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TABLE 4-1. RESULTS OF PERMEABILITY TESTS WITH ORGANIC CHEMICALS

ALIPHATIC AND AROMATIC HYDROCARBONS

Heptane

Fixed-wall permeameter tests at high gradient with four clays showed rapid
permeability increases and breakthrough. The increase in permeability was
more than 3 orders of magnitude in an i11ite clay. Baseline permeabilities
were established in the same sample with 0.01 N calcium sulfate prior to
introducing the test solution. (Anderson, 1981)

Benzene

The fiow rate of benzene through fireclay was of an enormously higher order
of magnitude than the flow rate for water. (Macey, 1942)

In a column test under a head of 701 cm (23 feet), signs of full penetration
throughout the clay material were observed after 36 days; in a similar column
with water as the permeant fluid the 1iquid level dropped less than 2.54 cm
(1 inch) over a 100-day period. Samples were 91 cm in height and 2.54 cm in
diameter. (White, 1976, unpublished data)

Following an initial decrease in permeability (compared to permeability to

deionized water established in a similar sample), total breakthrough occurred

on the eighth day of testing when Ranger shale was exposed to benzene in a
'ﬁxed-wan permeameter under low hydraulic gradient. (Green et al., 1979)

Benzene did not penetrate compacted Ca-montmorillonite that was first
saturated with 0.01 N calcium sulfate even at hydraulic gradients as high at
150. (Olivieri, 1984)

In flexible-wall tests with a Georgia kaolinite, permeability decreased until
the tests were terminated. The final value was approximately 2 orders of
magnitude lower than the initial permeability. (Acar et al., 1984a)

Xylene

Following an initial decrease in permeability, total breakthrough occurred on
the 25th day of testing when fireclay was tested in a fixed-wall permeameter
under low hydraulic gradient. In Ranger shale, a s1ight decrease in perme-
ability was observed and remained steady until the test was terminated at 40
days. In Kosse kaoline, a slight decrease in permeability was followed by an
increase to about the initial level, which persisted until the test was
terminated at day 36; changes did not exceed half an order of magnitude.
(Green et al., 1979)

In column tests under very low gradient, intrinsic permeabilities were higher
than permeability to water by at least 1 order of magnitude in samples of
Lake Bottom, Nicholson, Fanno, Chalmers, and Canelo clays. Permeabilities

(continued)
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TABLE 4.1 (continued)

Xylene (con.)

were slightly higher than for water in three other soils. The -samples (5.8
cm in diameter and 5 cm in height) were presaturated with xylene. (Schramm,
1981)

Fixed-wall tests at high gradient with four clays showed permeability in-
creases and breakthrough followed by nearly constant permeabilities roughly
2 orders of magnitude higher than baseline permeabilities. Baseline perme-
abilities were established in the same sample with 0.01 N calcium sulfate
prior to introducing the test solution. - (Anderson, 1981) '

In fixed-wall permeametér tests at high gradient, the permeability of an
unsaturated micaceous soil was 4 orders of magnitude higher when exposed to
xylene than when tested with 0.01 N calcium sulfate. (Brown et al., 1984)

Xylene/Acetone

In fixed-wall permeameter tests at high gradient, the permeability of an
unsaturated micaceous soil to either pure acetone or pure xylene was greater
than the permeability determined for mixtures of the two solvents. The
permeability of a mixture of 87.5 percent xylene and 12.5 percent acetone
was lower by 3 orders of magnitude than the permeability measured with pure
xylene (though still higher than the permeability to 0.01 N calcium sul-
' fate). When the acetone component was increased to 75 percent, the perme-

. ability was approximately the same as that determined with pure acetone
(1.e., about 1.5 orders of magnitude greater than the permeability to 0.01 N
calcium sulfate). (Brown et al., 1984) '

Kerosene (a mixture of aliphatics and aromat1c§)

In column tests under very low gradient, intrinsic permeabilities were higher
than permeability to water by approximately 1 order of magnitude in samples
of Lake Bottom, Nicholson, Fanno, Chalmers, and Canelo clays. Permeabilities
were slightly higher than for water in three other soils. The samples (5.8
cm in diameter and 5§ cm in height) were presaturated with kerosene.

(Schramm, 1981) ~

‘In fixed-wall permeameter tests at high gradient, the permeability of an
unsaturated micaceous soil increased by 3 to 4 orders of magnitude compared
tget?e permeability determined with 0.01 N calcium sulfate. (Brown et al.,
1984 '

Naphtha

The permeabilities of two clays (Na-saturated and Ca-saturated montmorillon-
ite) to naphtha were greater by several orders of magnitude than their
permeabilities to water. (Buchanan, 1964)

(continued)
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TABLE 4-1 (continued)

Soltrol C (a 1ight hydrocarbon 1iquid)

Intrinsic permeabilities for samples tested with the 1ight hydrocarbon were
significantly higher than the permeabilities measured in similar samples
exposed to water. (van Schaik, 1970)

Diesel Fuel

Fixed-wall permeameter tests at high gradient with an unsaturated micaceous
illite produced highly variable data inconsistent with the pattern of perme-
ability changes seen with other 1iquid hydrocarbons. Permeability was
greater by 1 to 2 orders of magnitude than the permeability measured with
0.01 N calcium sulfate in a similar sample. (Brown et al., 1984)

Paraffin 011

In fixed-wall permeameter tests at high gradient with an unsaturated mica-
ceous illite, permeability was greater by about 1 order of magnitude than

the permeability measured with 0.01 N calcium sulfate in a similar sample.
Maximum values were obtained after the passage of one pore volume. (Brown et
al., 1984)

Gasoline

In fixed-wall permeameter tests at high gradient with an unsaturated mica-

‘ceous illite, permeability was greater by 1 to 2 orders of magnitude than
the permeability measured with 0.01 N calcium sulfate in a similar sample.
(Brown et al., 1984)

Motor 011

In fixed-wall permeameter tests at high gradient with an unsaturated mica-
ceous i11ite, permeability increased by about 1 to 2 orders of magnitude as
2.5 pore volumes of fluid were passed through the sample. (Brown et al.,
1984)

ETHERS
Dioxane

Kaolinite initially packed and permeated with water was permeated with
anhydrous dioxane unti) complete displacement of the water was achieved.
Replacement of water by dioxane was accompanied by about a 20- to 30-percent
increase in intrinsic permeability. This permeability was much lower,
however, than the values determined for kaolinite beds initially prepared
with dioxane. (Michaels and Lin, 1954) :

(continued)
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TABLE 4-1 (continued)

KETONES
Acetone

In fixed-wall permeameter tests under low hydraulic gradient, three clays
showed slight decreases in permeability (compared to permeability to
dejonized water established in a similar sample). All tests were concluded
before 40 days. Less than 0.5 pore volumes were passed through the sample.
(Green et al., 1979)

Fixed-wall permeability tests at high gradient with four clays showed initial
permeability decreases followed by increases compared to baseline. Baseline
permeabilities were established in the same sampie with 0.01 N calcium sul-
fate prior to introducing the test solution. Extensive shrinking and crack-
ing in the soils were observed after permeation. (Anderson, 1981)

In flexible-wall tests with a Georgia kaolinite, an immediate decrease in
permeability was followed by an increase, the final value stabilizing at
approximately double the initial permeability (Acar et al., 1984)

Acetone (high and low concentration)

An increase over baseline permeability (established with 0.01 N calcium sul-
fate in similar samples) was seen in an unsaturated micaceous soil for solu-

‘ tions where the acetone concentration was 75 or 100 percent. Samples tested
with lower concentrations of acetone did not show appreciable changes in
permeability compared to the 0.01 N calcium sulfate. Tests were carried out
in fixed-wall permeameters at high gradient. (Brown et al., 1984)

Acetone (low concentration)

Permeability decreased slightly in a Georgia kaolinite clay tested in a
flexible-wall permeameter with a solution containing a low concentration of
acetone (i.e., below 0.1 percent) prepared in 0.01 N calcium sulfate. (Acar
et al., 1984a)

._ALCOHOLS, GLYCOLS, PHENOL
'Meﬁhanol

Permeability decreased slightly (compared to permeability to deionized water
established in a similar sampie) when Ranger shale was exposed to methanol
under low hydraulic gradient in a fixed-wall permeameter. The test was
terminated after 30 days. (Green et al., 1979)

Fixed-wall permeameter tests at high gradient with four clays showed steady

permeability increases compared to baseline. Baseline permeabilities were

establiished in the same sample with 0.01 N calcium sulfate prior to introduc-

ing the test solution. Examination of the methanol-treated samples revealed
‘ development of large pores and cracks. (Anderson, 1981)

(continued)
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TABLE 4-1 (continued)

Methanol (con.)

Test results with Lufkin clay in flexible-wall cells showed essentially no
change in permeability with time when samples were permeated with methanol.
The permeability to methanol was virtually the same as with 0.01 N calcium
sulfate. (Daniel, 1983)

At high hydraulic gradients, kaolinite was found to have a higher conduc-
tivity to methanol than to water regardless of the permeameter types; fixed-
wall, flexible-wall, and consolidation permeameters were used. In the
flexible-wall and consolidation permeameters, kaolinite is about twice as
permeable to methanol as to water. (Foreman and Daniel, 1984)

Isopropyl Alcohol

In column tests under very low gradient, intrinsic permeabilities were higher
than permeability to water by almost 1 order of magnitude in samples of
Nicholson, Fanno, and Canelo clays. Permeability values were the same or
slightly higher than baseline in five other soils. The samples (5.8 ¢cm in
diameter and 5 cm in height) were presaturated with the alcohol. (Schramm,
1981)

Glycerol

Permeability decreased slightly (compared to permeability to defonized water
established in a similar sample) when Ranger shale was exposed under low
hydraulic gradient to glycerol in a fixed-wall permeameter. The test was
terminated after 36 days. (Green et al., 1979)

Ethylene Glycol

Fixed-wall permeameter tests at high gradient showed permeability decreases
compared to baseline followed by increases in three clays; a smectitic clay
showed an initial rapid increase followed by a slower but continuous increase
in permeability. Baseline permeabilities were established in the same sample
with)0.0l N calcium sulfate prior to introducing the test solution (Anderson,
1981 ' .

In column tests under very low gradient, intrinsic permeabilities were an
order of magnitude lower than permeabilities to water in Chalmers clay,

Mohave clay, and River Bottom sand. Values were slightly lower in Lake
Bottom, Nicholson, Canelo, and Anthony clays and slightly higher in Fanno
clay. The samples (5.8 cm in diameter and 5 cm in height) were presaturated -
with the ethylene glycol. (Schramm, 1981)

(continued)
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‘ TABLE 4-1 (continued)

Phenol (949 mg/L)

In column tests with a lacustrine clay (packed to discharge 2 mL/day), no
significant effect on permeability was noted when deionized water was
replaced by the phenol solution as the permeant fluid. (Sanks and Gloyna,
1977)

Phenol (low cdncentration)

Permeability decreased slightly in a Georgia kaolinite clay tested in a
flexible-wall permeameter with a solution containing a low concentration of
phenol (i.e., below 0.1 percent) prepared in 0.01 N calcium sulfate. (Acar
et al., 1984a) o

Phenol (high concentration)

In flexible-wall tests with a Georgia kaolinite and a high-strength phenol -
solution, an immediate decrease in permeability was followed by an increase,
the final value stabilizing at approximately double the initial perme-
ability. (Acar et al., 1984a)

AMINES

. Aniline

Fixed-wall permeability tests at high gradient with four clays showed perme-
ability increases and breakthrough. Baseline permeabilities were established
in the same sample with 0.01 N calcium sulfate prior to introducing the test
solution. Extensive structural changes in the upper half of the soil columns
were observed following permeation with aniline. The aggregated structure
was characterized by visible pores and cracks on the surface of the soils.
(Anderson, 1981) '

Pyridine

The flow rate of pyridine through fireclay was of an enormously higher order
_of magnitude than the rate of flow for water. (Macey, 1942)

CHLORINATED ALIPHATICS
Carbon Tetrachloride

Permeability decreases slightly (compared to permeability to deionized water
established in a similar sample) when Ranger shale was tested under low
hydraulic gradient in a fixed-wall permeameter. The test was terminated
after 14 days. (Green et al., 1979)

(continued)
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. ‘ TABLE 4-1 (continued)

Trichloroethylene

Permeability decreased slightly (compared to permeability to deionized water
established in a similar sample) when fireclay was tested under low hydraulic
gradient in a fixed-wall permeameter. The test was terminated after 36 days.
(Green et al., 1979)

OTHER
Acetic Acid

Tests at high gradient in fixed-wall permeameters showed continuous perme-
ability decreases to baseline in two clays. Tests with smectitic and i111ite
clays showed permeability increases after initial decreases. Baseline
permeabilities were established in the same sample with 0.01 N calcium
sulfate prior to introducing the test solution. The permeability decreases
were attributed to partial soil dissolution and migration of particles, which
temporarily clogged the fluid conducting pores. Progressive soil piping
eventually caused the increase in permeability. (Anderson, 1981)

Nitrobenzene

The flow rate of nitrobenzene through fireclay was of an enormously ﬁigher
.der of magnitude than the flow rate for water. (Macey, 1942)

In flexible-wall tests with a Georgia kaolinite, permeability decreased until
the tests were terminated. The final value was approximately 2 orders of
magnitude lower than the initial permeability (Acar et al., 1984a)
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TABLE 4-2. RESULTS OF PERMEABILITY TESTS WITH WASTES

"Xylene Waste" (paint solvent containing xylene with 25 percent paint pig-
ments and trace amounts of water) :

In fixed-wall permeameter tests, the permeability of three clay soils, pre-
saturated with 0.01 N calcium suifate, increased rapidly upon exposure to
xylene waste after the cumulative flow exceeded 0.2 to 0.4 pore volume.
Permeabilities were 2 to 4 orders of magnitude greater than permeabilities
measured with 0.01 N calcium sulfate. Highest permeabilities measured on
initially unsaturated samples were greater by 1 to 2 orders of magnitude than
for samples that were initially saturated with the calcium sulfate. (Brown
et al., 1983)

"Acetone waste"‘(a chemical manufacturing waste containing 91.7 percent
acetone, 4 percent benzene, and 0.6 percent phenol)

In fixed-wall permeameter tests, the permeability of three clay soils, pre-
saturated with 0.01 N calcium sulfate, initially decreased {(minimum perme-
ability at approximately 0.5 pore volume) and then steadily increased.
Permeabilities were 2 to 4 orders of magnitude greater than permeabilities
measured with 0.01 N calcium sulfate. Highest permeabilities measured on
initially unsaturated samples were greater by 1 to 2 orders of magnitude than
for samples that were initially saturated with the calcium sulfate. (Brown
et al., 1983)

Perchloroethylene Waste

There is evidence that a perchloroethylene waste, which formed a separate,
denser than water phase, contributed to the failure of a clay liner at a
surface impoundment. (Personal communication, 1984)

"Acid Prowl" (pesticide wash of very low pH; higher viscosity than water)
After several days of exposure to a lacustrine clay packed in a fixed-wall
column, the water reacted with the soil to produce chlorine gas. Over a
5-week period, the flow of 1iquid from the column was irregular due to
clogging of pores by the gas. (Everett, 1977)

"Acid Wash" (42 percent sulfuric acid with about 5 percent organics; higher

~ viscosity than water)

Permeability of a lacustrine clay packed in shrink tubing increased by about
1 order of magnitude over a period of 19 days. The permeability was lower,
however, than values obtained when the soil sample was exposed to water.
(Everett, 1977)

(continued)
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TABLE 4-2 (continued)

“Mother Liquor" (an acid wash with pH of 0.37; higher viscosity than water)

Permeability of a lacustrine clay packed in shrink tubing was lower than the
value obtained when the soil sample was exposed to water. The waste may have
reacted with the soil, l1iberating gases and increasing pore pressures and
clogging flow. (Everett, 1977)

"Hydrazo Benzene" (33 percent methanol, 12.8 percent sodium hydroxide, 15.5
percent sodium formate, and 1.5 percent hydrcazobanzenc and azobenzene; more
viscous than water)

Permeability of a lacustrine clay packed in shrink tubing was slightly lower
than the value obtained when the soil sample was exposed to water. Tests
were carried out for 34 days under low gradient (less than 100 cm).
(Everett, 1977)

"Acid Waste" (100 mM HC1/L)

Due to reaction with carbonates, much higher permeabilities were observed in
tests with lacustrine clay compared to permeabilities determined with
defonized water. (Sanks and Gloyna, 1977)

"Basic Waste" (100 mM NaOH/L)

‘meabﬂﬂies in a lacustrine clay decreased compared to the values measured
with deionized water. (Sanks and Gloyna, 1977)
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CHAPTER 4
CLAY-CHEMICAL INTERACTIONS AND SOIL PERMEABILITY

It has been known for many years that the permeability of clay soils may
be drastically altered by chemicals present in the permeating liquid. Apart
from the many recent studies stemming from concern over the effects of haz-

production. The potential effects of certain organic fluids on clay perme-
ability were recognized as early as 1942, when Macey's experiments with
fireclay showed that the rates of flow for certain organic liquids through
clay were "of an enormously higher order than for water" (Macey, 1942).

Since Macey's experiments, many researchers have investigated the effects of
organic and inorganic fluids on clays in an effort to elucidate the causes of
the observed changes in permeability.

The current state of the knowledge in this area is complicated by the
dilemma of how to measure the permeability changes that appear to.be caused
o by clay-chemical interactions. The question of what types of permeameters

' give valid measures of clay-chemical compatibility remains an important

issue. Because permeability studies with different fluids have been carried

out with different test protocols, different test devices, and different
clays, quantitative data comparisons cannot be made except in a few of the
more recent studies. Much can be learned from a review of the research that
has been carried out, however, and qualitative statements. can be made regard-
ing the behavior of certain clays in the presence of many types of fluids.
Unifying theories of soil physics that explain the reported findings have
been advanced by several researchers. Such theories are useful for predict-
ing clay-chemical incompatibilities that could lead to performance failures
in clay-1ined hazardous waste disposal facilities. ~ '

This chapter presents the experimental findings.that pertain to the
effects of chemicals on clay barrier permeability as well as the theories and
mechanisms proposed to explain the observed effects. Section 4.1 defines the
terms most important in clay-chemical compatibility testing-- permeability
(or, if the permeating liquid 1is water, hydraulic conductivity) and intrinsic
permeability. Section 4.2 is a discussion of the clay-chemical interactions
that influence soil permeability. A summary of the relevant permeability
studies is presented in Section 4.3. Approaches that have been used in
studies to determine clay-chemical compatibility and problems associated with
different test methods are addressed in Section 4.4. Section 4.5 reviews in
more detail permeability testing efforts that have been carried out to
measure clay-chemical interactions.
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4.1 PARAMETERS DETERMINED IN PERMEABILITY TESTING FOR COMPATIBILITY

when results of clay-chemical compatibility tests are compared, it is .
important to understand the parameters that are being measured and calcu-
lated. The parameter usually determined in compatibility tests is permea-
bility, K, which is defined by Darcy's Law as expressed in Equation (4.1):

K = Q/Ai _ (4.1)
wnere
Q = volumetric flow rate (L3/t)
A = cross-sectional area of flow (L2)

i = hydraulic gradient (dimensionless).

K has units of length per unit time (e.g.; cm/s). The density and viscosity
of the permeating liquid as well as the pore size distribution within the
soil matrix will influence the value of K. Hydraulic conductivity refers to
the value of K when the permeating fluid is water. Darcy's Law is limited to
saturated soil conditions and to laminar flow conditions.

In order to separate the effects of the 1iquid properties (viscosity and
density) from those of the medium (pore size distribution), a different
parameter, the intrinsic permeability, should be used. Intrinsic permeabil-
ity, usually referred to as k, is a property of the medium that is dependent
on the shape, size, and continuity of the pore spaces. Intrinsic permeabil-
ity is "a measure of the relative ease with which a porous medium can trans-
mit a liquid under a potential gradient. It is a property of the medium
alone and is independent of the nature of the 1iquid and of the force field
causing movement" (Lohman et al., 1972).

‘ Intrinsic permeability, k, has units of length squared (e.g., cmz) and
is related to permeability, K, by Equation (4.2):

K=kb or k=KL 4.2
u s 09 (4.2)
where
p = density of the fluid (M/L3)
u = dynamic viscosity of the fluid (M/LE)
. g = acceleration due to gravity (L/t2).

In clay-chemical compatibility testing, the value of K for a clay soil
permeated by a certain chemical is determined from measurements of the fluid
inflow or outflow. A change or lack of change in the value of K (when com-
pared to K for water or other baseline fluid) may be due to a combination of
_ two factors--
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e Difference in the permeant fluid viscosity and density (compared to
baseline permeant fluid)

o Change in porous medium characteristics as a result of clay-chemical
interactions. :

In order to separate these effects, it is usually necessary to report
the results of the tests in terms of intrinsic permeability (k) both for
the tests with the baseline permeant fluid and for the tests with the chemi-
cal permeant fluid in question. In practice, most researchers report and
discuss their test results in terms of permeability (K) rather than intrinsic
permeability (k). Provided the density and viscosity of the test fluid (at
the test temperature) are known, one could calculate k to correspond to each
K value reported. In general, only substantial permeability changes are
meaningful in clay-chemical compatibility testing. When large changes in
permeability are measured during the course of a test, the clay-chemical
interaction is apparent regardless of whether the k values are computed and
plotted. '

4.2 CLAY-CHEMICAL INTERACTIONS THAT INFLUENCE PERMEABILITY

Mechanisms whereby the chemical nature of a permeant fluid may alter
clay soil permeability and theories to predict clay-chemical interactions
have been described by several researchers, among them Mitchell (1976),

Brown and Anderson (1980), Acar and Field (1982), Evans, Chaney, and Fang
(1981), Anderson and Jones (1983), Daniel (1982, 1983), Daniel and
Liljestrand (1984), Dunn (1983), Monserrate (1982), Peirce (1984), and
Griffin and Roy (1985). 1In addition to laboratory and field permeability
tests, methods such as X-ray diffraction, shrink-swell measurements, settling
tests, and other techniques have been used to investigate the clay-chemical
interactions that influence permeability.

