

(PORE VOLUME = 395 cad; HYDRAULIC GRADIENT = 61.1)
K T Volume Pore
(em sec™!) (sec) (rils) Volume
1.43 x 1078 3.285 x 10° 23.0 0.10
1.49 < 1078 2,475 x 10° 18.0 0.04
“"Fluid In" changed from Hp0 (0.01N Caso,) Methanol 0.0
2.19 x 1578 3.456 x 107 37.6 .04
1.68 x 10738 3.456 x 107 28.5 0.16
1.85 x 1978 3.456 x 10° 31.3 0.24
.44 x 1078 3.456 x 105 92.1 0.48
1.24x 1077 3.456 x 167 209.1 1.01
1.57 x 1077 8.060 x 10% 62.0 1.16
3.04 x 1077 7.740 x 10% 115.0 1.46
5.2 x 1077 6.430 x 10° 158.0 1.86
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TABLE C-23.

PERMEABILITY HISTORY FOR THE MIXED CATION KAOLILITE CLAY
SOIL PERMEATED WITH H,0 (0.0IN CasSO,) FOLLOWEE BY XYLENE

(PORE VOLUME = 384 cm>; WYDRAULIC GRADTENT =

Fffluent | & T Volune Pore
4,0(2) Xyiene(%) (cnm sec™!) (sec) (mls) Volume
109 0 1.78 x 1078 1.602 x 102 6.9 0.13
109 0 1.75 x 1078 1.755 x 10° 15.9 0.10
100 0 1.77 x 1078 2.475 x 107 21.5 0.06
“Fluid In" changed frowm Hy0 (N.0IN CaSO,) to Xylene 0.0
100 0 1.66 x 1078 3.456 x 10° 28.1 0.07
n1C0  Trace 2.14 3 1078 1.296 x 10° 3.6 0.11
Trace ~10CC 3.17 x 1077 4.320 x 104 67.0 0.28
Trace 100 7.66 x 1077 3.600 x 10° 13.5 0.32
Trace ~100 2.29 x 1077 3.600 x 103 14.6 0.36
Trace ~100 9.65 x 1077 3.600 x 103 17.90 0.40
Trace 100 1.90 x 1076 3.600 x 103 3.5 0.49
Trace ~100 2.36 x 1070 3.600 x 103 41.5 0.60
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TABLE C-24.

PERMEABILITY HISTORY FCR THE MIXED CATION KAOLINITE CLAY

SOIL PERMEATED WITH HZO (0.01N CaSO,) FOLLOWED BY HEPTANE .

(PORE VOLUME = 378 cm>; HYDRAULIC GRADIENT = 61.1)

Effluent K T Volune Pore
H,0(%) Heptane(Z) (cm sec™ ) (sec) {mls) Volume
100 0 1.78 x 1073 1.602 x 10° 14.0 0.14
100 0 1.86 x 1078 1.755 x 10° 16.0 0.10
100 0 1.98 x 107° 2.475 x 10° 24.0 0.96
"Fluid In" changed from H,0 (0.0iN CaSC,) to Heptane 0.0
100 0 3.36 x 1078 2.592 x 10° 42.6 0.11
Trace 10U 1.25 x 1077 1.728 x 10° 106.1 0.39
Trace 100 1.64 x 1076 3.600 x 103 29.0 0.47
Trace  ~100 3.58 x 1070 1.462 x 10% 252.3 1.14
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TABLE C-25. PERMEABILITY HISTORY FOR THE MIXED CATION ILLITE CLAY
SOIL PERMEATED WITH H,0 {0.01IN Cas0,) ¢CONTROL)

(PORE VOLUME = 398 cm3; HYDRAULIC GRADIENT = 61.1)

K T Volume Pore

(ca sec™l) (sec) (mls) Volume
1.03 x 1079 6.246 x 10° 31.5 0.35
6.55 x 1073 9.576 x 10° 30.7 0.28
6.19 x 1079 1.442 x 10° 43.7 0.20
1.05 x 1078 6.912 < 10° 35.4 0.09

