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CHAPTER 1
INTRODUCTION
General

A definite need exists in engineering practice for a
method which will enable the engineer to predict the physical
and especially the mechanical properties of soils on the
basis of fundamental concepts and easily performed tests.

The general behavior of soils is of paramount concern to the
soil scientist, the geologist, and the soils engineer. With
the ever increasing use of soil and its conservatioﬂ, it has
become more apparent with the advance of modern technology
that each of these scientific groups must cooperate in order
to obtain a more comprehensive understanding of the nature
of soil.

There are two main approaches to the understanding of
the strength properties of cohesive soils. The first of
these is evaluation of soil shearing strength in a macro-
scopic strength test. It has received the majority of effort
because of the urgency for practical solutions to problems
involving the strength of the soil. It is not difficult to
devise a piece of apparatus in which some property of the

soil related to the strength is measured under a variety of



conditions. Unfortunately, it is much more difficult to
relate such a property either to the behavior of the soil in
the field or to the fundamental soil parameters which con-
trol its strength, and it is virtually impossible to derive
from these properties general relationships for other soils
under other conditions. Most of the effort put into studies
of soil strength up to the present has been focused bn the
design and exhaustive testing of apparatus rather than soil,
since the defects of equipment have placed major restric-
tions on the evaluation of test results.

The second approach concentratés on the study of the
fundamental aspects of.interparticle behavior with the object
of relating the macroscopic strength and strain characteris-
tics of the soil to the physico-chemical properties of its
constituents including the pore fluid. Most studies on
macroscopic shear strength undertaken with some form of test-
ing apparatus develop conclusions which are limited by prop-
erties under investigation which have not been thorpughly
examined or reported. Only in few investigatiohs héVé bofh
approaches been employed to give a wider view of the factors
controlling strength and deformation of some soils.,

Fine-grained soils lend themselves to the study of
physico-chemical phenomeha on a microscopic scale due to the
electrical unbalance and the high specific suffacevof the
crystalline clay minerals. The electrical unbalance allows

the clay mineral to adsorb certain cations and anions and
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relate these in an exchangeable state;zthat is; the adsorbed
ion on a clay particle may be exchanged by treatment with
other ions in an aqueous solution.

There are several reasons why the engineer should be
concerned with cation exchange. The properties of cohesive
soils have been showp to vary with the nature of the ex-
changeable ion (Thomson, 1963; Grim, 1942)*. Knowing the
possible changes in the geotechnical properties when chem-
ically modified and knowing the properties desired in the
soil mass, 1t appears feasible that the soils engineer
should be able to tailor the soil to some extent to fulfill
his needs. Winterkorn (1953) relates incidents of failures
which occurred due to changes in soil properties as a re-
sult of ion exchanges during and foilowing construction.

The nature of the exchangéable ion may affect the reactivity
of the soil with other substances; e.g., it influences the

reaction with portland cement in cement-stabilized soils.
Problem

The general problem to be considered concerns the
effects of physical-chemical phenomena on the shear strength
of clay materials. Specifically, the problem consists of

determining the shear strength characteristics of isotrop-

¥ .
References are indicated by author and year of publi-
cation and are listed in the bibliography.



ically consolidated artificial clays that have been modified
by saturation of the exchange complex with sodium, potassium,
calcium, and magnesium cations. Unconfined shear testing
was augmented by hydrometer analyses, specific gravity deter-
minations, and a study of the Atterberg limits. There are
many cations that may be investigated, but the program that
forms the basis of this thesis was restricted to the cat-
ions normally found in nature; namely, calcium, magnesium,
sodium, and potassium. The data of Table I-1I is presented
on the following page to illustrate the predominance of
these cations.

It should be noted that the bodies of water used in
the following table represent large amounts of water and,
consequently, the salt concentration is much lower than
would be found in the more arid areas. For an example of
areas of much higher salt concentration, the reader is re-
ferred to, "A Study of Saline-Alkali Soils in Oklahoma,"

(Reed, 1962).