Changes in the permeability of clay soils due to chemical interactions
may result from--

o Alterations in soil fabric stemming from chemical influences
on the diffuse double layer surrounding clay particies

e Dissolution of soil constituents by strong acids or bases

o Precipitation of solids in soil pores

o Soii pore blockage due to the growth of microorganisms.

The permeability of a soil may also be affected by the pore fluid veloc-
ity; high velocities can displace small particles in the soil matrix. The
fluid flow velocity can also influence chemical interactions that depend on
the time of contact between the soil and some chemical component of the

permeating fluid. Thus, permeability and fluid flow velocity are inter-
related characteristics of a soil-permeant fluid system.
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4,2.1 Soil Fabric and Permeability

The permeability of any soil depends upon the geometric characteristics
of the area available for fluid flow. Influencing factors are the size,
shape, tortuosity, and degree of interconnection between the pore spaces.
The geometric arrangement of the soil particles will determine these pore
space characteristics.

The term "fabric" refers to the arrangement of particles, particle
groups, and pore spaces in a soil. Modes of particle association orienta-
tion in clay suspensions were described by van Olphen (1963) as "dispersed,"
"aggregated," "flocculated," or "deflocculated" (see discussion in
Section 2). Particle associations corresponding to these descriptors are
illustrated in Figure 2-10. Dispersion and flocculation represent the ex-
tremes in soil fabric classification, and a chemical present in the permeat-
ing 1iquid may influence the permeability of a clay soil by altering the soil
fabric toward either of these extremes. Figure 4-1 illustrates how a change
in pore diameter can drastically alter permeability.

A dispersed deflocculated soil fabric tends to have a large number of
very small pore spaces; with flocculation, relatively large-sized inter-
particle and interaggregate pores are formed. These large diameter pores
can cause drastic changes in the permeability of the clay soil since the
flow rate is proportional to the square of the diameter of the flow channel. .

The pulling together of groups of clay particles into aggregates results
when cohesive forces between individual clay particles outweigh the repulsive
forces. The forces of attraction result from London-van der Waals forces and
do not vary significantly with the chemistry of the pore water. Attractive
forces are strongest close to the clay surface and diminish rapidly with
increasing distance from the surface.

The forces of repulsion between adjacent clay surfaces, however, are
primarily electrostatic and are influenced by the clay surface charge and the
chemistry of 1iquid adjacent to the clay surfaces. Interparticle spacing is
a function of the thickness of the diffuse double-layer cationic clouds that
form the Gouy layer of the diffuse double layer (Anderson and Jones, 1983).
(See also Section 2.3 and discussion below). In theory, the direction of
change in permeability associated with varying pore fluid chemistry could be
predicted if the variables that affect the thickness of the diffuse double
layer are known (Acar and Seals, 1984). However, the heterogeneous mineral
composition and wide particle-size distribution common in many soils along
with the complicated nature of chemical-soil interactions make this difficult
to accomplish in practice.

4,2.1.1 Diffuse Doubie-Layer Theory--

The theory of the diffuse double layer (also called the electrical
double layer) has evolved from the studies of colloid chemistry directed
at the description of surface interactions of small particles in a water-
electrolyte system. The description that follows is excerpted from Mitchell
(1976, ppo 112'113)- . ‘
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Source; Anderson, 1981

Figure 4-1, Change in a pore di

ameter (400%) corresponding
toa permeability increase of 25,6000%. :
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In a dry clay, adsorbed cations are tightly held by the negatively
charged clay surfaces. Cations in excess of those needed to neutralize
the electronegativity of the clay particles and their associated anions
are present as salt precipitates. When the clay is placed in water the
precipitated salts go into solution. Because the adsorbed cations are
responsible for a much higher concentration near the surfaces of par-
ticles, there is a tendency for them to diffuse away in order to equal-
1ze concentrations throughout. Their freedom to do so, however, is
restricted by the negative electric field originating in the particle
surfaces . . . The negative surface and the distributed charge in the
adjacent phase are together termed the DIFFUSE DOUBLE LAYER . . .

The distribution of cations adjacent to a negatively charged clay
particle in suspension (the diffuse double layer) is depicted in Fig-
ure 4-2 (see also Figure 2-6). The distribution for a particular soil-
water-electrolyte system results from a balance between the tendency of the
cations to escape due to diffusion and the opposing electrostatic attraction
of the clay surface for the cations. The Gouy-Chapman theory of the diffuse
double layer (Gouy, 1910; Chapman, 1913) is widely recognized, and mathe-
matical descriptions of the diffuse double layer have been formulated for
both planar and spherical surfaces.

Despite the fact that the Gouy-Chapman theory does not account for all
the factors that can influence the behavior of the soil-water-electrolyte
system, it has been useful as a generalized model for explaining clay-
chemical interactions that affect permeability. Since the thickness of the
double layer influences the level of interlayer and interparticle repulsion,
system variables that influence the double-layer thickness consequently
affect the physical interactions among clay particles.

: The nature and thickness of the double layers, and thus the repulsive
forces, depend upon characteristics of clay particles and the pore fluid.
In general, the tendency for particles in suspension to flocculate decreases

with increased thickness of the double layer. An approximate quantitative
indication of the relative influences of several factors on the thickness of
the dggble layer is given by Equation (4.3) below (see Mitchell, 1976,

p. 118):

- 1/2
H = D"Tz 5 (4.3)
: 8nn_e“v
where 0

H = thickness of the double layer

D = dielectric constant of the medium

k = Boltzman constant (1.38 x 10-16 erg/k)

T = temperature in degrees Kelvin
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ng = electrolyte concentration
‘ e = unit electric charge, 16 pvp 10-6 coulomb
v = valence of cations in the pore fluid.

The thickness varies inversely with the valence of the cations present
and inversely with the square root of the concentration; the thickness
increases with the square root of the dielectric constant and the tempera-
ture, other factors remaining constant. Based on the Gouy-Chapman model,
Lambe (1958) noted that the following variables in the soil-water system

~ affect double-layer thickness and colloidal stability: dielectric constant,
electrolyte concentration, temperature, ionic valence, size of hydrated ions
present, pH, and anion adsorption. :

It has been found that attractive forces exceed repulsive forces when
interlayer spacing is about 0.5 nm (Yong and Warkentin, 1975). Thus, a
sufficient reduction in repulsive forces (i.e., reduced double-layer
thickness) could "transform a massive, structureless, and slowly permeable
clay barrier into an aggregated, structured, and more permeable barrier"
(Anderson and Jones, 1983).

4.2.1.1.1 Dielectric Constant--The dielectric constant is a measure of
the ease with which molecules can be polarized and oriented in an-electric
field (Mitchell, 1976, p. 113). It represents the ability of a fluid to ,
transmit a charge. Quantitatively, the static dielectric constant is defined
by D in Coulomb's equation (Equation 4.4), where F is the force of electro-
‘ static attraction between two charges, Q and Q', separated by a distance d.

]
F = QQE (4.4)
Dd
As the dielectric constant decreases, the fluid film surrounding the
clay that contains positive cations must be thinner for the negative surface
charge on the clay to be neutralized. For a constant surface charge, the
surface potential function will increase as the dielectric constant de-
creases. Since most organic liquids have dielectric constants substantially
lower than water, it is to be expected that the double-layer thickness would
be reduced (with an associated tendency toward flocculation) when an organic -
1iquid rather than water surrounds the clay particle. 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 spacing decreases with a
decrease in the dielectric constant, although this apparent relationship can
be complicated by the other factors that affect interlayer spacing.

4.2.1.1.2 Electrolyte Concentration--As the electrolyte concentration
in the pore fluid increases, the thickness of the double layer tends to
decrease, promoting flocculation. An analysis of the effect of electrolyte
concentration on the double layer indicates that an increase in concentration
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reduces the surface potential for the condition of constant surface charge.
Also, the decay of potential with distance is more rapid with increased
electrolyte concentration. In essence, the double layer is suppressed by an
increase in electrolyte concentration. Interparticle interactions extend to
much greater particle spacings for a lTow electrolyte concentration (e.g.,
0.83 x 10-4 M NaC1) than a higher concentration (e.g., 0.83 x 10-2 M

NaCl) (Mitchell, 1976, p. 122). The effect of salt concentration on the
behavior of clays has been discussed by Anderson (1981): '

As salt concentration in interparticle spaces increases, the

cationic cloud is compressed closer to the clay surface, resulting in a
decrease in electrostatic repulsion and interlayer spacing. Weiss _
(1958) noted the direct relationship between salt concentration and
interparticle spacing in smectitic clay minerals in a study using
distilled water and several concentrations of sodium chloride in water.
Both distilled water and 0.01 N NaCl gave infinite interlayer spacing
values (the clay was completely dispersed), while 1.0, 3.0, and 5.0 N
NaCl gave interlayer spacings of 0.93, 0.61, and 0.58 nm, respectively.

4.2.1.1.3 Temperature--An increase in temperature causes an increase
in double-layer thickness with a corresponding tendency toward dispersion.
However, the value of the dielectric constant for various fluids is also
affected by temperature, generally decreasing with increased temperature.
For water, the value of the product DT (Equation 4.3) is reasonably constant,
and temperature effects tend to cancel out.

4.2.1.1.4 1Ionic Valence--The cation valence affects both the surface
potential and the thickness of the double layer. For solutions of the same
molarity and a constant surface charge, increasing the cation valence will
cause a decrease in the thickness of the double layer and a tendency toward
flocculation. It is also shown that an increase in valence will suppress the
midplane concentrations between paraliel plates, leading to a decrease in
interplate repulsion (Mitchell, 1976, p. 122).

4.2.1.1.5 Size of Hydrated Ions--The smaller the size of the hydrated
ion, the closer it can approach the surface of the clay particle (Lambe,
1958). Thus, for a given cation valence, the thickness of the double layer
will tend to decrease with decreasing hydrated radii of double-layer cations.

4.2.1.1.6 pH--Changes in pH can affect the thickness of the double
layer in several ways. The electrolyte concentration as well as the net
negative charge on the clay particle are influenced by the solution pH. The
formation of stable suspensions or dispersions of clay particles often
require high pH conditions. There are two ways in which pH can change the
surface charge that results from chemical reaction at the surface of the clay
particles. First, a high pH can cause dissociation of hydroxyl groups at
the edge of clay particles, increasing the net charge and expanding the
double layer. The dissociation reaction is given below:

H,0 .
S10H —2—> si0™ + H* (4.5)

—
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The higher the pH, the greater the tendency for the H* to dissociate and

the greater the effective negative charge. Low pH discourages this
dissociation, lowering the surface charge, reducing the thickness of the _
double layer, and promoting flocculation (Evans et al., 1981; Mitchell, 1976,
p. 127). o :

Second, pH affects alumina exposed at the edges of clay particles.
Alumina ionizes positively at low pH and negatively at high pH. Thus, in an
acid environment, positive double layers may develop at the edges of clay
particles with Ht serving as the potential determining ion (Mitchell,

1976, p. 126).

Changes ‘in pH do not significantly affect surface charge resulting from
1somorphous substitution of the crystal lattice of the clay mineral. Thus,
. clays with most of their surface charge attributed to 1somorphous substity-
tion (e.g., smectites and i1lites) are less affected by changes in pH than
the kaolinite minerals, which have most of their surface charge resulting
from surface chemical reactions (see Section 2.3). g

4.2.1.1.7 Anion Adsorption--Adsorption of anions (e.g., CI1-, P04'3

.and certain surfactants) by the clay particle can increase the net negative
-charge and increase the double-layer thickness. Dispersion can occur as a
result.

4.2.1.2 Displacement of Water--

If adsorbed water within clay particles is displaced by a fluid with a
different dielectric constant or electrolyte concentration, the result may be
a change in the interlayer spaces of the clay. Such changes can cause the
clays to shrink and crack. This can result in the formation of large
conducting channels through the soil along with drastic increases in the
permeability. Desiccation of clays by certain organic fluids has been
reported by Anderson (1981) and others.

4.2.1.3 Cation Exchange-- '

_ Cations adsorbed in the diffuse double layer are exchangeable with other
cations in solution. 1In general, the affinity of a cation for a clay
increases with cation valence and decreases with increasing ionic radius
within an element group. (See Section 2.2.)

+ Cation exchange will usually result in a change in double layer
thickness. The thickness of the double layer decreases with increasing
cation valence for montmorilionite; replacement of Nat with Ca++t results
in a reduction of interlayer basal spacing from over 4 nm to about 1.9 nm.
For montmorilionite, only two layers of water are incorporated between layers
when calcium is the adsorbed cation; with sodium, the number of water layers
between layers is practically unlimited. Thus, cation exchange can cause
double-layer collapse, desiccation and shrinkage, flocculation, and increased
permeability for certain clays.

Theng (1974) has summarized the importance of cation exchange in
clay-organic complexes: ’

— = -
|
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« « o Since uncharged polar organic molecules are adsorbed essen-
tially by replacement of the interlayer water, the behavior of such
molecules is likewise strongly influenced by the exchangeable cation.
Evidence s accumulating to show that, at least at lTow water contents,
cation-dipole interactions are of paramount importance in their effect
on the adsorption of polar organic species by clay materials.

4.2.2 Dissolution by Strong Acids or Bases

Both organic and fnorganic acids react with and dissolve aluminum,
iron, and silica in the crystal lattice of clay minerals. Strong bases can
have a similar effect. This dissolution can result in a release of mineral
fragments that may migrate from their original position and leave enlarged
pore spaces for conducting the permeant fluid through the clay. Anderson
and Jones (1983) have pointed out that "whether the permeability of the
clay barrier increases or decreases will depend on the fate of the migrating
particles." The increase in conducting pore size may give rise to an
increased permeability if the particles migrate through the clay mass. If
the particles lodge 1n pore constrictions, clogging the conducting pore
Spaces, a decrease in permeability may result (Anderson and Jones, 1983).

Data originally reported by Pask and Davies (1945) show that sulfuric
acid dissolves 3, 11, and 89 percent of the aluminum present in kaolinite,
111ite, and smectite. Other studies also suggest that kaolinite is less
soluble than smectite in strong acids (Grim, 1953).

4.2.3 Precipitation of Solids

~ The precipitation of solids in the soil-water system is controlled by
fonic concentration and equilibrium solubility. If the concentration of
certain ions exceeds the solubility 1imits, minerals such as gypsum
(CaS04 2H20) or jarosite (KFe3(SO4)2(OH)5) may precipitate from solution
(Shepard, 1981; -Dunn, 1983). Formation of such precipitates can clog
pore spaces in the sofl matrix.

4.2.4 Effect of Microorganisms

The presence of microorganims can affect the mobility of fluids
through the so11. Fuller (1974) classified activity of microorganisms 1n
terms of three classes of chemical reactions: (1) oxidation and reduction,
(2) mineralization and immobilization, and (3) reactions with organic consti-
tuents. In certain circumstances, the attenuation of contaminants in soils
is drastically affected by microorganisms. Processes that can contribute to
attenuation of contaminants by microorganisms include the following (Fuller,
1974; Dunn, 1983): E ‘

® Degradation of carbonaceous wastes

® Transformation of cyanide to mineral n1trogen and dénitrifi-
cation to nitrogen gas
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] Oxidation-reduction reactions with metal ions

° Reduction of sulfate to sulfide

. Production of carbon dioxide from organic molecules
(] Production of simple organic acids

] Production of humic and fumaric acids that can react with
trace contaminants

0 Production of organic species on which trace contaminants
can be adsorbed.

Apart from the benefits of attenuation, the physical presence of the
microorganisms as well as the gases produced as a result of the reactions
listed above can cause blockage in the conducting pore spaces within soils,
reducing the area for flow and decreasing permeability. This effect has been
noted in permeability tests, particularly when the permeant fluid is
conducive to the growth of microorganisms.

4.3 MEASURING CLAY-CHEMICAL COMPATIBILITY THROUGH PERMEABILITY TESTING

Permeability is a highly variable engineering property of soils, and
slight changes in the measurement technique or test equipment can cause
order of magnitude changes in the values determined (Mitchell et al.,
1965). Because one is always dealing with orders of magnitude in perme-

ability testing, it is unrealistic to expect test results to agree within
" less than several hundred percent (Zimmie et al., 1981). Bryant and Bodocsi
~ (1986) have also examined precision and reliability that can be achieved in
laboratory permeability measurements. No widely accepted method exists for
measuring clay-chemical compatibility through permeability testing. Thus,
a variety of equipment and techniques have been employed in this area of
research. - Some of the variables in test methods are described in this
section, and advantages and disadvantages are highlighted. For additional
information and recommendations see Bowders et al. (1986).

4,3.1 Measurement Devices

: The permeability of clay soils to various liquids is usually deter-
mined in either constant head or falling head tests in fixed-wall, flexible-
wall, or consolidation permeameters. Each category of test device can have
many variations. Fixed-wall permeameters that have been used in clay-.
chemical compatibility testing include stainless steel permeameters, plexi-
glass permeameters, thick-walled pyrex glass permeameters, glass cylinders,
PVC (polyvinyl chloride) tubes, and shrink tubing. Shrink tubing may, in
fact, lend to fixed-wall tests a major desirable feature of flexible-wall
tests--reduction in the possibility of sidewall 1leakage.

Tests with water and other solutions that do not interact with clays
have shown that comparable permeability measurements may be obtained
through different types of test devices.. Everett (1977) measured the perme-
ability of Lacustrine clays in falling head tests over a 2-month test period
in three types of fixed-wall permeameters. Test results showed almost
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- equivalent permeability readings in all test devices. Values meagsured
‘ were 9.0 x 10-9 cm/s in a 8onmerc1a1 metal permeameter, 6.9 x 10~7 cm/s
in PVC pipe, and 8.3 x 107 cm/s in shrink tubing.

Permeability tests performed in both fixed-wall and flexible-wall tests
at Duke University (Peirce, 1984; Peirce and Peel, 1985) also indicate that
comparable data can be obtained from the different devices. Test fluids used
in the Duke investigation did not significantly alter the soil permeabilities
as compared to baseline permeabilities obtained with 0.01 N calcium sulfate.
More than 100 tests were carried out. The reproducibility of the permeabil-
ity results suggests that side-wall leakage in fixed-wall devices can be
virtually eliminated through careful quality control during sample prepara-
tion, compaction, and testing if the permeant fluid does not alter the clay
that is tested.

Test results may differ somewhat with different types of permeameters
when the test fluid is other than water (or comparable baseline fluid).
Daniel (1983) found that methanol in tests with kaolinite in three types of
permeameters produced similar curves (permeability versus pore volumes passed
through sample) but with compaction mold permeabilities somewhat higher than
values measured in flexible-wall or consolidation cells.

4.3.2 Test Setup

Whether permeability tests are carried out as constant head or falling
head should not affect the validity of the test results. Effectively, one is
doing the same thing in both tests. In the constant head test, readings are

. converted to a flow rate; in the falling head test, readings are converted to
changes in head. Most of the permeability tests described in this section
are essentially constant head tests because of the very low permeabilities of
compacted clay soils. Test results reported by Monserrate (1982), however,
were computed as falling head permeabilities. ‘

Buettner and Haug (1983) noted that leakage is the controlling factor on
how low a permeability can be measured. They measured total leakage from
their flexible-wall permeameter setup by placing a solid metal block in the
cell and monitoring the changes in inflow and outflow. Volume change in-
dicators with an accuracy of +0.005 cm3 were used to determine the leak-
age rate and also enabled the researchers to measure the change in volume of
clay soils due to consolidation or swelling. Buettner and Haug found that
if leakage is not corrected for, the potential error at low permeabili-
ties (less than 10-12 cm/s) can be as high as 2 orders of magnitude.

4.3.3 Compatibility of Materials with Test Fluids

A problem that has become apparent in testing organic fluids in triaxial
cells is the incompatibility between the commonly used latex membranes and
the fluid to be tested (Acar et al., 1984a; Foreman and Daniel, 1984).
Excessive deformations (i.e., wrinkling and expansion) in the membrane may
occur with possible effects on the test results. One technique used by

4-13 P

. CBA 007 0927




Acar et al. (1984a) to alleviate problems resu1t1ng from 1ncompat1b111ty was
to wrap the samples with two rounds of 0.03-mm sheet Teflon®, After place
ment around the wrapped samples, the membranes were coated with a
contaminant-resistant (silicon base) grease to decrease chemical diffusion.
Even with these provisions, however, acetone used as the test fluid was found
to diffuse through the membrane into the cell water. A procedure and
apparatus that can be used to test the membrane-permeant fluid compatibility
have been described by Rad and Acar (1984).

Foreman and Daniel (1984) also found a workable technique to be wrapping
the soil sample along with the top cap and base pedestal with two or three
revolutions of 15-cm (6-inch) -wide Teflon@’tape before placement of the
latex membrane. Long-term flexible-wall tests with heptane have been carried
out successfully with this method.

Materials compatibility has also been a problem in fixed-wall tests with
corrosive test fluids. Stainless steel permeameters and pressure fittings
were damaged in tests with chronic acid (Monserrate, 1982). Several
researchers have used plexiglass devices with Teflon@’f1tt1ngs to avoid such
problems.