“Fluid In" continued with Hy0 (0.013 CasS0,)

8.46 x 1079 3.456 x 10° 14.3 0.04
1.01 x 1079 6.912 x 10° 34.0 0.12
1.17 x 1078 6.912 x 10° 39.4 0.22
1.36 x 1978 6.912 x 10° 45.9 0.34
1.07 x 1078 6.912 x 10° 3€.0 0.43
9.88 x 1079 6.912 x 107 33.4 0.51
1.01 x 1078 6.912 x 10° 34.0 0.60
1.05 x 1078 6.917 x 107 35.4% 0.68
1.24 x 1078 6.912 x 107 42.0 0.79
1.04 x 1078 6.912 x 10° 35.0 0.88
1.07 x 1078 €.912 x 107 36.2 0.97
1.28 x 1078 €.912 x 10° 43.3 1.08
1.09 x 1078 6.912 x 107 36.9 1.17
1.30 x 1078 6.912 x 10° 43.9 : 1.28
1.45 < 1078 €.712 x 10° 45.0 1.40
{Continued)
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TARLE C-25. CONTINUED
K T Volume Pore
(cm sec™!) (sec) (mls) Volume
1.48 x 1078 6.912 x 10° 49.9 1.53
1.61 x 1078 6.912 x 19° 54.5 1.67
1.69 x 1078 6.912 x 10° 57.0 1.81
1.83 x 1078 6.912 x 10° 61.9 1.96
1.99 x 1078 6.912 x 10° 67.1 2.13
2.02 x 1078 6.912 x 107 65.2 2.30




TABLE C-26.

PERMEABILITY HISTORY FOUR THE MIXED CATIUN ILLITE CLAY

SOL. PERMEATED WITH H;0 (0.0IN Cas0;) FOLLOWED BY ACETIC

ACID

(PORE VOLULME = 405 cm3; HYDRAULIC GRADIENT = 61.1)

K T Volume Pore
(com sec"l) (sec) (mls) Volune
7.85 x 1079 9.576 x 107 36.8 0.26
6.23 % 1079 1.642 x 10 44.0 0.17
7.84 x 1079 6.912 x 10° 26.5 0.07
"Fluid Ia" changed from the H,0 (0.0lN CaS?;) to Acetic Acid C.0
8.0 x 1979 6.912 x 10 27.1 0.07
5.83 x 1079 6.912 x 10° 19.7 0.12
7.87 x 1079 6.912 x 10° 26.6 0.18
7.07 x 1079 6.312 x 10° 23.9 0.24
7.07 x 1679 6.912 x 10° 23.9 0.30
7.93 x 1679 6.912 x 10° 26.8 0.37
5.56 x 1072 6.912 x 10° 18.8 0.41
5.92 x 1072 6.912 x 190° 20.0 0.46
5.83 x 1079 - 6.912 x 105 19.7 0.51
3.85 x 1979 6.912 x 107 13.0 0.5
3.22 x 1079 6.912 x 105 10.9 C.57
1.60 x 1079 6.912 x 10° 5.4 .58
1.89 x 1073 6.912 x 103 6.4 0.60
1.48 x 1072 6.912 x 10° 5.0 0.61
1.18 x 1072 6.912 x 103 4.0 0.62
7.69 x 1010 6.912 x 102 2.6 0.62
(Continued)
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TABLE C-26.