TABLE I-I

*
THE CHEMICAL ANALYSIS OF SOME REPRESENTATIVE NATURAL WATERS

St. Lawrence

River Lake Niagara Detroit Lake Red Regina
Source (Montreal) Ontario River River Superior River City
pH 70 8.1 8.0 8.1 7.4 - -
Dissolved
0y, ml/1, 6.5 5.4 6.0 4.9 7.5 - -
Dissolved
Solids 143.0 157.8 170.4 114.6 68.0 864.0 1128.0
Ca 27.6 36.4 33.7 26.1 14.3 98.0 163.6
Mg 6.8 8.4 8.2 ¢ 4. 40.0 86.5
Fe 0.06 0.06 0.05 0.05 0.06 0.34 0.12
Na and K 6.1 9.5 4.6 2.6 2.9 134.0 -
Si 0, 9.2 2.5 7.0 5.0 8.0 14.8 21.0
(H CO3)’ 89.4 105.0 122.0 105.0 47.0 223.0 543.0
(804)" 17.4 20.7 18.1 0.9 4.3 202.0 424 .0
{¢1)! 13.1 16.5 13,5 5.3 11.8 211.5 9.0
(NOS)' 0.2 1.9 0.5 1.2 0.2 0.9 0.5
Total
Hardness 96.9 125.4 128.0 95.6 54.7 409.0 622 .3

*Chemical analysis obtained from Munro (1964).



CHAPTER II

SOIL SCIENCE AND ENGINEERING

The use of homionic soils in research may be open to
question since they are not found in nature. However, it
has been stated (Winterkorn, 1952) that it is not necessary
to work with homionic soils in the field; e.g., sodium-soil
characteristics can be achieved with about 15 per cent sodium
saturation of the exchange complex. The term hcemionic in
this study is defined as the condition when all the exchange
positions of a clay mineral are satisfied by one type of
cation; e.g., Na+.

In research, when one is investigating a particular
question, all other variables should be eliminated or mini-
mized. As a step towards the study of natural soils, one
must first determine the characteristics of a pure state and
then go to more complex systems. Therefore, despite the
fact that it is difficult to produce 100 per cent homionic
soils, it seems scientifically correct to attempt to do so
in order to eliminate extraneous factors.

The agronomist has been aware of the importance of cat-
ion exchange for over a century and has been intensively

investigating it for at least fifty years. Engineering has



only begun to appreciate its significance to any large extent
in the past decade. The outline of the cases involving cat-
ion exchange cited in the following paragraphs have the
further purpose of providing a practical background and to
suggest to the engineer that alien material is often of use-
ful significance in understanding the behavior of clay soils.
In order that subsequent suggested explanations of the ob-
served data may be more readily visualized, a brief review

of the applicable concepts of the fields of Clay Mineralogy,

Physical Chemistry, and Soil Physics are reviewed.

Clay Mineralogy

Most of the clay minerals (Grim, 1953) have sheet or
layered structures although a few have tubular or fibrous
structures. Argillaceous material may be considered as
being comprised of very small particles, each of which is
either a book of sheet-like units or a bundle of tubes or
fibers. Individual clay soils may contain a mixture of book-
like units or books and bundles along with other components
such as the normal rock-forming minerals.

The fundamental building blocks of the clay minerals
are the silica tetrahedron and the alumina octahedron. The
silica tetrahedron consists of a central silica atom sur-
rounded by four oxygens or hydroxyls in the form of a pyramid.
The alumina octahedron may be considered as an aluminum atom

surrounded by six hydroxyls in octahedral coordination. The



silica or alumina atom may be substituted by other minerals
and this phenomenon is referred to as isomorphous substitu-
tion. The net negative charge of the clay minerals is sat-
isfied by the adsorption of cations.

The main clay minerals are kaolinite, montmorillonite,
and illite or hydrous mica. Kaolinite consists of a single
layer of octahedrons with a superimposed layer of tetrahe-
drons intergrown in such a manner that the tips of the
tetrahedrons and apices of the octahedrons form a common
layer. The mineral kaolinite is a stacking of such units
tied together by hydrogen bonding. There is very little
substitution within the lattices; hence, the cation ex-
change capacity is in the order of 5 to 15 milliequivalents
per 100 grams of air dried soil.

The montmorillonite unit is composed of an octahedral
sheet enclosed by two tetrahedral sheets such that the tips
of the tetrahedrons point inwards. In the mineral montmor-
illonite, the oxygen layers of the bases of the tetrahedrons
are adjacent to each other which gives rise to a weak bond
and excellent cleavage. An outstanding feature of this min-
eral is the ability of water molecules and cations to enter
between the unit-layers causing expansion of the lattice in
the "c¢" direction. There is always substitution within the
lattice of montmorillonite resulting in a high base exchange
capacity of 80 to 100 m.e./100 grams soil.