4.3.4 Effect of Backpressure

Slight deviations from full saturation have been shown to significantly
affect measured permeability values (Mitchell et al., 1965). Recognizing
this, some researchers include in the test method a saturation step involving
backpressuring. Zimmie et al. (1981) noted that many permeability determina-
tions are made using backpressure to promote complete saturation and then
releasing or lowering the backpressure during the permeability test. When
this is done, dissolved gases immediately begin to come out of solution,
causing the measured permeability values to decrease. Zimmie et al. (1981)
concluded, "The maximum, fully saturated permeability value should be deter-
mined. It is necessary to utilize backpressure to properly saturate the
specimen whether or not the actual permeability test utilizes backpressure."”

4.3.5 Effect of Hydraulic Gradient

Mitchell, Hooper, and Campanela (1965), in tests with-a silty clay,
“found evidence that rapid infiltration of water could cause migration of fine
particles that tended to plug conducting pore spaces and reduce flow rates.
~Mitchell and Younger (1967) measured permeability to water of a compacted
silty clay as a function of hydraulic gradient. A gradual increase in the
gradient from 0 to 17 over 26 days resulted in a corresponding increase
in permeability from less than 5 pvp 10-7 to 5.4 x 10-% cm/s. The in-
crease was approximately linear in the region of gradients of about 4 to 10,
the curve of permeability versus hydraulic gradient tending to flatten at
the lower and higher gradients. The nonlinear behavior at the higher gradi-
ents may have been the result of movement of fine soil particles. Other
researchers--Olsen (1965) and Hamilton (1979)--have reported data
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that show no significant effect of hydraulic gradient on either discharge
. velocity or permeability to water. _

Under a cooperative agreement with the U.S, Environmental Protection
Agency (EPA), Daniel (1982) investigated the effect of hydraulic gradient on
permeability. water (actually 0.01 N calcium sulfate) as well as other
permeant fluids were tested at gradients of 10, 50, 100, and 300 in flexible-
wall cells, fixed-wall permeameters, and consolidation cells. The perme-
ability of kaolinite to water did not vary with hydraulic gradient in any
test device. Changes in hydraulic gradient caused a slight increase in
permeability for kaolinite permeated with methanol in flexible-wall cells,
In fixed-wall permeameters and consolidation cells, however, the trend was
for decreasing permeability with decreasing gradient in tests with methanol,
Due to large variations in the test data obtained for fixed-wall permeam-
eters, the results of the tests were somewhat inconclusive,

In other research funded by the EPA, Brown, Thomas, and Green (1984)
studied the effects of hydraulic gradient on the permeability of three clay
soils to two organic wastes--a xylene waste and an acetone waste. It was
concluded that hydraulic gradients of 31, 91, and 181 did not greatly affect
the Permeabilities in ejther presaturated or unsaturated samples. ,

4.3.6 Criteria for Concluding a Test

Clay-chemical compatibility tests should be continued'untii all changes
in permeability resulting from the interaction of the chemical with the clay
have been observed. To satisfy this condition, compatibility tests should be

ary significantiy from zero (steady-state permeability has been reached) and
at least one pore volume of fluid has Passed through the clay. If the first
condition is not met, there is no assurance that reactions of the chemical
with the clay are complete. If the second condition is not met, there is no
assurance that the permeant has contacted all of the clay in the column. In
order to satisfy the above conditions, it is necessary to determine the
chemistry of both the influent and effluent (to detect breakthrough) and-
report pore volumes through samples as well as real time. (Conclusion from a
workshop on Permeabilfty Testing, Atlanta, GA, January 1984, unpublished.)

A statistical procedure was developed at Duke University (Monserrate,
1982; Peirce and Witter, 1986) to determine when a test should be concluded. ,
Readings of column level and time are taken at certain intervals throughout ‘ ‘
the test. The hydraulic conductivity is computed for each time interval.,
From this set of data the first 10 points are taken and a 1inear regression
analysis is performed to determine the slope of the hydraulic conductivity
VS. time curve. The first point is then dropped and another value is added
on the other end. The slope is calculated again, and so on. In the
beginning of the test this slope will be fairly large, but as the test
Progresses it wil decrease and approach zero when steady-state is obtained.’

The criteria for when steady-state is obtained will be taken when two
criteria are met--

o
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o When the slope at the'curve'does not vary significantly from zero
at the 95-percent confidence level, and

o At least one pore-volume of the liquid is passed through the sample
(Peirce, 1984). , .

4.4 SUMMARY OF AVAILABLE RESEARCH DATA

Numerous studies pertaining to the effects of chemicals on clay soil
permeabilities have been carried out by researchers at universities and by
private firms across the country during the last few decades. Research has
been sponsored by the EPA, the Army Corps of Engineers, the Chemical
Manufacturers Association, and others. Among the classes of compounds that
have been tested are aliphatic hydrocarbons, chlorinated aliphatics, aromatic
hydrocarbons, alcohols, glycols, ketones, carboxylic acids, amines, and
aromatic nitro compounds. In addition to tests with single-compound test
solutions, many studies have been carried out using complex chemical mix-
tures. In tests involving actual wastes or leachates (obtained by passing
water through wastes), the exact composition of the fluid is usually not
known although major components and important parameters are usually identi-
fied and quantified. ‘

The results of some of the most significant permeability tests involving
specific organic solvents are presented in Table 4-1. The results of
permeability tests involving wastes are presented in Table 4-2.

Some of the studies summarized here and in more detail in Section 4.5
have shown that certain pure, concentrated organics can drastically alter the
permeability of clay soils under the conditions of the laboratory test.
These test results have led to widespread concern over the possible seepage
of wastes. into the environment from clay-lined disposal facilities. It
should be emphasized that clay liners in disposal facilities are most often
in contact with 1leachate having much lower organic solvent concentrations
than the test solutions associated with the drastic permeability increases
seen in some laboratory studies. Laboratory studies performed with less
concentrated test solutions (either actual wastes or leachates or dilutions
prepared in the laboratory) do not appear to produce such effects.

Because of the wide variations in the soils used in clay liners and the
leachates to which they will be exposed during service, testing of the actual
liner/leachate system is necessary to confirm compability.

4.5. PERMEABILITY STUDIES TO INVESTIGATE CLAY-CHEMICAL INTERACTIONS

The major findings of various research efforts to investigate effects on
permeability of clay-chemical interactions are presented in this section.

4.5.1 Observations by Macey (1942) on Effects of Orgahics on Fireclay

As a result of permeability experiments with fireclay, Macey (1942)
concluded that the rates of flow of benzene, nitrobenzene, and pyridine
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TABLE 4-1. RESULTS OF PERMEABILITY TESTS WITH ORGANIC CHEMICALSl_

ALIPHATIC AND AROMATIC HYDROCARBONS
Heptane

Fixed-wall permeameter tests at high gradient with four clays showed rapid
permeability increases and breakthrough. The increase 1in permeability was
more than 3 orders of magnitude in an illite clay. Baseline permeabilities
were established in the same sample with 0.01 N calcium sulfate prior to
introducing the test solution. (Anderson, 1981) .

Benzene

The flow rate of benzene through fireclay was of an enormously higher order
of magnitude than the flow rate for water. (Macey, 1942)

In a column test under a .head of 701 cm (23 feet), signs of full penetration
throughout the clay material were observed after 36 days; in a similar coiumn
with water as the permeant fluid the 1iquid level dropped less than 2.54 cm
(1 inch) over a 100-day period. Samples were 91 cm in height .and 2.54 cm in
diameter. (White, 1976, unpublished data)

Following an initial decrease in permeability (compared to permeability to
defonized water established in a similar sample), total breakthrough occurred

_ on the eighth day of testing when Ranger shale was exposed to benzene in a

.f1xedf-wa11 permeameter under low hydraulic gradient. (Green et al., 1979)

Benzene did not penetrate compacted Ca-montmorillonite that was first
saturated with 0.01 N calcium sulfate even at hydraulic gradients as high at
150. (Olivieri, 1984) '

In flexible-wall tests with a Georgia kaolinite, permeability decreased until
the tests were terminated. The final value was approximately 2 orders of
magnitude lower than the initial permeability. (Acar et al., 1984a)

Xylene

Following an initial decrease in permeability, total breakthrough occurred on
the 25th day of testing when fireclay was tested in a fixed-wall permeameter
under low hydraulic gradient. In Ranger shale, a slight decrease in perme-
ability was observed and remained steady until the test was terminated at 40
days. In Kosse kaoline, a slight decrease in permeabiiity was followed by an

- increase to about the initial level, which persisted until the test was
terminated at day 36; changes did not exceed half an order of magnitude.
(Green et al., 1979) _

In column tests under very low gradient, intrinsic permeabilities were higher

than permeability to water by at least 1 order of magnitude in samples of
Lake Bottom, Nicholson, Fanno, Chalmers, and Canelo clays. Permeabilities

(continued)
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, TABLE 4.1 (continued)

Xylene (con.)

were slightly higher than for water in three other soils. The samples (5.8
cm in diameter and 5 cm in height) were presaturated with xylene. (Schramm,
1981)

Fixed-wall tests at high gradient with four clays showed permeability in-
creases and breakthrough followed by nearly constant permeabilities roughly
2 orders of magnitude higher than baseline permeabilities. Baseline perme-
abilities were established in the same sample with 0.01 N calcium sulfate
prior to introducing the test solution. (Anderson, 1981)

In fixed-wall permeameter tests at high gradient, the permeability of an
unsaturated micaceous soil was 4 orders of magnitude higher when exposed to
xylene than when tested with 0.01 N calcium sulfate. (Brown et al., 1984)

Xylene/Acetone

In fixed-wall permeameter tests at high gradient, the permeability of an
unsaturated micaceous soil to either pure acetone or pure xylene was greater
than the permeability determined for mixtures of the two solvents. The
permeability of a mixture of 87.5 percent xylene and 12.5 percent acetone
was lower by 3 orders of magnitude than the permeability measured with pure
xylene (though still higher than the permeability to 0.01 N calcium sul-
fate). When the acetone component was increased to 75 percent, the perme-
ability was approximately the same as that determined with pure acetone
(1.e., about 1.5 orders of magnitude greater than the permeability to 0.01 N
calcium sulfate). (Brown et al., 1984)

Kerosene (a mixture of aliphatics and aromatics)

In column tests under very low gradient, intrinsic permeabilities were higher
than permeability to water by approximately 1 order of magnitude in samples

of Lake Bottom, Nicholson, Fanno, Chalmers, and Canelo clays. Permeabilities
were slightly higher than for water in three other soils. The samples (5.8

cm in diameter and 5 cm in height) were presaturated with kerosene.

(Schramm, 1981)
In fixed-wall permeameter tests at high gradient, the permeability of an
unsaturated micaceous soil increased by 3 to 4 orders of magnitude compared
%gagge permeability determined with 0.01 N calcium sulfate. (Brown et al.,

Naphtha
The permeabilities of two clays (Na-saturated and Ca-saturated montmorillon-

ite) to naphtha were greater by severa] orders of magnitude than their
permeabilities to water. (Buchanan, 1964)

(continued)
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TABLE 4-1 (continued)

Soltrol C (a 1light hydrocarbon 1iquid)

Intrinsic permeabilities for samples tested with the 1ight hydrocarbon were _
significantly higher than the permeabilities measured in similar samples
exposed to water., (van Schaik, 1970) _

Diesel Fuel

Fixed-wall permeareter tests at high gradient with an unsaturated micaceous
illite produced highly variable data inconsistent with the pattern of perme-
ability changes seen with other 1iquid hydrocarbons. Permeability was
greater by 1 to 2 orders of magnitude than the permeability measured with
0.01 N calcium sulfate in a similar sample. (Brown et al., 1984)

Paraffinv01l

In fixed-wall permeameter tests at high gradient with an unsaturated mica-
ceous illite, permeability was greater by about 1 order of magnitude than

the permeability measured with 0.01 N calcium sulfate in a similar sample. .
Maximum v§lues were obtained after the passage of one pore volume. (Brown et
al., 1984

Gasoline

.1 fixed-wall permeameter tests at high gradient with an unsaturated mica-
ceous illite, permeability was greater by 1 to 2 orders of magnitude than
the permeability measured with 0.01 N calcium sulfate in a similar sample.
(Brown et al., 1984) ‘

Motor 011

In fixed-wall permeameter tests at high gradient with an unsaturated mica-
ceous illite, permeability increased by about 1 to 2 orders of magnitude as
255 gore volumes of fluid were passed through the sample. (Brown et al.,
1984 '

ETHERS

Dioxane

increase in intrinsic permeability. This permeability was much Tower,
however, than the values determined for kaolinite beds initially prepared
with dioxane. (Michaels and Lin, 1954) _ '

(continued)

e - - .

4-19 |
. CBA 007 0933




TABLE 4-1 (continued)

KETONES
Acetone

In fixed-wall permeameter tests under low hydraulic gradient, three clays
showed slight decreases in permeability (compared to permeability to
defonized water established in a similar sample). All tests were concluded
before 40 days. Less than 0.5 pore volumes were passed through the sample,
(Green et al., 1979)

Fixed-wall permeability tests at high gradient with four clays showed initial
permeability decreases followed by increases compared to baseline. Baseline
permeabilities were established in the same sample with 0.01 N calcium sul-
fate prior to introducing the test solution. Extensive shrinking and crack-
ing in the soils were observed after permeation. (Anderson, 1981)

In flexible-wall tests with a Georgia kaolinite, an immediate decrease in
permeability was followed by an increase, the final value stabilizing at
approximately double the initial permeability (Acar et al., 1984)

Acetone (high and low concentration)

An -increase over baseline permeability (established with 0.01 N calcium sul-
fate in similar samples) was seen in an unsaturated micaceous soil for solu-
tions where the acetone concentration was 75 or 100 percent. Samples tested
with lower concentrations of acetone did not show appreciable changes in
permeability compared to the 0.01 N calcium sulfate. Tests were carried out
in fixed-wall permeameters at high gradient. (Brown et al., 1984)

Acetone (low concentration)

Permeabjlity_décreased slightly in a Georgia kaolinite clay tested in a
flexible-wall permeameter with a solution containing a Tow concentration of

acetone (i.e., below 0.1 percent) prepared in 0.01 N calcium sulfate. (Acar
et al., 1984a) .

ALCOHOLS, GLYCOLS, PHENOL
Metﬁanol

Permeability decreased slightly (compared to permeability to deionized water
established in a similar sample) when Ranger shale was exposed to methanol
under low hydraulic gradient in a fixed-wall permeameter. The test was
terminated after 30 days. (Green et al., 1979)

Fixed-wall permeameter tests at high gradient with four clays showed steady
permeability increases compared to baseline. Baseline permeabilities were
established in the same sample with 0.01 N calcium sulfate prior to introduc-
ing the test solution. Examination of the methanol-treated samples revealed
development of large pores and cracks. (Anderson, 1981)

(continued)
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TABLE 4-1 (continued)

Methanol (con.)

Test results with Lufkin clay in flexible-wall cells showed essentially no
change in permeability with time when samples were permeated with methanol.
The permeability to methanol was virtually the same as with 0.01 N calcium
sulfate. (Daniel, 1983)

At high hydraulic gradients, kaolinite was found to have a higher conduc-
tivity to methanol than to water regardless of the permeameter types; fixed-
wall, flexible-wall, and consolidation permeameters were used. In the
flexible-wall and consolidation permeameters, kaolinite is about twice as
permeable to methanol as to water. (Foreman and Daniel, 1984)

Isopropyl Alcohol

In column tests under very low gradient, intrinsic permeabilities were higher
than permeability to water by almost 1 order of magnitude in samples of
Nicholson, Fanno, and Canelo clays. Permeability values were the same or
slightly higher than baseline in five other soils. The samples (5.8 c¢m in
diameter and 5 cm in height) were presaturated with the alcohol. (Schramm,
1981) .

Glycerol

.Permeabinty decreased slightly (compared to permeability to deionized water
established in a similar sample) when Ranger shale was exposed under low
hydraulic gradient to glycerol in a fixed-wall permeameter. The test was
terminated after 36 days. (Green et al., 1979)

Ethylene Glycol

Fixed-wall permeameter tests at high gradient showed permeability decreases
compared to baseline followed by increases in three clays; a smectitic clay
showed an initial rapid increase followed by a slower but continuous increase
in permeability. Baseline permeabilities were established in the same sample
w;gh)0.0I N calcium sulfate prior to introducing the test solution (Anderson,
1981 _

In column tests under very low gradient, intrinsic permeabilities were an
order of magnitude lower than permeabilities to water in Chalmers clay,
Mohave clay, and River Bottom sand. Vvalues were slightly lower in Lake
Bottom, Nicholson, Canelo, and Anthony clays and slightly higher in Fanno
clay. The samples (5.8 ¢cm in diameter and 5 c¢m in height) were presaturated
with the ethylene glycol. (Schramm, 1981)

‘(continued)
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TABLE 4-1 (continued)

Phenol (949 mg/L)

In coTumn tests with a lacustrine clay (packed to discharge 2 mL/day), no
significant effect on permeability was noted when deionized water was
replaced by the phenol solution as the permeant fluid. (Sanks and Gloyna,
1977)

Phenol (Tow concentration)

Permeability decreased slightly in a Georgia kaolinite clay tested in a
fiexible-wall permeameter with a solution containing a low concentration of
phenol (i.e., below 0.1 percent) prepared in 0.01 N calcium sulfate. (Acar
et al., 1984a)

Phenol (high éoncentration)

In flexible-wall tests with a Georgia kaolinite and a high-strength phenol
solution, an .immediate decrease in permeability was followed by an increase,
the final value stabilizing at approximately double the initial perme-
ability. (Acar et al., 1984a)

AMINES
Aniline

Fixed-wall permeability tests at high gradient with four clays showed perme-
ability increases and breakthrough. Baseline permeabilities were established
in the same sample with 0.01 N calcium sulfate prior to introducing the test
solution. Extensive structural changes in the upper half of the soil columns
were observed following permeation with aniline. The aggregated structure
was characterized by visible pores and cracks on the surface of the soils. -
(Anderson, 1981)

Pyridine

The flow rate of pyridine through fireclay was of an enormously higher order
of magnitude than the rate of flow for water. (Macey, 1942)

CHLORINATED ALIPHATICS
Chrbon Tetrachloride

Permeability decreases slightly (compared to permeability to deionized water
established in a similar sample) when Ranger shale was tested under low
hydraulic gradient in a fixed-wall permeameter. The test was terminated
after 14 days. (Green et al., 1979)

(continued)
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TABLE 4-1 (continued)

Trichloroethylene

Permeability decreased slightly (compared to permeability to deionized water
established in a similar sample) when fireclay was tested under low hydraulic
gradient in a fixed-wall permeameter. The test was terminated after 36 days.
(Green et al., 1979) '

OTHER
Acetic Acid

Tests at high gradient in fixed-wall permeameters showed continuous perme-
ability decreases to baseline in two clays. Tests with smectitic and illite
clays showed permeability increases after fnitial decreases. Baseline
permeabilities were established in the same sample with 0.01 N calcium
sulfate prior to introducing the test solution. The permeability decreases
were attributed to partial soil dissolution and migration of particles, which
temporarily clogged the fluid conducting pores. Progressive soil piping

eventually caused the increase in permeability. (Anderson, 1981)

Nitrobenzene

The flow rate of nitrobenzene through fireclay was of an enormously higher
‘wder of magnitude than the flow rate for water. (Macey, 1942)

In flexible-wall tests with a Georgia kaolinite, permeability decreased unti]
the tests were terminated. The final value was approximately 2 orders of
magnitude lower than the initial permeability (Acar et al., 1984a)

{
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TABLE 4-2. RESULTS OF PERMEABILITY TESTS WITH WASTES

“Xylene Waste" (paint solvent containing xylene with 25 percent paint pig-
ments and trace amounts of water)

In fixed-wall permeameter tests, the permeability of three clay soils, pre-
saturated with 0.01 N calcium sulfate, increased rapidly upon exposure to
xylene waste after the cumulative flow exceeded 0.2 to 0.4 pore volume.
Permeabilities were 2 to 4 orders of magnitude greater than permeabilities
measured with 0.01 N calcium sulfate. Highest permeabilities measured on
initially unsaturated samples were greater by 1 to 2 orders of magnitude than
for samples that were initially saturated with the calcium sulfate. (Brown
et al., 1983) '

"Acetone Waste" (a chemical manufacturing waste containing 91.7 percent
acetone, 4 percent benzene, and 0.6 percent phenol)

In fixed-wall permeameter tests, the permeability of three clay soils, pre-
saturated with 0.01 N calcium sulfate, initially decreased (minimum perme-

~ability at approximately 0.5 pore volume) and then steadily increased.
Permeabilities were 2 to 4 orders of magnitude greater than permeabilities
measured with 0.01 N calcium sulfate. Highest permeabilities measured on
initially unsaturated samples were greater by 1 to 2 orders of magnitude than
for samples that were initially saturated with the calcium sulfate. (Brown
et al., 1983)

Perchloroethylene Waste

There is evidence that a perchloroethylene waste, which formed a separate,
denser than water phase, contributed to the failure of a clay liner at a
surface impoundment. (Personal communication, 1984)

"Acid Prowl" (pesticide wash of very low pH; higher viscosity than water)

After several days of exposure to a lacustrine clay packed in a fixed-wall
column, the water reacted with the soil to produce chlorine gas. Over a
5-week period, the flow of liquid from the column was irregular due to
clogging of pores by the gas. (Everett, 1977)

"Acid Wash" (42 percent sulfuric acid with about 5 percent organics; higher
viscosity than water)

Permeability of a lacustrine clay packed in shrink tubing increased by about
1 order of magnitude over a period of 19 days. The permeability was lower,
however, than values obtained when the soil sample was exposed to water.
(Everett, 1977)

(continued)
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(an acid wash with pH of 0.37; higher viscosity than water)

Permeability of a lacustrine clay packed in shrink tubing was 1ower than the
value obtained when the soi] sample was exposed to water, The waste may have
reacted with the sotl, 1iberating gases and increasing pore pressures and
clogging flow. (Everett, 1977) .