CONTINUED

K

T Volume Pore

(cm sec"l) (sec) (mls) Volume
9.47 x 10710 6.912 x 10° 3.2 0.63
1.69 x 1079 6.912 x 10° 5.7 0.65
1.83 x 1079 6.912 x 10° 6.2 0.6h
1.69 x 1079 6.912 x 10° 5.7 0.68
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TABLE C-2Z7. PERMEABILITY HISTORY FOR THE MIXED CATION ILLITE CLAY
SOIL PERMEATED WITH Hy0 {0.CIN Cas$O,) FOLLOWED BY ANILINE

(PORE VOLUME = 402 cm3; HYDRAULIC GRADIENT = 61.1)

Effluent K \ T Volume Pore
H,0(%) Aniline(%) {cm sec™*) (sec) (mls) Volume
100 0 6.14 x 1079 2,592 x 10° 7.8 0.13
199 0 2.88 x 1079 9.576 x 10° 13.5 0.11
190 0 2.55 x 1079 1.442 x 10 18.0 0.03
100 0 3.91 x 1079 6.912 x 10° 13.2 0.03
"Fluid In" changed from Hy0 (0.01N CaS0O,) to Aniline 0.0
100 0 6.21 x 1077 3,456 x 10° 0.5 0.03
100 0 1.21 x 1078 8.640 x 10% 5.1 0.04
50 A50 1.26 x 1077 4,320 x 10% 26.5 0.10
10 ~90 1.28 x 1077 4.320 x 10% 27.0 0.17
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TABLE C-28. PERMEABILITY HISTORY FOR THE MIXED CATION ILLITE CLAY
SOIL PERMEATED WITH H,y0 (D.0IN CaSO,) FOLLOWLD BY ETHYLENE
GLYCOL

(PORE VOLUME = 404 cm>; HYDXAULIC GRADIENT = 61.1)

K T Volume Pare
(cm sec—l) (sec) (mls) Volume
7.17 x 1079 1.710 = 197 6.0 0.23
8.47 x 1079 4.536 x 108 18.8 0.26
5.31 x 1077 9.576 x 10> 24.9 0.21
5.03 » 1077 1.442 x 100 35.5 0.15
7.78 x 072 6.912 « 10° 26.3 0.07
"Fluid In" changed from the H,0 (0.01N CaSO;) to Ethylene Glycol 0.0
8.95 x 1079 6.912 x 10° 27.2 .07
7.28 x 1072 5.912 x 107 24.6 0.13
7.69 x 107° 6.912 x 10° 26.0 0.19
5.50 x 1079 6.912 x 10° 18.6 0.24
4.64 x 1077 6.912 x 10° 15.7 0.28 -
3.82 x 1679 6.912 x 10° 12.9 0.31
3.55 x 1072 6.912 x 10° 12.0 0.34
3.11 x 1079 6.912 x 107 1n.5 0.37
3.99 x 1072 6.912 x 103 13.5 0.40
2.87 x 1072 6.912 x 197 9.7 0.42
2.40 x 1079 6.9i2 x 103 8.1 0.44
2.19 x 1077 6.9:2 x 107 7.4 0.46
1.98 x 1077 6.912 x 10° 6.7 0.48
2.81 x 1079 6.912 x 107 9.5 0.50
(Continued)

146



TABLE €-28. CONTIKNUED

K T Vo iume Pore

{(cm sec‘l) (sec) (mls) Volume
1.51 x 1079 6.912 x 10° 5.1 0.51
9.76 x 10710 6.912 x 192 3.3 0.52
1.51 x 1079 6.912 x 10° 5.1 0.53
1.57 x 1079 6.912 x 10° 5.3 0.55
1.48 x 167° 6.912 x 10° 5.0 0.56
1.63 x 1072 6.912 x 10° 5.5 0.57
1.57 x 1079 6.912 x 10° 5.3 0.59
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TABLE C-29.