The structural unit of illite or hydrous mica is the



same as for montmorillonite except that some of the silicas
are always replaced by aluminums in the tetrahedral layers
and the resulting charge deficiency is balanced by adsorbed
potassium ions. These ions tie the structural units together
very effectively. The mineral illite which leads to the fa-
voring of the term hydrous mica in the general classification
appears to be a gradational stage between kaolinite and mont-
morillonite.

Mixed layer minerals arise from the fact that most clays
are composed of more than one clay mineral that may be mixed
in any of several ways. There may be discrete interlayering
of pure minerals and such particles may cleave easily, par-
ticularly through montmorillonite layers. Another mixture
possibility is interstratification between layers of similar

clay minerals. These mixtures are as stable as pure minerals.

Physical Chemistry

The concepts needed from the broad field of physical
chemistry to be considered here are relatively few. An impor-
tant idea is that of the various types of bonding that can
occur in molecular units. Ionic bonding (Grim, 1953; Munro,
1964) involves the outright transfer of electrons from one
atom to another. The covalent bond is the sharing of elec-
trons in pairs, each electron pair corresponding to a single
valence. In certain compounds, a hydrogen already bound by

two electrons to an atom may further coordinate two more elec-
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trons to form another bond. This is termed hydrogen bonding.
The hydrogen bond is weaker than the ionic and covalent bonds.

When a molecule is placed between two charged plates, a
phenomenon termed polarization occurs. The anode attracts
the electrons and the cathode attracts the nuclei. If the
polarization disappears when the electric field is removed,
the dipole is referred to as induced and the molecule is
termed non-polar. If the centers of positive and negative
charge within the molecule do not coincide, then the mole-
cule possesses a permanent dipole and is termed a polar mol-
ecule., Water is an example of polar fluid.

Intermolecular or Van der Waals forces consist of both
attractive and repulsive forces. Attractive forces arise
from attractions of permanent and induced dipoles and the
vibrations of electron clouds with respect to the nuclei of
atoms in a molecule. A repulsive force arises from the
approach of electron atmospheres and nuclei of the atoms of
one molecule with those of another. Coulombic forces result
from the electrical interaction of two charges. All of

these forces are susceptible to mathematical expression.

Soil Physics

The behavior of colloids (Baver, 1956) is predominantly
a function of the surface area of the particles comprising
the colloid. There are three factors influencing surface

area; namely, particle size, particle shape, and the material
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of which the particles are composed. Subdivision of a par-
ticle into many smaller particles increases surface area per
unit volume, changing the particle from an equi-dimensional
to disc shape which further increases the surface area for a
given volume., The classic illustration of the effec£ of the
material comprising the colloid is the comparison of colloi-
dal suspensions of gold and clay. The former are stable,
but suspensions of clay often must be chemically treated to
insure stability.

Grim (1953) giﬁés the causes of cation exchange as
broken bonds at the edges of crystals, substitutions within
the lattice structure and the possible replacement of the
hydrogen of an exposed hydroxyl group at fhe edges of the
crystal by an exchangeable cation. For kaolinite, broken
bonds play the major part in exchange capacity. In illite,,
broken bonds contfibute strongly, but there is also some iso-
morphous substitufion°, Broken bonds account for about 20
per cent of the high'exchange capacity of montmorillonite
and the remainder is due to isomorphous substitution.

In addition to adsorbing cations, the clay particle also
hydrates by the formation of hydrogen bonds between surface
hydroxyls, or oxygens, and the water molecules., Succeeding
layers of water are held by similar bonds to the preceding
layer. In this manner an adsorbed water film, or hull, is
built up around the clay particle. A thick adsorbed hull on

the clay particle is associated with adsorbed sodium ions
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and a thin hull with calcium and magnesium ions. The presence
of extraneous cations and anions (or salts) in the pore water
has the effect of depressing the thickness of the adsorbed
water film around a clay particle. The thickness of the

water hull is dependent on the type of adsorbed cation and

the charge density of the particle.

The adsorbed cations are not in contact with the parti-
cle surface but diffuse away from it in such a way that the
concentrations of cations decrease as the distance from the
particle surface increases. This concept is referred to as
the diffuse double layer. The inner of the two layers is
composed of the negative charge associated with the clay
particle and some cations adsorbed so strongly as to be con-
sidered immobile. The outer layer is comprised of the
mobile and exchangeable cations. The clay particle and its
adsorbed cations is an electrically neutral system which may
be considered to be bounded by the particle surface and the
outer edge of the diffuse double layer. The distance be-
tween these boundaries is a direct measure of a quantity
termed the zeta potential. The higher the zeta potential,
the greater the distance between the two boundaries.