"Hydrazo Benzene" (33 percent methanol, 12.8 percent sodfum hydroxide, 15.5
percent sodium formate, and 1.5 percent hydrcazobanzene and azobenzene; more
viscous than water) ' :

Permeability of a lacustrine clay packed in shrink tubing was slightly lower
than the value obtained when the soil sample was exposed to water, Tests
were carried out for 34 days under low gradient (less than 100 cm).
(Everett, 1977)

"Acid Waste® (100 mM HC1/L)

Due to reaction with carbonates, much higher permeabilities were observed in
tests with lacustrine clay compared to permeabilities determined with '
defonized water, (Sanks and Gloyna, 1977)

"Basic Waste™ (100 mM NaOH/L)

_‘ermeabilities in a lacustrine clay decreased Compared to the valuyes measured
~ with deionized water. (Sanks and Gloyna, 1977)

-
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through clay are "of an enormously higher order than for water." Analytical
reagent-grade organics were used. All the organic liquids passed through the
clay at flow rates 100,000 to 1,000,000 times greater than the flow rate of
water through the same clay. The high rates of flow produced experimental
difficulties because of the high resistance to flow of the testing apparatus,
and the experiments were finally abandoned. Differences between the viscosi-
ties of the organic fluids and of water are not sufficient to account for the
very large permeability changes that were observed.

4.5.2 Tests With Kaolinite and Organic Solvents by Michaels and Lin (1954)

Michaels and Lin (1954) measured the permeability of high-purity
raciinite to nitrogen gas, cyciohexane, acetone, dioxane, methanol, and
distilled water. Tests were also conducted to determine the effect of
replacement of one permeant i1iquid by another. The investigation was one
part of a broad program of fundamental research sponsored by the U.S. Army
Corps of Engineers and by industrial contributions and was carried out at the
Massachusetts Institute of Technology (MIT) Soil Stabilization Laboratory.

4.5.2.1 Test Method-- -

Permeability tests were conducted in a 5.1-cm (2-inch) -diameter fixed-
wall permeameter cell. Bed thickness was 1.1 to 1.8 cm. The base-exchange
capacity of the kaolinite was determined to be 5.0 + 0.5 meq/100 g.

Samples were dried for 24 hours at 160°9C prior to saturation by the
organic liquids for the permeability test. :

Prior to permeability testing, each sample was submerged in the fluid to -

be tested (either organic 1iquid or water). The wetted samples containing
known amounts of clay were poured into the permeability cell, entrapped air
was removed, and the sample was consolidated by means of a confining piston.
Samplies were consolidated to several void ratios (volume of voids/volume of
solid) for each test fluid. Void space was determined through column bulk
density and the true density of kaolinite. ~

For the permeability tests, a hydrostatic head not exceeding 10 percent
of the compaction pressure was maintained. Permeabilities were determined
for each void ratio. Permeability coefficients determined for separate clay
samples prepared with a given fluid and compacted to essentfally the same
void ratio were found to be reproducible to within 10 percent.

The effect of change of fluid medium on the permeability of a confined
clay was determined through a series of desolvation experiments. Kaolinite
inttially packed and permeated with water was subsequently permeated with
dioxane until the water was completely displaced (as evidenced by constant
permeability to dioxane). The dioxane was then displaced with acetone under
similar conditions. Finally, warm, dry nitrogen was passed through the
sample until the bed was solvent-free. Beds initially tested with the
organic liquids (methanol, dioxane, acetone, and cyclohexane) were similarly
treated with dry nitrogen until all solvent was removed.
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The permeab1l1£y to nitrogen of the desolvated samples was then

‘ determined and compared to the permeability with the original permeant
fluid.

4.5.2.2 Test Results--

The intrinsic permeabilities (cmz) of samples packed at different
void ratios, measured for organic solvents and for nitrogen, are shown in
Figure 4-3. Predictably, the permeabilities increased with increasing void
ratio. The data also indicate that permeability at any given void ratio
decreases with increasing polarity of the permeant,

As a result of the desolvation experiments, the authors concluded that:

Whatever specific effects these permeant 1iquids exert on the kaolin-
ite persist when the clay is thoroughly dried in the confined state.

The reduced permeabilities of kaolinite to these 1iquids relative to the
values observed for this clay to gas when packed in the dry state
apparently cannot be ascribed to adsorbed liquid films, abnormally high
liquid viscosities, or electro-osmotic effects. . . . It seems most
probable, therefore, that the lower permeabilities of kaolinite to these
11quids than to nitrogen are caused by improved dispersion, and possibly
more orderly packing of the solids in more polar media. '

Results of the desolvation experiments show the effect of replacement of
permeant fluid on the permeability of the kaolinite.  For samples sedimented
from and initially permeated with methanol, ‘dioxane, acetone, or cyclohexane
and then exhaustively permeated with warm, dry, nitrogen gas, the final gas
permeability is found to be equal, within the 1imits of experimental accu-
racy, to the permeability to the initial permeant 1iquid at the corresponding
void ratio. This is particularly true at low void ratios. An increase in
permeability upon drying is observed if the initial void ratio is high.

Specific observations by Michaels and Lin include the foflow1ng:

® Replacement of water by dioxane {s, in all cases, accompanied
by about a 20- to 30-percent increase in permeability; the dioxane
permeabilitjes through these beds are, however, much lower than the
values determined for kaolinite beds prepared initially in dioxane.

e Replacement of the dioxane with acetone leads to a small additional
permeability {ncrease approximately when water is the initial
permeant fluid.

® Displacement and evaporation of the acetone with dry nitrogen is
accompanied by a great increase in permeability; the magnitude of
this increase is greatest for kaolinite samples confined initially at
high void ratios.
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Figure 4-3. Intrinsic permeabilities as a function of void space (e)
measured for different permeants.

4-28 [ =
. CBA 007 0947




4.5.2.3 Discussion--
Intrinsic permeabilities reported by Michaels and Lin cannot be directly
. compared with permeability data from other tests because the measurement pro-
cedure is unique. No information is provided about the amount of fluid passed
through the sample in determining each of the reported permeabilities.

While samples used in permeability tests are usually air-dried, the
clay samples used by Michaels and Lin were dried for 24 hours at 160°C, a
condition that could cause irreversible changes in clays and organic matter.
It is possible that the adsorptive properties of the kaolinite were
permanently altered by this drying procedure. The kaolinite mineral,
halloysite, will not rehydrate if the interlayer water is removed.

4.5.3 Study by Buchanan (1964) of the Effect of Naphtha on Montmorillonite

Buchanan (1964) at Texas A&M University studied permeabilities of sodium-
and calcium-saturated montmoriilonite when these clays were permeated by water
and naphtha. Permeabilities of the two clays to naphtha were greater by
several orders of magnitude than their permeabilities to water, even with
reductions in void ratios for the samples treated with naphtha. The data also
suggest that the permeability of the sodium-saturated clay is more
dramatically affected by the naphtha. Permeability differences were thought
to be at least partially due to the inability of naphtha to form an .
immobilized 1iquid film on the clay mineral surfaces. Buchanan's data are
summarized in Table 4-3.

4.5.4 Study by Reeve and Tamaddoni (1965) of the Effect of Electrolyte
Concentration on Permeability of a Sodic 5011 _ ‘

. Reeve and Tamaddoni (1965) of the U.S. Department of Agriculture studied
the effects of high-salt, high-sodium solutions on the permeability of a
highly sodic soil. California Waukena clay loam containing about 15 percent

of expanding lattice-type clay was tested in the 1aboratory and in the field.

4.5.4.1 Test Method--

Solutions of varying concentrations but with constant sodium adsorption
ratio (SAR) were used in the tests. Test solutions were prepared from sodium
chloride (NaCl) and calcium chloride (CaClip) at SAR levels of 0 (100
percent CaClp), 80 (a partially reclaiming solution), 180 (the equilibrium
solution of the natural soil), and « (100 percent NaCl). For each SAR level,
seven ionic concentrations (63, 125, 250, 500, 1,000, 2,000, and 4,000
meq/L) were tested in a selected sequence. Laboratory tests were carried out
in fixed-wall 5.4-cm (2.125-inch) ID cylinders.

4.5.4.2 Test Results--

The test results indicate that permeability is a function of both the
absolute concentration and the SAR of the initial solution. Permeability
increased with increasing SAR value and ionic concentration. The
permeability-concentration relationship was found to depend markedly on the
initial solution concentration (i.e., if the initial solution concentration
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TABLE 4-3. VOID RATIO AND COEFFICIENT OF PERMEABILITY RELATIONSHIPS
FOR CALCIUM- AND SODIUM-MONTMORILLONITE PERMEATED BY - '
WATER AND NAPHTHA2

. Water Naphtha
: Void - Permeability Void Permeability
Clay ratio (cm/s) ratio (cm/s)
Calcium-saturated 1.72 1.6 x 10-9 1.52 6.4 x 10-5
smectite .
Sodium-saturated 3.75 5.2 x 10711 1,31 3.8 x 10-5
smectite

3pata from Buchanan (1964).

TABLE 4-4. SUMMARY OF SOIL PERMEABILITY WITH SOLTROL C AND WATER3

Intrinsic _
Soil permeability (um?) Permeability, K (cm/s)
(bulk density in g/cm3) Water 011 Water 011
Cavendish loamy sand 4.94 9.38 4.8 x 10-3 3.0 x 10-3
. (bulk dengity: '
1.44 g/cm”;
: 6 percent c1ay) _

Chin sandy clay loam 0.73 5.45 7.1 x 104 5.1 x 10-3
(bulk dengity:
1.25 g/cm9;
18 percent clay)
Chin sandy clay loam 0.22 2.53 2.1 x 10-4 1.4 x 10-3
(bulk den31ty:

- 1.38 g/em9;
18 percent clay)

. Lethbridge clay loam 0.51 6.10 5.0 x 104 3.3 x 10-3

(bulk dengity:
1.22 g/cm?;
37 percent clay)

dpata from van Schaik (1970).
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was low, the range of permeability values with varying solution concentra-

. tions was lower than if the initial solution concentration was high, and
vice versa.) Apparently the degree of flocculation or dispersion that
occurred with the application of the initial solution influenced the magni-
tude of the permeability.

In some of the tests a large change in solution concentration (e.g.,
from 125 to 1,000 meq/L) was accompanied by a large increase in outflow due
to sidewall leakage as a consequence of the contraction of the previously
swollen mass.

In the test series in which initially low concentrations (63 meq/L)
were increased stepwise to 4,000 meq/L and then reduced to the initial con-
centration, reproducibility of permeability values as a function of concen-
tration was good. These results suggested that a reversible swelling
process was occurring. In the test series in which initial concentrations
of 1,000 meq/L were increased to 4,000 meq/L and then reduced to 63 meq/L,
results showed a gradual decrease in permeability with a given solution
concentration. This was attributed to slaking or particle rearrangement
that led to permeability decreases that progressed with time. :

The permeability of the wadkena soil to a saturated calcium sulfate
(CaS04) solution was an order of magnitude lower than the lowest values
measured with the test solutions.

Test results showed that intake rates measured in the field at high
electrolyte concentrations were approximately three times as great as
. corresponding permeabilities measured in the laboratory. However, the
fractional change was essentially the same at equal electrolyte concentra-

t‘iOﬂS.

4.5.5 Tests by van Schaik and Laliberte (1968) of Permeability of Soils
to a Liquid Hydrocarbon

Permeability data are reported by van Schaik (1970) for three soils
tested with tap water and with a 1ight hydrocarbon 1iquid (trade name
Soltrol C). Permeability measurements were made on samples that had been
vacuum-saturated. The intrinsic permeabilities with the o1l were first
reported by van Schaik and Laliberte (1968).

4.5.5.1 Test Results-- > ,

The saturated intrinsic permeability of the three samples varied between
0.22 and 4.94 um? for water. For oil, the values ranged between 2.53 and
9.38 um?. The data are summarized in Table 4-4. :

4.5.5.2 Discussion--

The test apparatus used in the study was designed to measure properties
of unsaturated porous media. The number of pore volumes displaced by the
test fluid during the permeability determination was not reported. Details
of the test procedure used also were not given in the references cited. In
spite of these limitations, the intrinsic permeabilities are useful for

e
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comparing the relative permeabilities of the various soils to water and oil.
The increased permeabilities of the soils when exposed to the oil are con-
sistent with the later findings by Anderson (1981).

4.5.6 Study by Everett (1977) of Permeability of Lacustrine Clay to Four
Liquid Wastes

Everett (1977) investigated the permeability of lacustrine clays from
Bay County, Michigan, to four liquid wastes. The purpose of the study was to
establish the feasibility of a hazardous waste landfill in Bay County. Three
types of permeability test devices were used. The results of the comparative
tests with water show no significant differences in the permeabitlities
measured in the different devices. ‘

The predominant mineral in the soil was quartz, estimated to be 40 to 50
percent. Clay minerals present were illite and chlorite, each at about 10 to
15 percent. Other important constituents were dolomite (20 to 25 percent)
and calcite (10 to 15 percent). The clay fraction was reported to average
18.1 percent. The mean cation exchange capacity of the soil (determined with
ammonium acetate solution) was low.

Wastes used in the compatibility tests were "Acid Prowl," "Acid Wash,"
"Mother Liquor," and "Hydrazo Benzene." "Acid Prowl" is a pesticide wash of
very low pH. The "Acid Wash" was about 42 percent sulfuric acid in water and
also contained about 5 percent organics including dichlorobenzidine,
orthochloroaniline, and tars. The waste labeled "Hydrazo Benzene" actualily
contained about 1.5 percent hydroazobenzene and azobenzene. Other components
were methanol (33 percent), sodium hydroxide (12.8 percent), sodium formate
(15.5 percent), and water (36.7 percent). The waste has a pH of 12.10. The
“Mother Liquor" was an acid wash (pH of 0.37) of unknown use. A1l waste
samples were more viscous than water.

4,5.6.1 Test Method--

Permeability to water was measured in three different test devices--
commercial Soil Test® units (fixed-wall, 10.2-cm [4-inch] diameter, 10.2-cm
[4-inch] sample height), PVC pipe (10.3-cm [4-inch] diameter, 15.2-cm
[6-inch] sampie height), and shrink tubing (10.2-cm [4-inch] diameter,
15.2-cm [6-inch] length). Samples tested in the Soil Test units and the
shrink tubing were prepared in a standard Proctor mold according to ASTM
specifications for modified Proctor compaction (D-1557-70). The objective of
preparing the samples was to obtain uniform packing. The PVC pipe was packed
in‘a different manner, not specified.

Samples were saturated by backwashing with water for more than 2 weeks
before permeability data were recorded. Readings were taken over a 2-month

‘period to determine the permeability of the samples to water. After testing

with water, three shrink tube columns and the PVC pipe columns were tested
with wastes. Samples were allowed to saturate by backwashing with the waste
until the effluent showed the presence (by color or pH) of the waste.
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The tests were a1} conducted in falling head setups with a head of less
than 100 cm (39.37 inches). The metal test units were not used for testing
the wastes because of the corrosive nature of the wastes.

4.5.6.2 Test Results--

"Acid Prowl" was tested in the pPyC column. After several days of con-
tact with the soil, chlorine gas became noticeable at the outlet pipe. After
2 weeks, the 9as was no longer apparent, and 1iquid flow from the permeameter
ceased. The column was allowed to stand with the waste fluid head for 3 more
weeks. During this time the fluid reacted 1rregularly. This behavior was
attributed to clogging of pores by chlorine 9as generated with the sample,
Valid Permeability readings could not be obtained. '

"Acid Wash," "Mother Liquor," and "Hydrazobenzene" were tested in shrink
tubes. The permeabilities measured with the wastes were lower than the
corresponding Permeabilities to water, This may be due in part to the higher
viscosity of the wastes compared to water. Valyes obtained after 19 days of
testing with "Acid Wash® showed a slight increase in permeability (about 1
order of magnitude) compared to the initial valye. For "Mother Liquor," test
data with the waste showed permeability to be lower by more than 2 orders of
magnitude than values measured with water. These acid wastes may have

the effect attributable to the viscosity of the wastes,

4.5.7 Tests by Sanks and Gloyna (1977) of Permeability of Lacustrine
Clay to Liquid Waste

Sanks and Gloya (1977) tested five simulated 11quid wastes with three
clays in column tests to determine effects on permeability. The aqueous
waste solutions tested were chosen to be representative of materials that
might leak from containers of solid wastes. The various substances contained
acid, base, and heavy metals.- Clays tested contained large percentages of
montmorilionite, The columns were packed at densities low enough to dis-
charge 2 mL/day of distilled water at 152-cm (5-ft) head with an allowable
error of 10 percent. -After the tests with water, the columns were drafned

and refilled with the waste fluig to be tested.

Permeabilities with deionized water ranged from 4 x 10-8 to 1.2 x
10-7 cm/s. Much highervpermeabilities were observed when the acid waste
(100 mM HC1/L) was passed through the columns due to reaction with carbo-
nates, Permeabilities decreased in tests with the basic waste (100 mM

NaOH/L). Pheno] at 10 mM/L (940 mg/L) appeared to have 1ittle effect on
Permeability.

e w

4-33 (k CBA 007 0947




TABLE 4-5.

PERMEABILITIES MEASURED WITH LACUSTRINE CLAY
EXPOSED TO WATER AND WASTE LIQUIDS?

Day of
test data Permeability (cm/s)
With water
1 3.4 x 10-10 6.7 x 10-7 4.0 x 10-7
3 1.3 x 10-9 6.5 x 10-7 6.0 x 10-7
5 1.5 x 10-9 5.7 x 10-7 5.1 x 10-7
With » With ‘ With
"acid wash" "mother 1iquor" "hydrazobenzene"
15 7.1 x 10-11 9.0 x 10-10 9.0 x 10-8
19 No flow 1.0x10°9 7.8 x 10-8
29 2.9 x 10-10 8.3 x 10-10 No reading
32 5.8 x 10-10 2.1 x 10-9 1.3 x 10-7
34 6.9 x 10-10 3.1 x 10-10 1.3 x 10-7
apata from Everett (1977).
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Heavy metals tested, HgC1, at 30 mM/L (8,100 mg/L) and ZnSO4 x 7H0
at 30 mM/L (8,610 mg/L), showed no effect except for one anomaly.

4.5.8 Investigation of the Effect of Organic Solvents on Clays by Green,
Lee, and Jones (1979) _

Under a grant from EPA's Kerr Environmental Laboratory, Ada, Oklahoma,
to the University of Texas at Dallas, Green, Lee, and Jones (1979) studied
the impacts. of organic solvents on the shrink/swell behavior and permeability
of four clay soil materials--Ranger shale, fire clay, Kosse kaoline, and
Parker soil. The test results were compared to results with water. The
studies included extensive soil characterization. Soil properties are
summarized in Table 4-6. "Organic solvents tested were benzene, Xylene,
carbon tetrachloride, trich]orethylene, methanol, and glycol (Green et al.,
1981, 1983), ‘

4.5.8.1 Test Methods-- . ‘

Swell properties of the clays in contact with water, the organic
solvents, and various solvent mixtures were investigated. The swell
Properties were measured with a 6.4-cm-diameter consolidometer. Care was
taken to prevent evaporation. Clay core samples used in the tests were
compacted at optimum moisture content. 1In the consolidometer, samples were
flooded with the test fluid and measurements of the swell or shrink behavior
were made as a function of time.

Permeab111ty data were collected on 15 clay/solvent systems. Test
durations ranged from 8 to 40 days. Fixed-wall Pérmeameters used in the
study were thick-walled Pyrex glass, and all Joints were Teflon®-1ined. The
test procedure was adapted from an ASTM method. Samples were compacted at
optimum moisture conforming to standard compaction procedures before transfer
to the permeameters. The test fluid was then introduced, the liquid level
being adjusted in an 8-mm graduated standpipe. Equilibrium permeabilities
were estimated from curves of K(cm/s) versus time. The number of pore
volumes of permeant fluid passed through the samples was not reported.