PERMEABILITY HISTORY FOR THE MIXED CATION ILLITE CLAY
SOIL PERMEATED WITH H,0 {0.01N CaSO4) FOLLOWED BY ACLETONE

(PORE VOLUM= = 399 cm3; HYDRAULIC GRADIENT = 61.1)

K T Velume Pore
(cm sec™ (sec) (mls) Voliume
2.57 x 1079 2.024 x 10% 38.0 0.12
3.55 x 1072 6.912 x 10° 12.0 0.03
“Fluid In" changed from the H,0 (0.01N CaS04) to Acetone 9.0
6.89 x 1079 6.912 x 10° 23.3 0.06
5.77 x 1079 6.912 x 10° 19.5 0.11
5.53 x 1079 6.912 x 10° 18.7 6.15
4.73 x 1079 6.912 x 107 16.0 0.19
4.14 x 1079 6.912 x 10° 14.0 0.23
3.85 » 1079 6.912 x 107 13.0 0.26
3.37 x 1079 6.912 x 10° 11.4 0.29
3.52 x 1079 6.912 x 10° 1i.9 0.32
4.50 x 1072 6.912 x 19° 15.2 0.36
3.43 x 1079 6.912 x 10° 11.6 0.39
3.55 x 1079 6.912 x 10° 12.0 0.42
4.67 x 1072 6.912 x 10° 15.8 0.46
1.43 x 1078 1.728 x 107 12.1 0.49
2.38 x 1078 1.728 x 10° 20.i TPy
3.90 x 1078 1.728 x 10° 33.0 0.62
8.45 x 1078 1.728 x 10° 71.5 0.80
1.17 x 1078 2.160 x 10* 124.1 1.11
(Continued)
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TABLE C-29. CONTINUED

K T Volune Pore

(cm sec'l) (sec) (mls) Volume
7.96 x 1077 1.080 x 10% 42.1 1.22
8.24 x 1077 3.600 x 103 14.5 1.23
8.41 x 1077 3.600 x 103 14.8 1.29
8.92 x 1077 3.600 x 103 15.7 1.33
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TARBLE C-30. PERMEARILITY HISTORY FOR THE MIXED CATION ILLITE CLAY
SOIL PERMEATED W'TH Ho0 (0.0IN CaS0;) FOLLOWED BY METHANOL

(PORE VOLUME = 408 cm3; HYDRAULIC GRADIENT = 6€1.1%)

Effluent K T ' Volume Pore
H,0(%) Methanoli(Z) (cm sec™) (sec) (mls) Volume
100 0 7.40 x 1079 2.592 x 107 9.4 0.20
100 0 4.31 x 1079 9.576 x 10° 20.2 0.17
100 c 4.28 x 1079 1.442 x 108 30.2 0.13
100 0 6.18 x 1079 6.912 x 10° 20.9 0.05
“Fluid Tn" chaaged from Hy0 (0.0IR CaSOA) to Methanol 0.0
100 0 6.89 x 1079 6.912 x 10° 23.3 0.0¢
160 0 5.74 x 1079 6.912 x 10 19.4 0.190
100 0 6.39 < 1079 6.912 x 10° 21.6 0..6
100 0 5.44 x 10 6.912 x 10° 18.4 0.20
100 0 5.65 x 1077 6.712 x 10° 19.1 0.25
100 0 6.66 x 1079 6.912 x 10° 22.5 0.30
100 Trace 9.22 x 1079 6.912 x 107 31.2 0.28

97 3 2.16 x 1078 3.456 x 10° 36.5 0.47
66 34 3.60 x 1078 3.456 % 1G° 50.8 0.62
47 53 5.45 x 1078 2.592 « 107 69.2 0.79
39 61 7.38 x 1078 8.640 x 19° 31.2 0.87
34 66 1.19 x 1077 8.640 x 10% ' 50.2 0.99
29 71 1.96 x 1077 $.640 x 10% 83.1 1.19
24 76 2.96 x 1077 4.320 x 10% 62.5 1.35
21 79 3.19 x 1077 2.160 x 10° 13.8 1.43
(Continued) |
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TABLE C-30.