The general applicability of the Law of Mass Action is
assumed in the production of a homionic clay. The equilib-
rium that exists between cations adsorbed by the clay parti-
cle and those in pore water is continually shifted toward

the homionic state by successive replacement of the pore
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water by a solution containing only the ions that one de-
sires to have adsorbed. One method for the measurement of
the cation exchange is a leaching procedure in which the ex-
changeable positions are filled with ammonia cations. A
determination of the retained ammonia yields the eXchénge

capacity.
Origin of Clays

Clay minerals are a secondary product of the weathering
or alteration of rock-forming minerals. They may be con-
sidered to be formed in-situ and may undergo transportation
by the natural agencies of the geologic‘cyclen The B hori-
zon of the agronomists is the zone accumulation of materials
removed from the upper horizon including a concentration of
weathered products, some of which are the clay minerals.
Typical weathering processes include dxidationg hydration,
hydrolysis, and the formation of soluble salts. However, as
wéll as being a product of soil weathering, sedimentation

and metamorphism also play a part in élay mineralogy.



CHAPTER II1I

LITERATURE REVIEW OF APPLICATIONS OF CATION

EXCHANGE TO SOIL ENGINEERING
General

Recent and past research relating physico-chemical
phenomena to soil mechanics presents many complex diffi-
culties in correlation due to variations in soil type, soil
structure, and testing procedure.

Studies have been made on clay-water suspensions,
homionic soils, and naturally occurring soils. A natural
soil used to investigate a particular problem; e.g., effect
of electrolyte concentration, introduces serious unknowns .
with respect to quantities and type of ions either adsorbed
or present in the free water. Also, it does not seem fea-
sible to compare directly the results of a research program
concerned with clay-water suspensions to that of the plastic
clay-water mass normally associated with soil mechanics
(Lambe, 1958).

The evaluation of shear strength is an exceedingly com-
plex problem due to the number of variables involved. A
correlation of shear strength as determined by such tech-

niques as direct shear, vane shear, drop cone, unconfined

14
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compression, and triaxial testing is difficult when en-
countered in regular research problems, thus when coupled
with physico-chemical effects additional difficulties arise.
Behavior of the microscopic state has been viewed in
the light of interparticle forces by Lambe (1960) and
Warkentin (1962), polarizability of the adsorbed cations by
Rosengvist (1955), and structure by Lambe (1958). There are
numerous postulates, but there appears to be a common thread
running throughout these ideas, and it is hoped that research

will tie them together to form a comprehensive picture.
Treatment of a Gravel Road

One of the earliest direct field applications was car-
ried out by Winterkorn (1933) on a gravel road in Missouri.
The gravel surfacing material had a clay binder, which,
according to its Atterberg limits, should have been suitable.
On the road, however, it behaved like a silt; softening in
the rain and exhibiting a high permeability. Excessive
amounts of water entered the subgrade which regulteavih many
surface failures. Laboratory tests indicated practically
all of the exchange positions to be filled with calcium ions.
Test sections of the road were treated with solutions of the
chlorides of calcium, potassium, and sodium. The latter two
salts improved the road considerably but the calcium treated
section became even worse.. Further laboratory tests indi-

cated that the dispersive effects of the sodium and potassium
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cations were responsible for decreasing the permeability.

The calcium caused further aggregation which made the condi-
tion worse. It would appear that the replacement of adsorbed
calcium by sodium caused ah increase in thickness of the ad-
sorbed water hull on the clay particles; hence, a decrease

in the permeability.
Decreasing Permeability

As part of the San Francisco Exposition of 1940, a
shallow lagoon was to form a scenic area. It was to be fresh
water with evaporation and seepage losses replaced from the
city water supply. Seepage proved to be beyond tolerable
limits and a remedy was sought. A thicker blanket of clay
was not economical since the clay had to be hauled in. Lee
(1940) took advantage of cation exchange simply by replacing
the fresh water by sodium-rich sea water. The latter was
left in place until a seepage of about forty inches of the
salt water had occurred. The salt wéter was drained and
fresh water pumped in. Subsequent tests énd obsérﬁations
showed the permeability of the treated blanket to be about
10 per cent of the original value. This decrease in perme-
ability as sodium became adsorbed is also reported in the

recent investigations of Hamilton (1961) and Thomson (1963).
Liming of Soils

In the field of portland cement stabilization of soils,
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it is advantageous to have calcium as the adsorbed cation
rather than sodium. In the hardening process of cement,

lime (CaQ) is released to re-enter the reactions at later
stages. If sodium is present in the adsorbed phase, an ex-
change takes place in which calcium replaces the sodium.