4.5.8.2 Test Results--

Each of the clay soils swelled to a greater extent when exposed to
deionized water than with any of the pure solvents tested. The shrink/swell
behavior of the various clays in water and in organic solvents is described
in Table 4-7. The final percent swells for the samples are listed in Table

Based on the swelling data for both pure solvents and for mixtures, the
authors concluded that "in mixtures of solvents, a clay will tend to swell as
though it were immersed in the component of higher dielectric constant onty"
(Green et al., 1979). _

When Ranger shale was presented with benzene, breakthrough occurred on
the eighth day of testing. Breakthrough occurred at about day 25 in the fire
clay sample presented with xylene.
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TABLE 4-6. PROPERTIES OF SOILS TESTED3

Clays
’ Ranger Fire Kosse Parker
Properties _ shale clay kaoline soil
Particle size distribution
(wt. %) :
Clay | 40 a4 53 10.5
Silt ‘ 59 55 47 70.5
Sand ' 1 1.5 0 19
Total carbon (%) "~ 0.60 0.03 0.12 3.18
Carbonate (%) 0.32 0 0 0.42
Cation exchange capacity 54.4 11.2 | 13.4 14.1
Atterberg 1imits
Plastic 1imit (moisture %) 36 31 38 22
Liquid 1imit (moisture %) 46 32 50 - 26
Optimum moisture content (%) 17.5 16 31 18
‘ . Corresponding dry density 1.73 1.81 1.36 11.86
(g/cm3) | ’
Mineralogy (% of clay
fraction)
Kaolinite 24 78 85 14
Quartz ‘ 28 16 _ 10 Negligible
I1lite/mica 24 10 - 5 37
Chlorite-montmorillonite 10 Negligible Negligible 49
dpata from Green et al., 1979.
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TABLE 4-7. CLASSIFICATION OF CLAY-ORGANIC SOLVENT SYSTEMS
@ ACCORDING TO SWELL PROPERTIESA

Swelling Swelling then Shrinking then Shrinking

only shrinking swelling only
RS/H0 RS/acetone ~ RS/benzene RS/xylene (NS)
RS/glycerol KK/xylene KK/TCE ' KK/CC14 (NS)
RS/methanol FC/acetone FC/benzene FC/CCl4 (NS)
RS/CCl4 FC/TCE
RS/TCE FC/xylene (NS)
KK/water
KK/acetone
FC/water
RS = Ranger shale KK = Kosse kaoline
FC = Fire clay : TCE = Trichloroethylene
NS = Net shrinkage (net swell
‘ observed unless indicated
otherwise)

aReproduced‘from Green, Lee, and Jones, 1979.
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TABLE 4-8. PERCENT SWELL FOR CLAY SOILS IN CONTACT
‘ ' "WITH ORGANIC LIQUIDS AND WATER3

Clay-soil | Solvent Percent swellb

Ranger shale Benzene
Benzene/acetone (3:1)¢
Xylene
Carbon tetrachloride
Trichloroethylene
Acetone
Acetone/benzene (3:1)€
Acetone/water (1:1)
Methanol
Glycerol
Water

]
L] L] [ ] * L] . [ 3 .
NWHLOMHMTOO—=NO
[ %
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Kosse kaoline Xylene
' Acetone
Water

e =]
L] -

—

Fire clay Xylene
Carbon tetrachloride
Acetone
Water

]
ODWoO O

. o
NOON ~NON -
. n

aAdapted from Green et al., 1979.
bNegative value indicates net shrinkage.
CMole percent. "

dyolume percent.
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For organic solvents other than benzene, a decrease in permeability of
Ranger shale was observed for 5 to 10 days. This decrease was followed by
- stable readings at a minimum value. The permeability coefficients reported
are shown in Figure 4-4. Although there is some scatter in the measurements
characteristic of normal experimental error, the decreasing permeability
trends over the duration of the test period are evident. The largest
decrease in permeability compared to water is seen with glycerol. With
carbon tetrachloride, the decrease in permeability was followed by an
increase that continued to the end of the test period.

4.5.8.3 Discussion--

The authors based their final conclusion, an empirical relationship for
estimating the coefficient of permeability from dielectric constant of the
permeant and packed bulk clay density, on what they judged to be final per-
meabilities. Their data do not indicate that stable permeabilities were
reached, however, in all of the solvent clay systems tested. Certainly the
permeabilities measured Just prior to breakthrough could not be classified as
stable, yet these were used in cbtaining the empirical equation to predict
permeability.

4.5.9 Anderson's Study (1981) of the Effects of Organics on Permeability

Anderson (1981) at Texas A&M University studied seven organic fluids in
comparative permeability tests. Four native clay soils were tested--two with
predominantly montmorillonite (smectitic) clay minerals but different chemi-
cal properties, one with predominantly kaolinite minerals, and one with
predominantly i1lite. Each soil contained a minimum of 35 percent by
weight clay minerals and exhibited a baseline permeability of less than
1 x 10~/ cem/s when compacted at optimum water content. Organic solvents
tested were reagent grade ethylene glycol, acetone, heptane, xylene (mixed
isomers), aniline, glacial acetic acid and methanol. The control fluid used
to establish the baseline permeability for each soil was a standard aqueous
solution of calcium sulfate (0.01 N CaS04). (Although it was not noted
in the initial publication of this research, the methanol used in the
experiment contained 20 percent water [Anderson 1982].)

clays. and approximately 90 percent for the other two samples. The minimum
permeability for each sample occurred at or Jjust above the optimum moisture
content (Anderson et al., 1981; Brown and Anderson, 1983).

4.5.9.1 Test Method-- v

Permeability was measured in constant head tests on soil cores compacted
at or above optimum water content. Pressurized compaction permeameters with
an air-induced elevated hydraulic gradient were used. For two montmoril-
lonite clays, a gradient of 361.6 (equivalent to a hydraulic head of 42.2 m
of water) was used. For the i11lite and kaolinite clay soils, a hydraulic
gradient of 61.6 (equivalent to a hydraulic head of 7 m of water) was
imposed. No signs of particle migration or turbulent flow resulted from the
elevated gradients.
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Figure ‘4-4. Coefficient of permeability of Ranger shale to various chemicals.
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TABLE 4-9. GRAIN SIZE DISTRIBUTION, MINERALOGY, AND PROPERTIES
. "OF THE FOUR CLAY SOILS3
Non- Mixed “Mixed
Clay soil calcareous Calcareous cation cation
description smectite smectite kaolinite illite
% Sand (>50 nm) 35-37 7-8 39-41 14-15
% Silt (50-2.0 nm) 26-28 42-44 17-18 38-39
% Clay (<2.0 nm) 36-38 48-50 42 47
Coarse clay (2.0-0.2 nm)
% of total 16 25 33 61
Mineralogyb Qz-1 MT-1 KK-1 I-1
KK-2 KK-2 Qz-2 Qz-2
MI-2 - QzZ-3
Fine clay (<0.2 nm)
% of total 84 75 67 39
MineralogyP MT-1 MT-1 KH-1 I-1
KK-3 MT-3 MT-2
Cation exchange capacity :
(meq/100 g) ~24.2 36.8 8.6 18.3
' Total alkalinity (meq/100 g) 3.3 129.2 0.8 4.2
F8203 (%) 0042 0-2 1302 -
Organic matter (%) 0.9 3.0 0.6 -
CaC03 Equiv. (%) - 33 Trace -
Shrink-swell potential Very high Very high Moderate Moderate
Ltiquid Timit 51-67 58-98 41-60 ~46
Plasticity index - 30-45 34-72 18-30 ~27
Optimum water contentC 20.0 21.5 20.0 19.0
Maximum density (kN m-3) 15.0 14.4 16.3 16.6
dAdapted from Anderson, 1981.
bkey to mineralogy: MT = Smectite 1 = >40% QZ = Quartz
KK = Kaolinite 2 = 10-40% MI = Mica or illite
I = Ilite 3 = <10% KH = Halloysite

‘ CPercent by dry weight.
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Special precautions were taken to minimize several sources of error that
occur frequently in permeability testing. At least one pore volume of the
CaS04 solution was passed through the soil cores to-minimize trapped
air. Before the permeameter was pressurized, the top of the soil sample
was exposed to 10 cm of standard CaSO4 solution for 48 hours. This
procedure helps to prevent channel formation and bulk flow and promotes
sealing of the permeameter sidewalls. Provision was made to view the effly-
ent passing through the soil sample so that trapped air or evidence of piping
could be monitored. Care was taken to minimize evaporative losses from the
collected effluent. Teflon fittings were used wherever possible to avoid
deterioration from exposure to the organic solvents.

After seating the soils at low pressure, the selected gradient was
applied to the permeameter fluid chamber until stable permeability values
were obtained with the standard CaS04 solution. At this point, pressure
was released and permeameters were disassembled. Soil that had expanded
out of the mold was removed and additional standard leachate was passed
through the remaining sample in the permeameter. Percent swelling was deter-
mined for each soil. At this point, the soil sample was assumed to be com-
pletely saturated. '

After the saturation step to ensure stable baseline permeability, the
remaining standard CaSO4 solution was removed and replaced with one of .
the organic solvents to be tested. The selected gradient was imposed and
between 0.5 and 2.0 pore volumes of fluid were passed through the sample in
the permeameter. The permeameters were then depressurized, disassembled, and
the cores removed and examined for evidence of structural changes. Following
the permeability tests of the noncalcareous smectite clay soil with aniline,
methanol, and ethylene glycol (all highly water-soluble), water was reintro-
duced to the test columns and permeabilities were again determined.

During the permeability tests, effluent was carried to an automatic
fraction collector, which separated the samples obtained from 10 permeameters
during specific time increments. The percentage of organic fluid in the
effluent samples was determined to develop breakthrough curves. A permeabil-
ity value, leachate volume, and time increment were obtained on each volume
of fluid passed through a sample.

4.5.9.2 Test Results--

‘Baseline permeability (two pore volumes) for the four soils is depicted
in Figure 4-5. Permeability data obtained for the various organics tested
are presented in Figures 4-6 through 4-13 (Anderson, 1981; Anderson et al.,
1981; Brown and Anderson, 1983). Findings as described by the authors are
excerpted below: _

Acetic Acid (glacial)--All four clay soils permeated with acetic acid
showed initial decreases in permeability . . . thought to be due to
partial dissolution and subsequent migration of soil particles. These
migrating particle fragments could lodge in the fluid-conducting pores,
thus decreasing cross-sectional area available for fluid flow.

4-42 S

i?CBA 007 _0956




Ll

'NONCALCAREQUS SMECTITE
CALCAREOUS SMECTITE

MIXED CATION KAQUNITE
MIXED CATION ILLITE

o

Ll

® O » p

:

PERMEABILITY (cm/sec)
i
l: ﬁ%
T
(4]
)
q

o
®

- :
R dr L1 L]

WATER (01N CasQ.)

e e et e . e A T S Bt wr S s | G Sm— G o

o
5

a5 10 15 2.0 25 3.0
PORE ~ VOLUMES

8_

Source: Anderson, 1981

Figure 4-5. Permeability of the four clay soils to water (0.01N CaSo,).
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Two of the soils treated with acetic acid (calcareous smectite and mixed

cation kaolinite) showed continuous permeability decreases throughout

. the test period. After passage of approximately 20 percent of a pore
volume, the acid treated kaolinitic clay generated a dark red-colored
effluent . . . probably due to dissolution of iron oxides. The acid
treated calcareous smectite began passing cream-colored foamy - effluent
after passage of about 28 percent of a pore volume. . . . The creamy
material was probably dissolved calcium, while the foam was the result
of COp liberation from the dissolved carbonates. - '

Both noncalcareous smectite and the mixed cation illite eventually

showed permeability increases after . . . passage of 39 percent and 62

percent of a pore volume, respectively. . . . Permeability increases

with both of these soils were probably due to progressive soil piping
that eventually cleared initially clogged pores.

Aniline--Both noncalcareous smectite and mixed cation i111ite had

breakthrough of aniline with concurrent permeability increases at pore

volume values (below 0.5). . . . Aniline broke through after passage of

one pore volume for the kaolinitic soil. The calcareous smectite . . .

permeability increased rapidly at first, but showed substantial de-

crease concurrent with aniline breakthrough. After the permeability
decrease, this soil exhibited a slow but steady permeability increase.

There were no signs of migrating soil particles in any effluent

samples. . . . Apparently, aniline is too weak a base to cause signifi-

cant dissolution of clay soil components. However, . . . the organic
base caused extensive structural changes in the upper half of the soil
cores, The massive structure of the four soils . . . was altered by
aniline into an aggregated structure characterized by visible pores and
cracks in the surface of the soils.

‘ Ethylene Glycol-- . . . Permeability values indicated that it was the -
ability of ethylene glycol to alter the soil fabric that was the domi-
nating influence on permeability. Three of the clay soils treated with
ethylene glycol showed initial permeability decreases. The kaolinitic
clay soil continued to undergo permeability decreases as long as it was
being tested. The illitic clay soil began showing a permeability in-
crease after passage of 0.5 pore volumes. In contrast, the calcareous
smectite followed its initial permeability decrease with a substantial
increase, a second decrease, and finally reached a nearly constant value
that continued until the end of the test period.

The noncalcareous smectitic clay soil treated with ethylene glycol

showed an initial rapid increase in permeability and a slower but con-

tinuous increase after passage of 0.5 pore volume.

Acetone--Al1 soils treated with acetone had initial permeability de-

‘ creases. These decreases continued until passage of approximately 0.5 :
pore volume. During passage of the next 0.5 pore volume, however, the ]
soils underwent large permeability increases. One possible explanation
for this sequence of permeability changes is as follows:

1. The higher dipole moment of acetone caused initial increase in
interlayer spacing between adjacent clay particles as compared to
water only,

2. As more acetone passed through the soil cores, more water layers
were removed from clay surfaces. Due to its larger molecular
weight, however, fewer acetone layers were adsorbed than had
adsorbed when water was the only fluid present. This resulted in a
larger effective cross-sectional area available for fluid flow.
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_ while acetone can displace water from clay surfaces due to its higher

. dipole moment, it cannot form as many adsorbed fluid layers as water due

‘ to its higher molecular weight. :
Examination of the soil after acetone treatment showed extensive shrink-
age and cracking. Such soil shrinkage is usually associated with de-
hydration, indicating that acetone had extracted water from soil
particle surfaces.

Methanol--Unlike soils treated with acetone, methanol-treated soils
underwent no initial permeability decrease.

Percent methanol in the effluent from the i11itic clay soil paralleled
an increase in permeability of the soil. After passage of 1.5 pore
volumes, the hydraulic gradient was reduced from 61.1 to 1.85 and
another pore volume of methanol passed. After an initial decrease,
permeability of the soil steadily increased at the lower hydraulic
gradient. . . . No particle migration was detected in effluent from
methanol-treated cores, and therefore soil piping was discounted as

a mechanism for observed permeability increases. Examination of
methanol-treated soil cores revealed development of large pores and
cracks visible on the soil surface. The lower dielectric constant of
methanol may have caused a decrease in interlayer spacing of the clay
minerals present in the soils and thereby promoted the structural
changes. _

Xylene--Xylene-treated soils showed rapid permeability increases fol-
Towed by nearly constant permeabilities roughly two orders of magnitude
greater than their permeabilities to water. Permeability increases
may be caused by . . . structural changes in the xylene-treated soils,
exemplified by massive structure before treatment and blocky structure
after the soils were treated with xylene. :

’ Heptane--Permeability patterns for the heptane cores closely approxi-
mated those shown by the xylene-treated cores (i.e., large initial per-
meability increases). Following these initial large increases, rate of

" permeability increase slowed until nearly constant permeability values
were observed. '
Only the calcareous smectitic clay showed . . . permeability to heptane
well below its permeability to xylene. The constant permeability values
eventually reached by the neutral nonpolar treated cores were probably
related to the limited ability of these fluids to penetrate interlayer
spaces of the clay minerals.

4.5.9.3 Reintroduction of Water--

When the standard calcium sulfate solution was reintroduced to the non-
calcareous smectite test columns permeated with aniline, methanol, and
ethylene glycol, a subsequent decrease in the permeability (roughly 1 order
of magnitude) was observed. The final permeability (after one pore volume of
standard solution) remained well above the baseline permeability measured
prior to introduction of the organic solvents- (Anderson, 1981).

- 4.5.9.4 Discussion--

Viscosity and density differences between the organic fluid and water
do not account for the large changes in permeability observed in the tests.
The data from these permeability tests illustrate the importance of passing
multiple pore volumes of fluid through the soil samples in order to determine
the effects of solvents on permeability.
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The work by Anderson has been criticized as being "unrepresentative of
real conditions" because pure organic solvents (rather than waste leachate)
were used in the permeability tests (Gray and Stoll, 1983). The test results
stand, however, as a demonstration of potential effects on clay liners should
they.-come in contact with certain types of undiluted organic liquids.

The high gradients used in the tests have also been questioned (Zoeller,
1982; Gray. and Stol1, 1983) since it is unlikely that gradients as high as
361 would be encountered in the field. The use of elevated gradients in
laboratory testing in order to reduce testing time is not uncommon. Although
the gradients used by Brown and Anderson were higher than those used by most
researchers, the permeability changes observed cannot be attributed to the
elevated gradients. Conditions were maintained well within the laminar flow
regime (i.e., Reynolds number was below 10) so that Darcy's Law for computing
the permeabilities remained valid. In general, the trends observed in these
tests are consistent with data from other researchers, and explanations can
be Tinked to the findings from clay-chemical complex studies.

Complete saturation in the compaction permeameter without backpressure
cannot be ensured. It is possible that air introduced with the permeant
fluids could have influenced the test results to some extent, but probably
by no more than 1 order of magnitude.

Finally, the use of fixed-wall permeameters for these studies has been
criticized (because of the potential for sidewall leakage) by advocates of
triaxial test methods. As there are advantages and disadvantages with either
method, the argument as to which test is most meaningful is finally a matter
of opinion. _

Acetic acid, a weak organic acid, has a dissociation constant of
1.75 x 10~ in aqueous solution (pKa = 4.75) at 250C. Since glacial
acetic acid was used, the extent of fonization was a fraction of this. The
permeability decreases observed probably would have been followed by sharp
increases 1in permeability due to dissolution of the basic soil components if
a dilution had been used rather than glacial acetic acid. Progressive
soil piping, as pointed out by Brown and Anderson, follows the soil dissolu-
tion and eventually results 1in large pores with an associated increase in -
permeability.

This effect (i.e., increased permeability) 1s to be expected with
carboxylic acids or sulfonic acids in general. This is of particular
significance since carboxylic acids are among the biological degradation
products of a wide range of organic compounds. Soils that are high in
carbonates are most affected by acids (even weak acids such as acetic acid),
but other soil constituents such as Fe203 are also susceptible.

4.5.10 Schramm's'Study (1981) of the Permeability of Soil to Organic
Solvents

Schramm (1981) evaluated permeabilities for eight soils tested with
kerosene, isopropyl alcohol, ethylene glycol, and mixed xylenes.
Permeability with water was also measured. A total of 211 column tests were
run to determine saturated permeabilities to the various test fluids. The
research was performed at the University of Arizona. .
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Clay content in the soils ranged from 1 percent in River Bottom sand to
70 percent in Lake Bottom clay. Characteristics of the soils are presented
in Table 4-10. :

4.5.10.1 Test Method--

Permeabilities were obtained in glass or plexiglass cylinders through
the falling head method. Cylinders 5.8 ¢m in diameter were used in the tests
with soil packed to a depth of 5 cm. Soil was retained in the cylinders by a
galvanized screen glued to the cylinder. Prior to testing, samples were
immersed overnight in the test solvent. During the test, the height of the
solvent column above the soil surface varied between 6 and 2 cm. Six
replicates were tested for every solvent-soil combination. Experiments were
repeated until a constant permeability value was obtained. Length of runs
varied from 1-1/2 minutes to several weeks. An analysis of variance was
performed to evaluate differences between intrinsic permeability for the
various soils and solvents. '

4.5.10.2 Test Results--

A summary of the saturated permeability values (expressed in cm/h)
obtained from these tests is given in Table 4-11. It is notable that with
each soil tested the highest permeabilities were obtained with the non-
polar organics, kerosene, and xylene. (Kerosene is a mixture of C12-C18
compounds and includes both aliphatics and aromatics.)

Intrinsic permeabilities were also calculated to take into account
differences in viscosity and density for the various permeant fluids.
Analysis of the intrinsic permeability values included a one-way variance

test to determine if the intrinsic permeability varies significantly with
‘ solvents or with soils. The intrinsic permeabilities for a given soil are
expected to be constant unless there is interaction between the soil and the
permeating 1iquid. The differences in intrinsic permeability with the
different solvents are shown in Figure 4-14 for five soils. The trend for
increased intrinsic permeability is readily apparent. :

The analysis also shows rather uniform behavior of intrinsic perme-
ability for solvents in the different sofl types, the Fanno, Mohave, and
River Bottom Sand having highest relative intrinsic permeabilities with all
organic solvents.

From the data summary and analysis of variance, Schramm (1981) concluded

that:

Calculated values of intrinsic permeability vary for the same soil
depending on solvent. However, the variation is relatively minor com-
pared to variation due to differences in soil properties among several
sofls. . . .

Since intrinsic permeabitity values vary for the same sofl depending on
solvent, the soil and solvents are interacting.

—
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TABLE 4-10. CHARACTERISTICS OF SOILS USED IN PERMEABILITY TESTS2

X "Electrical
Cation conductivity Column Soil
- Soil exchange of saturated bulk surface Predominant
Soil Cla Silt Sand paste capacity extract density area clay
Soil name order % % % pH (meq/100 g) (€mho/cm) (g/cmd)  (m2/q) minerals
Lake Bottom clay Entisol 70.6 24.0 5.4 7.7 34.7 1,111 1.52 142.0 INlite
, Kaolinite
Nicholson Alfisol 49.0 47.0 3.0 - 6.7 37.0 176 1.53 ~  120.5 Vermiculite
Fanno ' Alfisol 46.0 19.0 35.0 7.0 '33.0 392 1.48 ©122.1 Montmorillonite
' Mica _
Chalmers Mollisol 31.0 52.0 14.0 6.6 22.0 288 1.53 95;6 Montmorillonite
Vermiculite
Z: Canelo Alfisol 28.0 28.6 43.4 5.6 5.76 240 1.72 35.0
()] ) .
Anthony Entisol 15.0 14.0 71.0 7.8 10.0 328 1.87 49.8 Montmorillonite
Mica
Mohave Aridisol 11.1 37.0 52.0 7.3 10.0 615 1.78 38.3 Mica
Kaolinite
River Bottom sand Entisol 1.0 2.0 97.0 7.2 2.0 210 1.80 3.6 Kaolinite
Mica
apdapted from Schramm (1981).
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TABLE 4-11. PERMEABILITY COEFFICIENTS (cm/s) DETERMINED IN SOILS TESTED WITH
ORGANIC SOLVENTSA

Sdﬁvent

_ Isopropyl Ethylene
Soil Water . Kerosene - - alcohol glycol Xylene
Lake Bottom clay 5.0 x 1075 3.4 x 1074 2.1 x 1074 1.1 x 1075 1.7 x 10-3
Nicholson : 4.2 x 10-6 9.5 x 10°5 2.3 x 10°5 6.8 x 10°7 3.5 x 10°%
Fanno . 1.5 x 10~4 5.2 x 10°3 3.1 x 10-3 3.0 x 10°4 1.8 x 10-2
Chalmers L8x 1005 3.8x10%  2.3x10%  1.8x106 1.7 x 100
Canelo 5.0 x 10-6 5.6 x 10-5 3.5 x 10-5 1.4 x 10-6 1.5 x 104
F-9
é} Anthony 9.9 x 10-5 2.0 x 1074 9.5 x 10°5 5.8 x 10°6 4.4 x 1074
‘Mohave 1.9 x 10-3 2.6 x 1003 1.6 x 10-3 2.0 x 1004 - 8.5 x 10-3
River Bottom sand C 1.7 x 1072 3.4 x 1072 5.8 x 10~3 6.4 x 10~4 1.8 x 1072
%pata from Schramm (1981). ) -
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4.5.10.3 Discussion--

The test method used by Schramm differed significantly from that
employed by Anderson (1981) to measure permeability. Notable differences
include the following:

e Gradients imposed on the sample were very low.

e No estimate was made of the pore volumes passed through the test
samples. :

o Samples were presaturated with the test fluid rather than a standard
calcium-sulfate solution.