CONTINUED

Eif‘uant

K T Volunme Pore

“Eb(Z) Metha.nl(Z) (cm sec'l) (sec) (mls) Volume
21 79 3.96 x 1077 2.i60 x 10° 42.0 1.53
21 79 5.19 x 1077 2.160 x 0% 55.0 1.67
ND ND 9.76 x 1078 6.912 x 10° 10.0 1.69
ND ND 1.67 x 1077 6.912 x 10° 17.1 1.74
ND ND 2.55 x 1077 6.912 x 10° 36.4 1.83
ND ND 6.66 x 1077 6.912 x 10° 68.2 1.99
ND ND 1.66 x 1076 2.590 x 10° 63.7 2.15
ND ND 2.43 x 1076 1.728 x 10° 62.1 2.30
ND ¥D 4.78 x 1070 2.169 x 10% 15.3 2.34
ND ND 1.19 x 107 2.160 x 10% 38.1 2.43
ND ND 1.65 x 1072 2.160 x 10° 52.7 2.56

N» = Hot determined.

Hydraulic gradient (H) changed from 61.1 to 1.85 at PV = l.67.
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TABLE C-31.

PERMEABILITY HISTORY FOR THE MIXED CATION ILLITE CLAY

SOIL PERME

Ao
a1l

D WITH Hy0 (0.0IN CaSC,) FOLLOWED BY XYLENE
(PORE VOLUM® = 405 cm3; HYDRAULIC GRADIENT = 61.1)

Eff luent K T Volume Pore
Hy0(%) Xylene(%) (cm sec™l) (sec) {mls) Volume
100 0 3.35 x 1079 1.710 x 10° 2.8 0.14
100 0 5.41 x 1079 4.536 2 10° 12.0 0.14
100 0 2.54 x 1679 9.576 x 106° 11.9 0.11
100 0 2.76 x 1079 1.442 x 108 19.5 0.08
100 0 3.49 x 107 6.912 x 10° 11.8 0.03
“Fluid In" changed from Hy0 {0.01N CaSO,;) to Xylene 0.0
100 0 7.36 x 1079 3.456 % 10° 12.4 0.03
A58 n b2 8.25 x 1078 4.320 x 104 17.4 0.07
Trace A~ 100 1.33 x 1077 4.320 x 10% 28.0 0.14
Trace ~100 2.61 x 1076 1.800 x 103 23.0 0.20
Trace ~160 2.61 x 1076 1.800 x 103 23.0 0.26
Trace ~100 2.27 x 1076 1.800 x 103 20.0 0.31
Trace ~100 1.65 x 1076 3.60C x 103 29.0 0.38
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TABLE C-32. PERMEABILITY RISTORY FOR THE MIXED CATION ILLITE CLAY
SOIL YERMEATED WITH HZO (0.01N Cas0,4) FOLLOWED BY HEPTANE

(PORE VOLUME = 413 cm3; HYDRAULIC GRADIENT = 61.1)

Eff luent X T Volume Pore
iib(%) Heptane(%) (cm sec‘l) " (sec) {(mls) Volume:
100 0 4.78 x 1079 9.576 x 107 22.4 0.15
100 0 3.12 x 1077 1.442 x 10° 22.0 0.09
100 0 4.88 x 1079 6.912 x 10° 16.5 0.04
“Fluid In" changed from H,0 (0.0LN Ca$0,) to Heptaue 0.0
100 o 5.71 x 107 5.184 x 107 14.5 0.04
.50 50 5.88 x 1078 4.320 x 10% 12.4 0.07
Trace ~.100 4.20 x 1076 1.820 « 103 37.0 a.1s
Trace 100 4.77 x 1076  1.800 x 103 42.0 0.25
Trace A~ 100 5.11 x 1076 1.800 x 103 45.0 0.37
Trace ~100 5.63 x 1076 3.600 x 103 93.0 0.61
Trace ~100 5.80 x 1076 3.600 x 193 102.0 0.85
Trace 7100 6.53 x 1076 3.600 x 103 115.0 1.1
Trace "~100 6.46 x 1076 2,100 x 103 66.5 1.29
Trace 100 4.02 x 1076 6.600 x 103 130.0 1.61
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