This removes calcium from the hydration process of the cement
and_results in much lower strengths. "Liming," that is the
addition of a small per cent of lime (1% to 3%) to the soil
before addition of the portland cement, is often advanta-

geous.
Hydrometer Suspensions

Another application of cation exchange that is more
familiar to the soils engineer is the stabilization of hydro-
meter suspensions by the addition of calgon [éodium hexameta
phosphate, Nag (PO4)3] . It is known (Grim, 1953) that cal-
cium soils, i.e., those soils having a majority of the cat-
ion exchange positions filled with calcium, tend to form
large particles and that these particles are attracfed to
one another to form flocs which settle out quickly. The
reason for this is the low. zeta potential (Baver, 1956) of
the calcium clays which allows the particles tb‘come close
together. The addition of the sodium salt (calgon) has two
effects. The first is a partial cation exchange with an
accompanying increase in the zeta potehtialo The second

effect is the removal of calcium cations by the formation of
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compleX phosphates (Van Olphen, 1950)., The over-all result
is a stabilization of the suspension. A point of interest
with regard to montmorillonite clays is that the adsorption
of monovalent sodium ions may cause sufficient swelling to
disrupt the clay particle. 1In any event, cleavage takes
place with relative ease between the structural sheets of
some clay minerals during the dispersion phase of preparing
a hydrometer sample. Grim (1939) concludes that:

Mechanical analysis of kaolinite and some illite

clays give a fair picture of the composition of

the natural clay., Similar analyses of montmoril-

lonite and other illite clays measure little more

than the degree of disaggregation.
It would appear necessary that every sample be treated in an

absolutely identical manner if comparisons between different

soils are to be made.
Artificially Sedimented Clays

An interesting set of experiments was reported by
Bjerrum and Rosenqvist (1956). 1In these tests, a series of
artifically sedimented clays were produced'with Seéimehtétibn
- taking place in salt water and in fresh water. The sensitiv-
ity of the salt samples was about five when the salts were
present in the pore water. Subsequently, these samples were
leached with fresh water and the salt content reduced from
32 to b grams per liter. The sensitivity increased from the
origiﬁal value of five to an average value of 110, with indi-

vidual values ranging from 70 to 180. The liquid 1limit was
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reduced from 40 per cent to 20 per cent. The undrained shear
strength of the leached samples was some 40 per cent less

than that of the unleached samples. The fresh-water clays
were characterized by a dense structure and a relatively

high shear strength with the sensitivity varying from five

to six. 1In analyzing this data, Bjerrum and Rosenqvist attri-
buted the decrease in strength to the.pore pressure parameter
(defined as the ratio of increase in pore pressure to increase
in deviator stress under undrained loading). This, in turn,
postulates high pore pressures which were considered plausi-
ble due to a partial collapse of the unstable soil structure.
Sedimentation in salt water leads to flocculation due largely
to the ion content of the water. The flocculation may also

be aided by preferential absorption 6f ions other than sodium
(e.g., calcium or magnesium) by the clay particles. As a
consequence, particles of all sizes tend to settle dut at
similar rates; that is, clay flocs settle at a rate roughly
equal to silt particles. This leads to homogeneous deposits
of high sensitivity. On the other hand, sediméntétiqn in

pure water would result in little, if any, flocculation. Par-
ticle size segregation would occur due to different settling
velocities and one would expect the product of such sedimen-
tation to be a gradual gradation of particle sizes from

coarse at the bottom to fine at the top of the layer.
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Landslide in Japan

Matsuo (1957) investigated a landslide near Kashio,
Japan and concluded that cation exchange played a major role
in the slope failure. An analysis of rain water entering
the slope revealed a calcium ion content of 0.07 milliequiva—
lents per liter while the ground water iséuing from the toe
of the slope contained 1,13 m.e. per liter. Shear strength
tests were carried out which indicated the natural soil to
be weaker than a calcium soil, Stability calculations based
on the test results gave a factor of safety of the slope for
the natural soil of 0.6 and the calcium soil of 1.3. Matsuo
concluded that the initially stable slope was predominantly
a calcium soil and subsequent leaching reduced the absorded
calcium which led to strength reduction and ultimate slope
failure. It was suggested that calcium salts injected at
the top of the slope would maintain stability. There was no
mention of the quaptity of salts in the pore water or of
actual determinations of the adsorbed cation complex; thus,
no observations can be made other than the suggeéfiéhvthét
the changes in zeta potential due to 1eaching out of the
pore water salts may have been a factor in the slope stabil-

ity.
Lambe's Equation

Lambe (1960) presented the following equation as appli-
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cable to a saturated fine-grained soil system:
i
O=0+A-1u-R

where:
g = effective normal stress on the shear plane
O = total normal stress on the shear plane
u = stress in the pore water ‘
R = repulsive forces between the clay particles