The impact of the low hydraulic gradient on the test results is not
known. The concept of "threshold gradient" has been postulated, although
there is no evidence of this effect in the results reported by Schramm.

Although Schramm reports that tests were continued until constant per-
meability values were obtained, the criterion to establish an acceptable-
difference in consecutive measurements was not discussed. There is no indi-
cation of the number of pore volumes exchanged. '

It may be argued that saturating the samples using the test permeant
fluid rather than water or a standard permeant solution is representative of
conditions typical for a liner in service in a land disposal application.

4.5.11 Evaluation by Monserrate (1982) of the Permeability of Two Clays
to Selected Electroplating Wastes

Monserrate (1982) at Duke University investigated the permeability of
two clays exposed to simulated electroplating wastes. The purpose of the ,
research was to examine the effect of compaction on the permeability response
of the two clays. The clays tested were a Wyoming bentonite and a White
Store clay from North Carolina. The White Store clay was reported to be an
active clay. '

The simulated electroplating wastes used as permeant f1ufds were a
1-molar solution of zinc chloride (ZnCl3) (136.3 g/L, pH = 5.5) and a
1-molar solution of chromic acid (HpCrO4) (100 g/L, pH = 1.5).

4.5.11.1 Test Method--

Standard Proctor tests were conducted on each clay to establish the
relationship between water content and compacted density. Procedures
outltned in ASTM D-698 Method A (ASTM 1985) were followed. Permeability
studies were subsequently conducted at several different moisture contents.

For the permeability tests, the samples were prepared by mixing 0.01 N
calcium sulfate with the clay to achieve the desired moisture content. The
clays were compacted into either zinc-plated or lucite compaction permeam-
eters using compactive efforts comparable to those used in the standard
Procter tests. The compaction permeameters measure 4 inches (10.16 cm) in
diameter and 4.6 inches (11.68 cm) in height. Clays were compacted to a
depth of 2 inches (5.08 cm). The compaction permeameters were adapted to
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~allow measurement of flow as the permeant fluid enters the unit. The data
were evaluated as a falling head test. A standard solution of deaired 0.01 N
calcium sulfate was used to saturate the sample prior to introducing the test
permeant fluids. The samples were exposed to the permeant fluids under
approximately 75 pounds of air pressure. In the permeability tests,a
statistical procedure was used to determine when enough data had been
accumulated to make a determination of the k value for a certain clay-
permeant fluid combination. (See details in Section 4.3).

4.5.11.2 Test Results--

Tests with bentonite showed that at moisture contents in the proximity
of the optimal compacted moisture content, permeabilities to calcium sul-
fate, chromic acid, and zinc chloride were all on the order of 10-1
cm/s. At lower moisture contents, the permeability to calcium sulfate was
higher by a factor of 2 than the permeability to the chromic acid test
solution. At wet-of-optimum water contents, however, the permeabilities
determined for the two fluids were nearly identical. The same low water
content divergence in permeability was observed for the zinc chloride test
fluid, although the magnitude of the difference was less.

The permeability of White Store clay to standard calcium sulfate solu-
tion and to the test fluids is shown in Figure 4-15 as a function of the
moisture content at compaction. The White Store clay appeared to be more
sensitive than the bentonite clay to changes in compacted moisture content.
The permeability to the chromic acid test fluid aligns closely with that of
calcium sulfate at moisture contents higher than about 20 percent (optimum
moisture content = 21.5 percent). At lower than about 20 percent moisture,
the permeability to the chromic acid was higher than to calcium sulfate.

Zinc chloride test fluid showed permeabilities lower than for calcium sulfate
at low moisture.

Monserrate (1982) conciuded that for both bentonite and White Store
clays, the application of zinc chloride and chromic acid did not alter the
clay's permeability response, indicating that the structure of the clay, as
compacted, is the predominant influence in determining permeability. She
noted that the test results differed markedly from those of Cofa (1981) who
carried out similar studies at Duke University using the chromic acid.

Monserrate noted that there was extensive corrosion of the steel per-
meameters and some of the pressure fittings that were exposed to the chromic
acid test fluid.

4,5.12 Research by Brown, Green, and Thomas (1983) on the Effect of Two
Organic Hazardous Wastes on Simulated Clay Liners

Brown, Green, and Thomas (1983) at Texas A & M University reported
results of permeability tests in which clay soil samples representative of
three types of simulated clay liners were subjected to a xylene waste and an
acetone waste in both laboratory and field studies. The three clay materials
tested were predominantly kaolinite, mica, or bentonite. The soils were
blended w1th sandy éoam soil to attain permeab111t1es in the range of
1 x 107 to 1 x 10- The laboratory studies in f1xed-wall permeameters
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were directed at determining the influence of different initial moisture
contents and elevated gradients on the clay permeabilities. The procedures
used in the laboratory tests were similar to those described by Anderson
(1981) and Brown and Anderson (1983) in earlier permeability tests with
organics. The research was sponsored by the U.S. EPA.

The xylene waste, a paint solvent that was used to clean factory sprayer
lines, contained 25 percent paint pigments and trace amounts of water. The
acetone waste was a chemical manufacturing waste containing 91.7 percent

‘acetone, 4 percent benzene, 0.6 percent phenol, and 3.7 percent unknown.

4,5.12.1 Test Methods--

For the laboratory tests, soils were compacted wet of optimum to at
least 90 percent Proctor density. Prior to exposure to the waste solvents,
samples were saturated with 0.01 N calcium sulfate. Unsaturated cores were
also subjected to the permeability tests. Pressures of 5, 15, and 30 psi
(equivalent to hydraulic heads of 31, 91, and 181) were tested.

Twenty-eight field cells (1.5m x 1.5 m x 1.8 m inside dimensions) were
constructed of reinforced concrete and lined with 100-mil high-density
polyethylene to facilitate leachate collection. The clay soils were com-
pacted with a vibratory compactor to 95 percent Proctor in two 7.5-cm-thick
1ifts. The 1iquid waste to be tested was introduced into each cell through a
standpipe into barrels that were placed above the 1iners. A head of 1 m of
1iquid (gradient of 7) was maintained throughout the test. Permeabilities
were calculated based on the volume of cell drainage collected during dis-
crete time intervals. Following the permeability tests, each cell was dis-
assembled and subjected to chemical and morphological analysis. The wastes
to be tested in the field cells were dyed with Automate Red B and Fluorescent
Yellow to facilitate detection within the sample cores.

4,5.12.2 Laboratory Test Results--

To compare the results from the various tests, calculated permeabilities
were plotted as a function of the number of pore volumes of effluent that
passed through the sample. Permeabilities to standard calcium sulfate solu-
tion on similar sofls in the laboratory were generally found to be repro-
ducible to within 0.25 order of magnitude. Permeabilities increased, how-
ever, when the organic-solvent wastes were substituted as the permeant
fluids. Permeability to the organic-solvent wastes was typically 2 to 4
orders of magnitude greater than the permeabilities measured with the calcium
sulfate solution. Presaturation with 0.01 N calcium sulfate appeared to
retard the effect of the permeant fluids on the samples (i.e., more pore
volumes were displaced before breakthrough occurred in the presaturated
samples). Highest permeabilities measured on initially unsaturated samples
were typically 1 to 2 orders of magnitude greater than for samples that were
initially saturated. -

Permeability of the clay soils increased rapidly upon exposure to xylene
waste after the cumulative flow exceeded 0.2 to 0.4 pore volume. The behav-
for of acetone was characterized by an initial small decrease in permeability

" (minimum at approximately 0.5 pore volume), which was followed by a steady

increase in permeability. This behavior was explained as follows: acetone
first caused swelling of the clay soil with low concentrations initially
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diffusing into the pores; as more of the water was displaced by the solvent,
shrinkage occurred.

Similar increases in permeability were observed for all three soil
types. The increase in permeability, however, for the bentonite samples
occurred after a larger pore volume was displaced.

IT the permeability values calculated from the test data are plotted as
a function of pore volumes, the different hydraulic gradients used in the
experiments (31, 91, 181) have little influence on either the increase in
permeabilities observed or on the final values achieved. (This conclusion
holds for both presaturated and unsaturated samples [Brown et al., 1984]).

4.5.12.3 Field Test Results--

In the field studies, xylene had penetrated 10 of the 12 clay liners
within 12 months after installation; acetone had penetrated 2 of the liners
but at a slower rate. Increases in permeability of the bentonite clay soil
to xylene were more dramatic (as much as 2 orders of magnitude increase) than
of the other soils and occurred after passage of 0.5 pore volume of permeant
fluid. Kaolinitic and micaceous soils showed immediate increases in perme-
ability to xylene. Permeability values continued to increase as more pore
volumes of fluid passed through the sample. Increases of more than 2 orders
of magnitude were observed in some samples after passage of two pore volumes
of xylene. : oo

Field tests with the acetone waste exposed to micaceous clay soil showed
a permeability decrease with the first 0.5 pore volume. This was followed,
however, by an increase in permeability. After two pore volumes had passed
through the liner, the permeability was slightly higher than the initial-
value measured. ' .

Visual inspection of the clay liners following permeation by the 1liquid
wastes was facilitated by the dyes and by the paint pigment in the xylene
waste. Dyed surfaces observed throughout the 1iner indicated that the 1iquid
had moved through the soi) through preferential channels rather than in a
clearly defined wetting front. Preferential channels were occasionally found
to extend from the top to the bottom of the liner. Evidence that xylene
moved through cracks in the liner or around blocky subangular structural com-
ponents was also obtained through chemical analysis of sections of the per-
meated 1iners. The channels observed in the clays are attributed to the
displacement of water by the chemicals resulting in desiccation that caused
the clay to.shrink and crack.

4.5.12.4 Discussion--

The results of this study, in close agreement with those previousty
found by Brown and Anderson (1983), indicate that severe permeability in-
creases can occur when certain clay materials are in contact with concen-
trated organic solvents. Although the hydraulic heads used in the laboratory
test procedures are higher than are 1ikely to be encountered in the field,
the data suggest that the permeabilities measured are independent of the
hydraulic gradient used in the test. These results further support the
conclusions by Anderson based on tests involving a gradient of 361.
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. The effect of presaturation with calcium sulfate on the highest perme-
abilities is significant. Laboratory tests by other researchers (Green

et al., 1979; Foreman and Daniel, 1984) have also involved introducing the
test permeant fluid onto the unsaturated sample.

4.5.13 Study by Brown, Thomas, and Green (1984) of the Effect of Dilutions
of Acetone and Mixtures of Xylene and Acetone on Permeability of a
Micaceous Soil

To determine the effect of diluting a polar organic solvent with water,
Brown, Thomas, and Green (1984) measured the permeability of an unsaturated
micaceous compacted soil to several acetone-water dilutions. Samples were .
tested at a gradient of 91 in laboratory tests with fixed-wall permeameters.
Solutions tested were 100, 75, 50, 25, 12.5, and 2 percent acetone. Methods
were similar to those used previously by Anderson (1981).

Compared to permeability to water (actually 0.01 N calcium sulfate), an
increase in permeability was seen for solutions where the concentration of
acetone was 75 percent or 100 percent. Samples permeated with lower concen-
trations of acetone did not show appreciable changes compared to the perme-
ability to water.

Similar tests were conducted to determine the effect on permeability of
mixtures of xylene and acetone (Brown et al., 1984). For 100 percent xylene,
the permeability was reported to be 4 orders of magnitude greater than the
permeability to water (0.01 N calcium sulfate). When a mixture of 87.5 per-
cent xylene and 12.5 percent acetone was tested, the permeability was dramat-
ically reduced (i.e., more than 3 orders of magnitude below the permeability
to pure xylene). Values were comparable for a mixture containing 25 percent
‘acetone and 75 percent xylene and for a 1:1 mixture. When the acetone compo-
nent was increased to 75 percent, however, the permeability increased to
approximately the value obtained in similar tests with pure acetone. This
value was about 1.5 orders of magnitude greater than the permeability of the
sample to 0.01 N calcium sulfate.

4.5.14 Tests by Brown, Thomas, and Green (1984) to Determine the
Permeability of Micaceous Soil to Petroieum Products

Brown, Thomas, and Green (1984) also reported permeability tests with
five commercial petroleum products. A compacted micaceous soil, unsaturated,
was permeated with the test fluids at a gradient of 91. The results of the
tests with kerosene, diesel fuel, paraffin oil, gasoline, and motor oil are
§hown in Figures 4-16 through 4-20, respectively. Conclusions of the tests
show that the micaceous soil is more permeable to these petroleum products
than to water (0.01 N calcium sulfate).

In tests with kerosene, the permeabilities were 3 to 4 orders of magni-
- tude higher than values measured with 0.01 N calcium sulfate in similar

" samples. One-half the difference was achieved within the first 0.1 pore
volume. The permeability to paraffin oil was about 1 order of magnitude
greater than the comparable value to the calcium sulfate solution despite
1t? high viscosity. Maximum values were achieved by the passage of one pore
volume.

4-64

o e e

" CBA 007 0978

'




PERMEABILITY (cm/sec)

nCO i
.5 T
10™
LAB MICA
KEROS ENE
NON SATURATED
GRADIENT 9I
-6
10 <
® REPI
X REP 2
O REP3
. Q-
10" -

O

I poRE vOLUME 2

Source: Brown, Thomas, and Green, 1984

Figure 4-16. Hydraulic conductivity versus pore volume for laboratory compacted
micaceous soil exposed to kerosene at a hydraulic gradient of 91.
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Figure 4-17. Hydraulic conductivity versus pore volume for laboratory compacted
micaceous soil exposed to diesel fuel at a hydraulic gradient of 91.
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Figure 4-18, Hydraulic conductivity versus pore volume for laboratory compacted mica-
ceous soil exposed to paraffin oil at a hydraulic gradient of 91, ’
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Figure 4-19, Hydraulic conductivity versus pore volume for laboratory compacted

micaceous soil exposed to gasoline at a hydraulic gradient of 91,
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Figure 4-20. Hydraulic conduétivity versus pore volume for laboratory compacted
micaceous soil exposed to motor oil at a hydraulic gradient of 91.
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. Test data obtained with diesel fuel were variable and did not appear to
increase along the patterns of most organics tested. No explanation is
offered for the unpredicted behavior. Values were, however, greater by 1 to
2 orders of magnitude than permeability to water. This was also the case for
gasoline. The test with motor oil showed a steady “increase in perme-
ability from 2 x 10~/ cm/s at 0.5 pore volume to 1.5 x 10-6 cm/s at 3
pore volumes.

4.5.14.1 Discussion--

The data obtained in tests with the commercial petroleum products
{11ustrate the importance of extended permeability tests to allow passage of
several pore volumes of fluid. Earlier data indicate that the effects of
organic permeant fluids are retarded in tests where the samples are presatu-
rated with water (or 0.01 N calcium sulfate). The tests on unsaturated
samples may serve as better estimators of maximum permeabilities that may
result when clay liners are exposed to petroleum products.

4.5.15 Study by Brown and Thomas (1984) of the Permeability of
Commercially Available Clays to Organics

To determine the effect of organic fluids on currently availabie clays
that are sold for sealing and 1ining impoundments, Brown and Thomas (1984)
tested ‘permeabilities of three commercially available clays admixed with
sand. : .

4,5.15.1 Test Method--

Each clay was mixed with sand to obtain a permeability to water of
about 1 x 10-8 cm/s. Smectite is the dominant mineral in soil CCl (blue
bentonite) and soil CC2 (a synthetically treated bentonite); a micaceous
mineral is dominant in soil CC3 (Ranger Yellow). The soils were compacted at
optimum moisture in 10-cm fixed-wall molds using a mechanical compactor as
described in ASTM Procedure 698-70.

The compacted soils were exposed to the test fluid without presatura-
tion. Following a 24-hour equilibrium period, a pressure of 15 psi (equi-
valent to a hydraulic gradient of 91) was applied to the liquid surface.
Leachate passed through the samples was collected at intervals to allow
calculation of the soil permeability. Fluids tested in replicate were water
(0.01 N calcium sulfate), acetone, xylene, kerosene, diesel fuel, gasoline,
and used motor oil. A statistical analysis was performed to establiish the
variance among the data set for each permeant fluid. Means were separated
ysing a Duncan's Multiple Range test at a significance level of P = 0.05.

4.5.15.2 Test Results-- : -
The test results for all permeant fluids are summarized in Table 4-12.

A1l of the organic fluids tested produced dramatic increases over the cor-
responding permeabilities to water, the increase ranging from 1 to 5 orders
of magnitude. Some of the increases, though large, were not statistically
significant compared to the permeabilities measured with water due to the
large variability seen in the tests. The increases in permeability were
significant for all clays permeated with xylene and for both the smectitic
clays when permeated by gasoline and kerosene.
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' TABLE 4-12. MEAN CONDUCTIVITY OF EACH SOIL TO EACH FLUID TESTED

‘ (Brown and Thomas, 1984)
Fluid cc1 ccz - Cc3
Water 3.61 x 10-8pa 2.58 x 10-8p 1.57 x 10-8b
Acetone 5.05 x 10-5b 1.41 x 10-6p 2.51 x 10-7b
Xylene 1.76 x 10-4a 7.28 x 10-%a 1.00 x 10-%a
Gasoline 1.96 x 10-4a 9.07 x 10-5%a  6.19 x 10-5p
Kerosene 1.49 x 10-%a 9.10 x 10-5a 5.68 x 10-5b
Diesel fuel 5.17 x 10-5b 4.53 x 10-3ab 6.29 x 10-7b
Motor o011 6.13 x 10-6p 2.13 x 10-6b '9.48 x 10-7p

qvalues in a given column foHowed by the same letter do not
differ significantly (P = 0.05).
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Generally the increase in the micaceous clay permeability was less by 1
. order of magnitude than the increases seen in the smectitic clays. The

untreated bentonite (CCl) showed the greatest permeability increase in
response to each organic test fluid. Since the untreated bentonite is the
'soil that is most subject to shrinkage and the micaceous soil is least sub-
ject to shrinkage, these findings are consistent with the theory that shrink-
age resulting in greater spacing between peds is responsible for the changes
in soil permeability. '

4.5.16 Studies Conducted for EPA by Daniel (1983) and Foreman and Daniel
(1984) at the University of Texas, Austin

Under a cooperative agreement with EPA, Daniel and others have carried
out research to address how the permeability of clay soils is affected by
hydraulic gradient and by the test device when the permeant fluid is other
‘than water. Permeability tests were performed using three different types
of test devices--flexible-wall cells, fixed-wall compaction mold permeam-
eters, and consolidation cell permeameters--at hydraulic gradients of 10,
50, 100, and 300. The three soils studied were a noncalcareous smectite
(Lufkin clay), a mixed-cation i11ite (from Hoytville, Ohio), and a commer-
cially processed kaolinite (Hydrite R). Fluids tested were water (actually
0.01 N calcium sulfate), methanol, and heptane (Foreman and Daniel, 1984).

4.5.16.1 Test Method--
Most of the tests for the project were flexible-wall tests. The fixed-
wall and consolidometer tests were performed to allow comparison of the data
© from the different devices. Soil samples were compacted at or slightly dry
of optimum moisture content according to ASTM D-698. Soils were scarified
‘ between each 1ift. Samples to be tested in flexible-wall cells were extruded
from the 10.2-cm (4-inch) -diameter compaction mold and trimmed to a height
of 9.4 cm (3.7 inches). Similar diameter samples with a height of 11.9 cm
(4.7 inches) were tested in the fixed-wall permeameter setup. Samples tested
in the consolidation cell were taken from the central portion of a compacted
10.2-cm (4-inch) sample. The sample was trimmed to a height of 1.90 cm (0.75
inch) and a diameter of 6.4 cm (2.5 inches).

Prior to the permeability measurements, the soil samples were saturated
with the permeant fluid to be tested. For the flexible-wall tests great care
was taken to completely saturate the samples. This was accomplished through
soaking under vacuum and backpressuring. During the permeability tests,
the backpressure was kept at about 2.8 kg/cm2 (40 psi) and the cell pres-
sure at 3.87 kg/cmZ (55 psi). The average effective stress was 1.05 kg/cm2
(15 psi) for tests at the lower hydraulic gradients; an average effective
stress of 1.76 kg/cmé (25 psi) was used when the gradient was 300.

4,5.16.2 Test Results--

Test results with Lufkin clay in the flexible-wall cells showed
essentially no change in permeability with time when methanol was used as the
permeant fluid. Data were obtained for passage of about 0.9 pore volume.
The permeability to methanol was virtually the same as with 0.01 N calcium
sulfate (Daniel, 1983).
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Methanol test results with the kaolinite show that when permeability is
plotted as a function of pore volumes of flow, the curves have similar shapes
for the three types of permeameters. The compaction mold yields somewhat
higher permeability results than the other two test devices. Test data are
shown in Figure 4-21. :

Permeability values for the kaolinite at different hydraulic gradients
were obtained with water and with methanol in the different test devices.
The following conclusions were drawn:

o At high hydraulic gradients (values of 150 or larger), kaolinite has
a higher conductivity to methanol than to water regardless of
permeameter type.

o At high hydraulic gradients, the flexible-wall and consolidation-
cell permeameters yield similar hydraulic conductivities for both
methanol and water; kaolinite is roughly twice as permeable to
methanol as to water for these two types of permeameters.

e At high gradients, use of compaction-mold permeameters leads to large
sdatter in measured hydraulic conductivity. On the average,
compaction-mold devices showed kaolinite to be approximately 10 times
more permeable to methanol than to water. The lowest values of K
measured with the compaction-mold devices are nearly identical to
values measured with the other two devices. It is possible that
sidewall leakage contributed to the causes . . . .

o With flexible-wall permeameters and two 1iquids and one soil, hydrau-
1ic gradient appears to have little effect on hydraulic conduc-
tivity . . . .

e With consolidation-cell permeameters, hydraulic gradient has a very
substantial effect on hydraulic conductivity. At a hydraulic gradi-
-ent of 50, K to methanol is only half of K to water, but at gradients
of 200 to 300, K to methanol is twice as large as K to water . . . .

Figures 4-22, 4-23, and 4-24 show the effect of hydraulic gradient on
tests with kaolinite in flexible-wall cells, consolidation cells, and fixed-
wall permeameters, respectively. The scatter in the fixed-wall permeameter
data does not allow conclusions to be drawn although there appears to be a
trend to increased permeability with increased gradient.

4.5.17 Tests Conducted for Chemical Manufacturers Association by Dan1e1
and Liljestrand (1984)

In work sponsored by the Chemical Manufacturers Association (CMA),
Daniel and Liljestrand at the University of Texas at Austin carried out a
laboratory study of the permeability of five clay soils to six aqueous fluids
representative of waste leachates or actual liquid wastes. The purpose of
the testing was to determine if dilute organic/water mixtures produced the
increases in permeability demonstrated by other researchers using concen-
trated organic 1iquids as permeant fluids.
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Figure 4-21. Permeability versus number of pore volumes of flow for kaolinite
permeated with methanol at a hydraulic gradient of 250 or 300.
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Figure 4-22. Permeability versus hydraulic gradient for kaolinite
permeated in flexible wall permeameters.
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Figure 4-23. Permeability versus hydraulic gradient for kaolinite
permeated in consolidation cell permeameters.
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Figure 4-24, Permeability versus hydraulic gradient for kaolinite
permeated in compaction mold cell.
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The soils studied included Texas Lufkin clay (also used in tests at
Texas A&M) and four soils supplied by CMA (identified as S1, S2, S3, and S4)
from actual landfill sites. Properties of the clays are listed in Table
4-13. Permeability tests were not performed on the S1 clay since its index
properties and mineralogy were similar to those of the S2 clay.

Permeant 1iquids used in the tests were: a leachate from a solid-waste
landfill (L2); two liquids (L1 and L3) from industrial waste impoundments; an
aqueous solution containing methanol at 5 percent (50,000 ppm); an aqueous
solution saturated with xylene (near 196 ppm); and the leachate, L1, spiked
with chloroform (200 ppm) and trichloroethylene (200 ppm) to simulate a land-
fill leachate contaminated with chlorinated hydrocarbons. Water used to pre-
pare the dilute methanol and xylene solutions was actually 0.01 N calcium
sulfate. "Characteristics of the leachates L1, L2, and L3 are listed in
Table 4-14,

4.5.17.1 Test Method--

Permeability tests were carried out as described previously in Section
4.5.16. A1l testing was performed using flexible-wall permeameters and
hydraulic gradients of 150 or 200. Rates of flow were determined from the
rate of inflow for each test chamber.

4.5.17.2 Test Results--

The permeability tests were performed for several months, allowing the
passage of more than one pore volume of fluid for most soil/leachate combi-
nations. The permeabilities of the soils S2, S3, S4, and Lufkin clay appear
to be related to the plasticity index, the permeability decreasing with
increasing plasticity. For any one soil, the permeabilities to the various
1iquids were all about the same. Permeabilities to the leachates did not
differ significantly from the permeability to water (actually 0.01 N -
calcium sulfate). A1l permeabilities measured were 1 x 108 cm/s or
Tower. In three of the four soils tested, the permeability to 196 ppm xylene
was slightly lower than the permeability to the 5 percent methanol. All
permeabilities were plotted as a function of pore volumes of fluid passed
through the sample.

In addition to the permeability tests, Atterberg limits of the soils
~were determined using the various test fluids and pure xylene and methanol in
place of water., Test fluids L1, L2, L3, and spiked L1 did not significantly
alter the plasticity of any of the clay soils during the short-term exposure
of the test. Mixing any of the five soils with pure xylene or pure methanol,

howeyer, caused a drop in the 1iquid 1imit and destruction of the soil's
tendency to be plastic. The dilute solutions of methanol and xylene (as used
in the permeability tests) had much less significant effects on the plas-
ticity. Only the soil $3 showed a large drop in plasticity when mixed with
the S5-percent methanol or the aqueous solution containing 196 ppm xylene.

The significance. of Daniel and Liljestrand's findings is that they
~appear to show that dilute organic/water mixtures are not capable of causing
significantrchanges in the permeability of natural clay liners.
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_TABLE 4-13. PROPERTIES OF CLAY SOILS TESTED BY DANIELS AND LILJESTRAND (1984)

Property S1 S2 S3 S4 Lufkin clay
Natural water content (%) 23 22 47 32 23
Optimum water content (%) 17 24 31 18 21
Specific gravity ‘ 2.73 2.81 2.71 2.71 2.66
Percent finer than #200 93 93 94 87 81
sieve
Percent sand 7 7 6 13 19
Dominant minerals IMlite Chlorite Smectite Quartz Smectite
Secondary minerals Chlorite Smectite, Kaolinite I11lite, Kaolinite,
kaolinite kaolinite iltlite
Organic carbon content 1.46 0.83 1.39 1.79 0.28
(% of dry weight)
Cation exchange capacity 10 20 40 5 25
(meq/100 g)
Plasticity index 21 32 59 16 42




TABLE 4-14. LEACHATE CHARACTERISTICS

Parameter measured Leachates
or reported _ L1 L2 L3
Suspended solids (mg/L) 465 162 ‘ 107
Dissolved solids (mg/L) 20,202 1,043 4,593
Volatile solids (mg/L) 5,768 121 1,052
Total organic carbon (TOC) 1,440 13 82
(mg/L) , : 120
Chemical oxygen demand (COD) 2,160 12 130
(mg/L) |
Potential (ORP) (mV) ' 398 268 496
pH - 6.9 ‘ 7.1 1.5
~ Conductivity (umho/cm) 23,700 865 ' 4,620
‘Metals (mg/L) , : b b
Cr 1.0
Cu _ ‘ 5.3
o Pb | 0.36
3 , Ni 0.18
1 : In 6.0
i Organics (mg/L) b b o
§ - Ethylbenzene 0.120
! Toluene 0.035
: Nitrotoluene 8
Dinitrotoluene 117 .
: Formaldehyde - 14
i Dichlorobenzene 8
£ Aniline 4
: Toluenediamine 2
) apata from Daniel and Liljestrand, 1984.
: PNot reported. '
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4.5.18 Study by Dunn (1983) of the Effects of Synthetic Lead-Zinc Tailings
Leachate on Clay Soils

Dunn (1983) evaluated the effects of a synthetic lead-zinc tailings
leachate, of low pH and containing large concentrations of heavy metals, on
the permeab1l1ty of two clay soils. The permeability of the clays was shown
to be affected by the waste permeant, with cation exchange and precipitation
apparently being the most important processes.

The soils used in the testing, Altamont soil and Rockville soil, had
been identified as potential liner construction materials. Altamont soil, a
"valley alluvium" with moderate plasticity, is a silty clay soil with 1 or 2
percent shale fragments. Montmorillonite is the predominant clay mineral in
Altamont soil. Rockville soil, a yellow-brown silty clay with high plas-
ticity, is composed of the fine fraction from a sand and gravel plant. The
predominant clay mineral is kaolin.  This soil probably contained micro-
organisms since some evidence of bacterial growth was noted in soil that was
stored for several months.

The permeant fluids tested were tap water, distilled water, and the
synthetic lead-zinc tailings leachate. Characteristics of this fluid were:

o Conductivity 1,550 wmho/cm
o pH = 2.6

o Lead = 5.8-15.0 mg/L

e Zinc = 200 mg/L.

The leachate was prepared with zinc sulfate, lead suifate, and lead nitrate.
Sulfuric acid was used to attain the desired pH.

Two tests with each clay were conducted with the synthetic leachate.
Permeabilities obtained with -the test fluid were compared to the results of
samples tested with tap water and with distilled water. A1l the tests were
run at a compacted dry density of about 90 percent of maximum dry density and
at a water content approximately 1 to 2 percent above optimum. Tap water was
used for the molding water. Soil samples were prepared with static compac-
tion since this method was found to be most appropriate for producing repli-
cate samples at approximately the same dry density and water content. The
static compaction involves compressing the soil to a known density with
applied hydraulic pressure.

Tests were performed in a triaxial cell at a hydraulic gradient of 50.
Samples tested were 3.81 cm (1.5 inches) in diameter and 2.54 c¢m (1 inch)
thick. The samples were presaturated (using a backpressure technique) with
the fluid to be tested. Prior to permeability testing, the samples were
consolidated at 1.5 kg/cmé (21.3 psi) effective stress. Permeabil}ty
Te;sgreme?ts were carried out at an effective stress of 1.25 kg/cm
. psi
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The permeability values measured in both soils exposed to the synthetic
leachate were higher than those measured with tap water. Values measured
with distilled water were lower than permeabilities measured with tap water.
The ultimate effect of the synthetic leachate on the permeability to either
soil could not be determined from the tests, however, because the perme-
ability values did not reach steady state during the duration of the ‘test
(5,000 minutes or 3.5 days). The tests with tap water did appear to reach
steady state during this test time. ’

For one Altamont sample, the measured permeability to the synthetic
leachate was approximately 2 orders of magnitude higher than that of tap
water. This appeared to correlate with a long curing period (the period of
time from compaction to the beginning of the permeability test). Thixotropic
alterations of the soil fabric may have occurred during this interval,
resulting in the higher K value.

4.5.19 Studies by Acar and Others (1984) on the Effect of Organics on
Kaolinite

In research funded by EPA, Acar, Olivieri, and Field (Acar et al., 1984b
and c) and Acar, Hamidon, Field, and Scott (Acar et al., 1984a) studied the
effect of four organic fluids on the saturated permeability of Georgia kaoli-
nite. The fluids tested--benzene, acetone, phenol, and nitrobenzene--were
chosen because they represent.a wide range of dielectric constants. Compara-
~ tive tests were performed with 0.01 N calcium sulfate. In addition to the
pure solvents, 0.1 percent (1,000 ppm) solutions of acetone and phenol pre-
pared in 0.01 N calcium sulfate solutions were tested. This research was
carried out at Louisiana State University, Hazardous Waste Research Center.

4.5.19.1 Test Method-- ,

The kaolinite was cured at 32 percent moisture for 1 week before compac-
tion in a Harvard miniature mold at a compactive effort corresponding to
standard Proctor compaction. Sample dimensions were restricted to 3.55 cm in

diameter and 3.8 to 5.1 cm in height.

Tests were conducted in triaxial cells with continuous backpressure.
Hydraulic gradients of less than 100 were used. Backpressures of 414 to 449
kPa (60 to 65 psi) were used to fully saturate the samples prior to the per-
meability testing. Approximately one pore volume of 0.01 N calcium sulfate
was passed through the samples to establish the reference permeability
value. The influent 1iquid was then switched to the organic fluid to be
tested. Tests were continued until the permeability readings and the efflu-
ent concentrations were stable.

A mercury intrusion method was used to éharacterize the pore size dis- ;
tribution in the samples before and after permeation with the organic test
fluids and with the calcium sulfate (Acar et al., 1984b).

A fixed-wall test'with acetone as well as flexible-wall tests at vari-
able effective stresses were also carried out in order to evaluate the test
scheme. :
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vFree-swell and liquid 1imit tests were conducted with the organic solu-
tions and with the standard calcium sulfate to determine if these properties
. were affected by the chemicals.

4.5.19.2 Test Results-- »

A1l tests with chemicals at low concentrations resulted in slight de-
creases in permeability. It was found, however, that the chemicals diffused
through the flexible latex membrane so that the concentration of the organics
that actually permeated the soil sample could not be ascertained.

Reference permeabilities An all kaolinite samg1es tested with pure
organics were between 5.0 x 10-° cm/s and 6.0 x 10~° cm/s. When pure

organic fluids were introduced into the test cells, an immediate decrease

in permeability occurred. For acetone and phenol, this decrease was followed
by a permeability increase, the final value stabilizing at approximately
double the initial or reference value. In the tests with benzene and nitro-
benzene, the permeability decreased until the tests were terminated. Final
permeability values measured in these tests were 2 orders of magnitude lower
than the reference values.

When acetone was tested ijn a fixed-wall permeameter, the perme-
ability stabilized at 2 x 10°° while tests under cgmparable conditions in
flexible-wall cells yielded values between 6 x 10°° and 9 x 10-8. The
difference in these test results is attributed to sidewall leakage in the
fixed-wall test resulting from sample shrinkage during permeation with
acetone. The free-swell tests also confirm that shrinkage would occur with
acetone permeation. ' '

‘ ‘Both swelling behavior and 1iquid 1imit determined with the specific
permeant fluid were found to relate to the changes in permeability measured.
The 1iquid 1imit and free swell were increased significantly with benzene and
nitrobenzene, slightly increased with phenol, and decreased with acetone.

Although absolute permeabiiities were altered considerably by permeation
with the pure organic fluids, the mercury intrusion invegtigations showed
that the size and distribution of pores greater than 80 were not
significantly affected. Since pores with diameters of less than 80 R

-are not expected to contribute appreciably to the total flow, these results

suggest that physicochemical properties of the pore fluid close to the clay
surfaces lead to variations in flow characteristics. :

4,5.20 Finding by Olivieri (1984) of Impermeability of Montmorillonite to
Benzene '

Olivieri (1984) found that benzene did not penetrate compacted Ca-
montmorillonite that was first fully saturated with 0.01 N calcium sulfate
solution even at a hydraulic gradient as high as 150. This finding was
attributed to hydraulic pressures being less than the required flow
initiation pressure to two-phase flow (Acar and Seals, 1984).

=
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4.5.21 Study of Permeability of Clays to Simulated Inorganic Textile
Wastes by Tulis (1983)

Tulis (1983) tested Wyoming bentonite, Grolley kaoline, vermiculite, and
White Store clay in compaction permeameters with alkaline metal hydroxides.
Test solutions were ferrous hydroxide, cupric hydroxide, and manganese _
hydroxide prepared from 1 N solutions of the respective sulfates by adding
sodium hydroxide until a precipitate formed. The final solutions had pH
readings as follows: ferrous = 12.9, manganese = 13.0, and cupric = 12.5.
Test results show an increase in permeability of the bentonite when it was
exposed to the alkaline permeant fluids. The permeability of the kaoline
decreased with the application of the bases. Neither the field clay nor the
vermiculite showed any significant variation in permeabilities with the test
fluid. :

Cracks observed in the bentonite indicate that shrinkage was the mech-
anism responsible for the observed increase in permeability. The decreased
permeability of the kaoline was attributed to clogging of the pore space by
dispersed clay. All of the leachates from the tests contained silica that
had been dissolved by the alkaline solutions.

4.5.22 Tests Conducted by Engineering Consulting Firms for Specific
- Application (unpubTished data) .

4.5.22.1 Tests Conducted by the Trinity Engineering Testing Corporation=-
The tests discussed below were performed by the Trinity Engineering

Testing Corporation at the request of the Corpus Christi, Texas, City Water

Department (White, 1976). ' _

4.5.22.1.1 Soil Characteristics and Test Method--A soil sample from a
proposed toxic waste landfill site was subjected to permeability testing with
isopropyl alcohol, benzene, and charcoal starter fluid. The material tested
was a subsurface clay. Composite samples were compacted at optimum moisture
content to a height of approximately 91.4 cm (36 inches) at 95.8 percent
standard Proctor density in 2.54-cm (1-inch) inside diameter cylinders. Each
of the three organic fluids was added to a level of approximately 61 cm (24
inches) above the compacted soil samples. Water was tested in a fourth
sample. A constant pressure head of 7.01 m (23 feet) was imposed with com-
pressed air. Liquid level in each test cylinder was recorded every 4 hours
until all the 1iquid had penetrated the full 91.4-cm (36-inch) column of
compacted material.

"4.5.22.1.2 Test Results--In the experiments with isopropyl alcohol and
water as the test fluid, the total drop in liquid level was less than 1 inch
over a 100-day period. In the column tested with the charcoal starter fluid,
liquid began dripping from the bottom of the test cylinder after 122 days.

In the benzene test column, signs of full penetration throughout the clay
material were observed after 36 days. '

In a second experiment series, two 91.4-cm (36-inch) compacted clay soil
- samples were tested with benzene. The samples differed only in their mois-
ture content (sample A at 10 percent moisture and B at 20 percent moisture).
Sample A showed signs of full penetration of the benzene after 20 hours.
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Full penetration of benzene occurred after 32 days in sample B, and all
‘ 1iquid passed through the sample in 71 days.

The conclusions drawn from the permeability tests are stated below:

e Under optimum compaction, the clays are highly impermeable to |
domestic water and, conversely, are very permeable to lighter
hydrocarbons.

o When properly compacted to a finished thickness of 91.4 cm (3 feet),
the clays will serve as a suitable tank liner for domestic water but
will not contain the lighter hydrocarbons.

o Under optimum compaction, a 91.4-cm (3-foot) liner of the clay in a
tank 7.01 m (23 feet) deep containing benzene can begin to leak
within 36 days.

4.5.22.1.3 Discussion--Although the soil sample used in the Trinity
Engineering experiments is not adequately characterized, the results of the
test clearly indicate potential for large permeability increases resuiting
from exposure to concentrated nonpolar hydrocarbons. The apparatus and test
procedures used differ substantially from those used in permeability tests
conducted by other investigators.

The data also illustrate the importance of moisture content during com-
paction. The performance of clay-soil liner in contact with chemicals such
as benzene could be drastically influenced by the uniformity of the moisture

. content when the liner material was installed and compacted.

4.5.22.2 Test Data Submitted to Pennsylvania Department of Environmental
Resources-- '

The Pennsylvania Department of Environmental Resources has received data
pertinent to clay liner/chemical compatibility. 'The data pertain to specific
sites and specific wastes and were submitted to the State by consulting engi-
neers. Testing procedures vary and information needed to evaluate the data
is not always provided in the reports. A1l test results show the clay liner
permeabilities to be "within the range required" after exposure to the wastes
tested.

Report A deals with tests to evaluate effects on a liner material in
contact with a waste comprised of one part oil contaminated soil and four
parts water. For the permeability tests, samples were air dried and then
recompacted, at +2 percent of optimum moisture content, to 95 percent of
maximum dry density. Stainless steel molds 10.2 c¢cm (4 inches) in diameter
and 11.7 cm (4.6 inches) in height were used. After trimming, the molded
sample was transferred to a constant head permeability device. A back-
pressure was applied to two of the four samples during saturation with 0.01 N
calcium sulfate solution. Permeability measurements with the calcium sulfate
showed no significant differences between the results for samples with or
without backpressure. Thus, it was concluded that the effect of entrapped
air was minimal. :

AT A S i RSy R e

After permeability tests with the standard calcium sulfate, the liner
samples were placed‘in'conta;t with the test fluid, sealed, and placed on a
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rocking tab]e'for 30 days. Three of the samples were tested with the waste
fluid and one with calcium sulfate solution. After 30 days, the samples were
drained and the permeability tests repeated. Reported results are shown in
Table 4-15. :

No discernible color change was observed after a 30-day exposure to the
waste fluid. No shrinkage along the sides of the mold was observed, although
a change in height of approximately 0.64 cm (0.25 inch) was reported.

The waste tested--one part oil contaminated soil and four parts water--
was not characterized further. Neither the extent of the o0il contamination
nor the characteristics of the contaminated oil were reported. It may be
assumed that either tap water or deionized water was used to prepare the
waste fluid. The extent to which the oil or its contaminants would be
extracted by the water is unknown but probably very small. Although it is
not discussed in the report, the waste material in contact with the clay
Iiner sample may have involved three phases, with oil being the lightest
phase. ' : '

No indication of the length of the permeability testing procedure or
pore volumes displaced is given. The hydraulic heads used in the tests also
are not reported. These details may be stated in a letter that is referenced
in the report. Soil characterization data were not included.

Report B describes the results of a similar investigation in which liner
samples from a disposal site were tested with four different wastes. The
permeabilities are reported in Table 4-16. A}l samples showed slight (two-
fold) increases in permeability after a 30-day exposure to the wastes. It
is notable that "control sets" exposed for 30 days to 0.01 N CaS0y4
showed similar increases.

Soil properties are listed below:

Cation exchange capacity: 11.1 meq/100 g soil

Predominant exchangeable cation: Calecium

Major mineral fraction: Alpha quartz

Other minerals (trace to minor): Microcline, Adularia, Muscovite,
. Kaolinite -

Percent clay size ( 0.002 mm): 13

Percent s11t size (0.002 mm -0.05 mm): 30 .

Percent sand size (0.05 mm -2.0 mm): 22

Percent larger than 2.0 mm: 35 .

Liquid 1imit (percent water): 31

Plastic 1imit (percent water): 22

Wastes used in the tests were not characterized beyond the description
given in the table. Presumably, they were diluted with water as was done in
Case A, but this is not stated in the report. The duration of the tests,
pore volumes replaced, and hydraulic head are not provided in the report.

Report C provides permeability data on a soil sample tested with chrome
ore leachate. The leachate (pH = 13.0) contained 1,400 mg/L total chromium
and 1,200 mg/L hexavalent chromium. A constant head test, conducted at a
pressure of 20 psi, gave a permeability of 1.2 x_10-8 cm/s. With the
falling head method, a permeability of 2.2 x 10-8 cm/s was measured.

. Y
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TABLE 4-15. PERMEABILITY TEST RESULTS?
(Pennsylvania Case A)

Coefficient of permeability (cm/s)

Sample ~ With 0.01 N CaSOg After exposure to test fluid®
AC 1.1 x 10-7 | 1.2 x 10-7d
BC 5.9 x108 3.9 x 10-8
c 9.4 x 10-8 1.1 x 10-7
D 1.7 x 107 Not tested

aTest data reported to Pennsylvania Department of Environmental
Resources. '

brest fluid was one part oil-contaminated soil to four parts water.
Csamples under backpressure during initial permeability tests.

dcontrol sample--tested after 30-day exposure to 0.01 N CaSO4.
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TABLE 4-16. PEﬁMEABILITY TEST RESULTSa .

" (Pennsylvania Case B)

Coefficient of permeability (cm/s)

Before exposure

After exposure

Sample to waste to waste Waste

A 1.4 x 10-8 2.0 x 10-8 Electric furnace
baghouse dust

B 1.4 x 10-8 2.1 x 10-8 Tar decanter sludge

_ (high in organics)

c 1.8 x 10-8 3.0 x 10-8 Neutralized pickle
liquor rinse water
sludge

D 1.8 x 10-8 3.0 x 10-8 Hot strip mill recycle

system sludge (high in
0il)

dTest data reported to Pennsylvania Department of Environmental

Resources.
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Soil characterization and details of the test method were not provided
’ in the brief report. : \

4.5.22.3 Studies Sponsored by Waste Management, Inc.--

Wwaste Management, Inc., has sponsored a series of studies to.determine
compatibility between landfill leachate and in situ clay soil, which func-
tions as the landfill liner. (Weaver and Brissette, Canonie Environmental
Services Corporation, 1982). Permeability data were obtained in triaxial
devices. Each report includes details of the sampling effort, soil char-
acterization data, and the permeability test results. One important con-
clusion by Canonie is as follows: A

. . . It has been our experience that in concentrations of less than 1
percent organics have no significant impact on soil permeability.

The laboratory permeability results presented in each of the reports
indicate that no appreciable change in permeability will occur on soils at
the specific sites due to contact with the waste leachate obtained from the
facility.

4.5.22.4 Test Data from D'Appolonia Consulting Engineers, Inc.--
D'Appolonia Consulting Engineers, Inc. (D'Appolonia), has performed
numerous permeability studies involving site-specific soil samples and
leachates. Projects have involved slurry trench walls as well as liners for
landfills. In 1983 D'Appolonia compiled their permeability test data from
14 projects (D'Appolonia Consulting Engineers, Inc., 1983). Leachates
tested in the D'Appolonia projects were frequently high in salts, and some
k were highly acidic. All data were obtained from triaxial tests. Perme-
. ability data from the various projects are summarized below.

Project A--No significant changes were observed in long-term perme-
ability tests on soil samples containing 2 percent or 3 percent commercial
bentonite when they were subjected to an agueous waste fluid of pH 7. The
fluid, collected during dredging operations and shipped to D'Appolonia by
the client, contained minor concentrations of a number of inorganic salts
(sul;ate, chloride, fluoride). Specific conductance was reported as 1,710
umho/cm.

The permeability tests involved the exchange of up to 4,7 pore volumes
_with test times of 24 to 76 days. The hydraulic gradients used varied
from 36 to 168; cell pressures were 1.0 to 1.5 kg/cme.

Project B--Extensive permeability tests were performed on reddish-brown
clay samples (undisturbed Shelby tube samples) using a stabilized pH 4
fluid. The fluid was prepared in the laboratory using pond water and waste
from the site. The most significant characteristic of the stabilized
pH 4 fluid was the specific conductance at 94,000 ymho/cm at 259 C; pH was
3.88. It should be noted that Shelby tube samples may not always be com-
pacted to exactly the same density so that slight deviations in measured
permeability are not considered to be significant.

RS AR B U SNt

‘Although all permeabilities measured were below 1 X 10'7 cm/s, a
trend toward increased permeability was apparent as more pore volumes were
exchanged. Changes in soil chracterization were also in evidence as more

| | | 4-89

|CBA 007 01003




AT IE T TR b, -

pore volumes of test permeant fluid were passed through the samples.
Elevated hydraulic gradients 110 and 450 were used for the tests, and
cell pressures were 2.5 and 4.5 kg/cmz. Test times ranged from 100 to
350 days. In three of the samples, more than 12 pore volumes were
exchanged.

Project C--A waste fluid characterized by high salt concentration and
high total organic carbon was tested in four soil samples. The samples
sontained varying proportions of two soils--a fine-to-coarse sand, and a
sandy clay with 1 to 3 percent commercial bentonite.

Permeability tests were run at a hydraulic gradient of 20. After ini-
~jal permeability increases in some samples, the permeabilities decreased.
Samples were tested for 692 days. For each sample, between 2 and 13 pore
volumes were exchanged. The permeability decrease noted was approximately 1
order of magnitude for a cement bentonite sample. For the other three soil
mixtures, permeability decreased by a factor of 2 to 4.

The constituents present in the perméant are not known precisely.
Available chemical analysis data indicate that the chemical concentrations
in the waste material vary considerably from year to year.

Pro%ect D--Slight decreases in permeability were reported for clay-soil
samples (with bentonite) exposed to contaminated groundwater samples taken
from piezometers. Soil samples were 25 percent fiyash, 25 percent uncon-
taminated clay, 25 percent contaminated clay, and 25 percent silt.
Bentonite (1 percent) was added.

Two permeant fluids were tested; pH values were 10.57 (Sample A) and 8.8
(Sampée B). Specific conductance was reported at 35,300 and 13,200 wmho/cm
at 259C. -

amples were tested at a gradient of 190 with cell pressure at 1.5
kg/cmé. Test duration was 90 days with more than three pore volumes
exshanged. Final permeabilities were determined to be below 1 x 10-8
cm/s. '

Project E--Permeability tests were run on a silty clay soil from a pro-
posed facility with four waste leachates as the permeant fluid. Soil
samples were compacted in the laboratory (95 percent of standard Proctor
geg?it{). Chemical characteristics of the waste fluids tested are shown in

able 4-17.

Permeability tests were performed at a hydraulic gradient of 47 and
cell pressure of 0.75 kg/cmz. Total test time was 40 to 50 days. The.
results of the permeability tests are given in Table 4-18. All samples were

- saturated with 0.01 N calcium sulfate solution prior to introduction of the

waste fluid.

Project F--Permeability data on undisturbed Shelby tube samples
tested with tap water showed permeability values ranging from 6.1 X 10-8
to 2.0 x 10-9 cm/s with an average of 1.0 x 10-8 cm/s. Fifty-seven
samples were tested with total test time varying from 6 to 10 days.
Hydraulic gradient was 25 to 50, and cell pressure was 3.5 to 5.5 kg/cmz.
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TABLE 4-17. CHEMICAL CHARACTERISTICS OF WASTE PERMEANTS, PROJECT EQ.

Waste leachate permeant fluidb

_ . Composite
Parameter Units No. 3 No. 4 Studge Teachate
Column test designation ’P-l P-2 P-3 P-4
Ph pPH units 12.63 11.23 8.37 11.23
Specific conductance umho/cm 20,500 11,900 10,100 11,000
at 259C
Filterable residue at mg/L 12,100 8,620 8,720 8,380
180 oC .
Acidity mg/L CaCO3 0 0 0 0
Alkalinity mg/L CaCO3 4,140 130 20 224
Phenolpthalein mg/L CaCO3 - 2,660 90 2 143
alkalinity
Chloride ma/L 1,600 2,300 570 1,800
‘Sulfate mg/L 50 2,550 500 2,250
Dissolved metals:
Cadmium mg/L 0.02 <0.01 <0.01 <0.01
Calcium ‘mg/L 610 170 1,800 505
Chromium (hexavalent) mg/L 450 14 0.06 21
Chromium (total) mg/L 880 16 0.08 52
Iron mg/L <0.1 <0.1 <0.1 <0.1
Lead mg/L 0.49 0.32 <0.01 0.01
Magnesium mg/L <0.1 0.4 135 2.8
Manganese mg/L 0.07 0.04 0.14 0.06
Nickel mg/L 0.23 0.10 .0.46 0.10
Selenium mg/L 1.86 0.196 - <0.001 0.342
-Sodium mg/L 945 1,860 12 1,350
Zinc mg/L 3.82 0.12 0.02 0.03

dpata from D'Appolonia Consulting Engineers, 1983.

bLeachates were generated from various wastes by 1:4 shake extraction of

solid waste with water.

CComposite leachate obtained b

proportion:
No. 3 leachate - 5 percent
- No. 4 leachate 75 percent

. No. 5 leachate
Sludge leachate
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TABLE 4-18. RESULTS OF PERMEABILITY TESTS, PROJECT E2

' Sample Pore volumes Permeability
fluid Permeant exchanged (cm/s)

P-1 0.01 N CaSO4 - 1.6 x 10-7

No. 3 leachate 0 - 3.2 1.7 x 10~7

3.2 - 12.7 1.4 x 10-7

P-2 0.01 N CaSOy - 1.1 x 1077

No. 4 leachate 0 - 8.8 1.3 x 10-7

P-3 0.01 N CaS0y4 - 1.4 x 10-7

Sludge leachate 0 - 4.7 1.5 x 10-7

4.7 - 13.5 2.4 x 10-7

13.5 - 17.2 - 4.2 x 10-7

P-4 0.01 N CaS04 - 1.1 x 107

Composite leachate 0 - 0.8 1.2 x 10-7

0.8 - 5.6 8.1 x 10-7

apata from D'Appolonia Consulting Engineers, Inc., 1983.
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Project G--Slurry wall test data were provided for two different
leachates identified as low pH or high pH. A commercial bentonite product
. was added to a clay-sand mix. Sixty-day Eests at hydraulic gradients of
170 to 205 and cell pressure at 1.5 kg/cm¢ gave permeability values below
7 x 108 cm/s. Between 19 and 47 pore volumes were exchanged in the
tests. '

Project H--Potential clay liner materials were tested with a permeant
fluid generated in the laboratory by leaching a young slag from a pilot
plant. The pH of the leachate was 4.90; specific conductance was 2.70
umho/cm at 250C. ‘ '

Hydraulic gradients of 25 and 100 and cell pressures of 0.75 and
1.5 kg/cm2 were used in the permeability tests. Distilled water was
used to saturate the samples. Small permeability decreases were observed in
tests with the slag leachate. Total testing time was approximately 2 to 3.
months. '

Project I--Groundwater spiked with several chlorinated hydrocarbons was
used as the permeant fluid in tests on undisturbed Shelby tubes samples.
The total concentration of chlorinated ethanes was 500 ppm. The soil sam-
ples tested were comprised of smectite (50 to 75 percent), kaolinite (10 to
25 percent), vermiculite (10 to 25 percent), mica (10 to 25 percent), and
quartz (10 to 25 percent).

Permeability tests were _conducted at a hydraulic gradient of 150 and
a cell pressure of 1.5 kg/cmz. Four samples were tested for up to 140
A days with a maximum of 24 pore volumes exchanged. Distilled water was used
‘ as the initial permeant fluid. Slight decreases in permeability were
_ observed with the spiked groundwater as permeant fluid.

Project J--Two soil samples were tested with a highly acidic waste
fluid (pH = 1.5) that was collected from waste ponds. Other significant
characteristics of the fluid were specific conductance = 22,200 -umho/cm at
250C and sulfate = 15,000 ppm. -

S1ight decreases in permeability were observed after exchange of more
than 10 pore volumes. Hydraulic gradients of 20 to 100 were used with
cell pressures of 0.7 to 2.0 kg/cmz.

Project K--Three waste fluids were tested with a sandy soil mixed with
a commerical bentonite product. Significant characteristics of the waste
fluids are shown below. :

| Parameter Waste fluids

pH 8 9 10
, 0K 6.65 7.65 5.00
Specific conductance 920 1,000 430
(umho/cm at 259C)
Sulfate (ppm) 470 460 180
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No significant change in permeability occurred when the pH 9 fluid was
tested with the sandy clay soil. The test involved exchange of 7.4 pore
volumes. A slight increase in permeability was noted with the pH 8 fluid
tested with the sandy clay soil after 4.7 pore volumes were exchanged. Waste
fluid at pH 10 tested.with 'the sandy clay soil mixed with bentonite decreased

-permeability after exchange of 4.2 pore volumes.

A hydraulic gradient of 22 was used for the tests involving the waste
fluids and soil. A hydraulic gradient of 100 was imposed on the soil
bentonite tested with pH 10 fluid. Cell pressure was 1.1 kg/cmz. The
pH 8 and 9 samples were tested at a hydraulic gradient of 22 and a cell
pressure of 1.0 kg/cml.

Project L--Two waste fluids with neutral pH were used in tests with soil
mixed with approximately 1 percent treated bentonite from three vendors. The
only notable characteristic of the waste fluids was specific conductance.

The permeability data are summarized in Table 4-19. The hydraulic gradi-
ent used in the tests was 80 to 90; cell pressure was 1.0 kg/cmz.

Project M--Permeability tests were performed on 20 soil samples to
determine the effect of a permeant fluid of pH 1.5. The fluid, collected
from waste ponds at a disposal site, had a high salt concentration
(specific conductance = 22,200 umho cm at 259C; sulfate = 15,000 ppm).

The only permeability increases noted were for a soil characterized as
si1t stone and one characterized as sand stone. For these samples, perme-
ability increases were just less than 1 order of magnitude after passage of
approximately 12 pore volumes. Hydraulic gradients used in the tests
were 15 to 285; cell pressures were 0.75 to 4.00 kg/cmz.

: Project N--Permeability studies on three composite soil samples were
conducted. Three waste leachates used as the permeant fluid were prepared in
the laboratory by extracting tailings from a pilot plant. Fluids tested were
characterized by pH (3, 6, or 9). ,

Initial permeabilities were determined with groundwater from the pro-
posed site. The results of the permeability tests are shown in Table 4-20.
Permeability increases of approximately 1 order of magnitude were observed in
the glacial ti11 samples tested with permeant fluids of pH 6 and 9.,

4.5.23 Tests Reported by Bentonite Compan?és

4.5.23.1 American Colloid Company-- : _

The American Colloid Company produces Vo]clay@’soil sealants. These pro-
ducts are a specfal type of high swelling sodium montmorillonite that has
been treated by a proprietary process to render the material unre%gtive
toward most chemical materials. American Colloid Saline Seal 100® is a
patented product intended for use in containing wastes with high levels of
dissolved salts, acids, or alkali. '
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TABLE 4-19. RESULTS OF PERMEABILITY TESTS, PROJECT L3

Waste fluid A . Waste fluid B
(1,900 pmho/cm at 259C) (3,800 umho/cm at 259C)
Pore volumes Pore volumes

Kmax/Kinitial replaced Kmax/Kinitial repiaced

Cement 1.0 6 1.0 13
bentonite

Aqua gel 2.2 8 6.9 7
Saline seal 1.6 7 3.9 13

dpata from D'Appolonia Consulting Engineers, Inc., 1983.

TABLE 4-20. INITIAL AND FINAL PERMEABILITIES DETERMINED IN
TRIAXIAL CELL TESTS WITH LEACHATES, PROJECT N

Laboratory permeability @ 200b

Leachate (cm/s)
permeant Initial with Final with
Sediment sample pH site groundwater waste leachates
Glacial tin 3 5.5 x 10-8 1.4 x 10-7
(Composite No. 1) 6 3.8 x 10-8 3.4 x 10-7
9 5.7 x 10-8 5.6 x 10-7
9 3.6 x 107 5.7 x 10-7
Stratified drife 3 1.8 x 10-5 1.3 x 10-
(Composite No. 2) 6 1.5 x 10-5 1.2 x 10-5
9 1.3 x 10-5 1.3 x 10-5
9 2.1 x 10-5 2.1 x 10-3
- c
4% Bentonite/ti1] 3 1.0 x 10710 1.5 x 10%0
- -10d
Admixture 9 1.0 x 10710 1.5 x'10710

dpata from D'Appolonia Consulting Engineers, Inc., 1983.
bPermeability calculations based on final column sample dimensions.

Cpetermined as 83.1 percent saturation based upon final moisture content
measurements.

dpetermined as 83.4 percent saturation based upon final moisture content
measurements. ’
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American Colloid has conducted perméability tests of Saline Seal 100(®

. with gasoline, kerosene, and 1,1,2-trichloroethane. The trichloroethane
tested was waste solvent that had been contaminated with other unchar-
acterized materials. It was said to be predominantly trichloroethane
(Jepsen, 1983). '

The American Colloid tests were conducted with a fixed-wall compaction
permeameter. Inside walls of the cylinder were coated with a thin film of
slurry to provide a barrier against capillary effects along the wall.
Samples were compacted to at least 90 percent Proctor. Soil samples were
either 5.1 or 10.2 cm (2- or 4-inch) -thick cores and consisted of a uniform
standard silica sand mixed with between 6 and 15 percent bentonite (dry
weight). Test samples were prehydrated with deionized water for at least 48
hours, and provision was made for deairing. After the test fluid was added
to the permeameter, head loss was recorded periodically until stable read-
ings were established. The results of these permeability tests are shown in
Table 4-21. '

4.5.23.2 Federal Bentonite-- 4
Another major bentonite company, Federal Bentonite, produces, among
other bentonite products, petroleum tank farm sealants. The products are
made by treating sodium-bentonite with specific polymers in order to obtain
the desired sealing characteristics. PPS-21 is a free-flowing granular
bentonite product designed to promote an impermeable barrier in the event of
failure or leak in petroleum tank farms. ‘

Permeability tests with water and with kerosene were performed on 5.1 cm
‘ (2-inch) samples of test soil consisting of PPS-21 mixed with washed beach
sand. Samples were prehydrated with deionized water under a 136-cm head
prior to introduction of the kerosene. Tests results are summarized in
Table 4-22.

4.5.23.3 Discussion--_ . : .

The behavior of polymer-treated bentonites over a long time period is
not demonstrated in the test results presented here. Although the duration
of the American Colloid tests exceeded 40 days, only a fraction of a pore
volume of fluid was displaced during the tests. The number of pore volumes
was not expressed in the data presented by Federal Bentonite.

, Suggestions that the polymers in the treated bentonites will degrade
after 3 to 4 years have been made, and at least two laboratories claim to
have data in support of this time-degradation behavior (Beattie, 1983;
Zlamal, 1983). Many applications for the treated bentonites involve short-
term performance requirements. 1In long-term applications, such as barriers
for landfills, the time-degradation issue could have serious implications.
The long-term viability of treated bentonite seals needs to be verified.
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' TABLE 4-21. EFFECT OF CONCENTRATED ORGANICS ON A
‘ TREATED BENTONITE SEAL2

Test duration Pore volumes ~ Permeability

Organic permeant (days)b displaced ~ (cm/s)
Gasoline 68 : 0.6 4.7 x 10-7
Kerosene 402 0.16 4.7 x 10-8
. . -7c
1,1,2-Trichloroethane 71 ‘ 0.58 4.2 x 10

(waste)

Aunpublished data on Saline Seal 100® from American Colloid Company,
personal communication, January 23, 1983.

bA11 tests conducted using a hydraulic head of 76.2 cm (2.5 feet).

CPermeability of prehydrated soil was 1.5 x 10‘7 cm/s prior to
addition of organic permeant.

. TABLE 4-22. PERMEABILITY (cm/s) OF A TREATED BENTONITE SEAL
' TO KEROSENE3,b
Prior to After exposure After exposure
addition to kerosene to kerosene
. Sample. of kerosene for 7 days for 42 days
Sample 1: 5.1 x 108 3.4x108 - 2,5x108
(Prehydrated for 24 h) _
: Sample 2: 3.2 x 10-8 2.2 x 20-8 1.5 x 10-8
(Prehydrated for 48 h)
Sample 3: 2.0 x 10-8 1.3 x 10-8 1.6 x 10-8
(Prehydrated for 72 h) : _
Sample 4: 1.3 x 10-8 1.1 x 10-8 9.6 x 1079

(Prehydrated for 96 h)

aData from Federal Bentonite (1983) on tank farm sealant PPS-21.

brests conducted under a standard 136-cm head using a falling head
permeameter.
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