A

Il

attractive forces between the clay particles,

The absorded cation complex affects both the repulsive and
attractive forces, probably by differing amounts, which leads
to strength variations. The higher the zeta potential, the
greater the repulsive forces; hence, the lower the strength.
The converse would also appear to hold. If the zeta poten-
tial is suppfessed by the presence of salts in the pore water
and then these salts are removed without a volume change tak-
ing place, the resulting repulsive forces must increase. If,
however, volume changes do occur, the repulsive forces change

further and as a result so will the strength.



CHAPTER IV

PREPARATION OF SYNTHETIC SOIL AND TESTING PROGRAM

Synthetic Soil Used

From the review of previous soil testing research it
becomes apparent that it is extremely difficult to correlate
much of the data available. There is wide variation of test-
ing procedures and also wide variety of the soils used
throughout the nation, such as Boston clay, Weald clay of
England, Norwegian quick clays, Alberta clay of Canada,
Venezuela clay, Mexico City clay, and others. The results
of physical tests of these materials are extensively used in
the attempt to develop better design methods and procedures.

The application of mechanics to noncohesive soils gives
relatively good results, but with the cohesive soils, un-
fortunately, the results are often very disappointing and
give unreliable design information.

In this investigation, it was attempted to use the min-
eralogical and chemical characteristics as controlled vari-
ables by using so-called synthetic soils, These soils were
prepared by using the clay minerals, bentonite, kaolinite,
and illite in various combinations with a fine sand. The

combinations used are shown in Tables IV-I and IV-II. A
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COMPOSITION OF BENTONITE~KAOLINITE~SAND MIXTURE

Soil Mix 70% Ciay Fraction
Per Cent Per Cent
Bentonite Kaolinite
1 5 95
2 10 90
3 15 85

TABLE IV-II

30% Fine Sand Passing
the 100 Mesh Screen

COMPOSITION OF BENTONITE-ILLITE-SAND MIXTURE

Soil Mix 70% Clay Fraction
Per Cent Per Cent
Bentonite Illite

4 5 95

5 10 90

6 15 85

30% Fine Sand Passing
the 100 Mesh Screen
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sample from each of these mixes was treated with a chloride
solution of the following cations: sodium, magnesium, cal-
cium, and potassium-——six mineral mixes with four cations to

form a total of 24 homionic soil samples.
Source of Materials

The clay minerals, bentonite, kaolinite, and illite,
were obtained from the University of Oklahoma Geology Depart-
ment. From the X-ray diffraction results these minerals were
rated to be of commercial grade in purity. The sand used was
obtained by crushing standard Ottawa sand to pass the 100
mesh sieve. This sand was about equally proportidned on the
80, 100, 200, and the pan.

The bentonite and illite were received in lump form as
they were quarried. The kaolinite was a Georgia paper grade
processed to pass the 270 mesh sieve. Each of these minerals
was tested with 0.75 normal hydrochloric acid and there was
no perceptible effervescence; therefore,; carbonate content
was considered to be negligible and no treatment was consid-
ered necessary for the removal of carbonates. The bentonite
and illite were first crushed to pﬁss the 40 mesh sieve and
then boiled in distilled water until dispersed. This proce-
dure was successful for the bentonite, but not with the
illite. The illite required crushing to pass the 100 mesh,
then with boiling_only.about 30 to 40 per cent was dispersed.

Repeated grinding of the residue was required for three
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cycles. An electric portable cake mixer used while boiling
greatly assisted in getting the mix to go into solution.
About one week of work was required before the illite was
dispersed and it is still doubtful to the author that proper

dispersion of the illite was achieved,
Preparation to Obtain Homionic Soils

Each of the mineral groups were separated equally into
four containers (12 quart enamel dishpans). The groups were
then proportioned to give 24 samples of 700 grams each, At
this stage there was placed 325 grams of bentonite, 1500 grams
of kaolinite, and 1500 grams of illité in each of the four
pans. Distilled water was added to fill the container to
about three-fourths full and thoroughly dispersed with the
electric mixer. The container was then left to settle so the
clear solution could be siphoned off and the cation solutions
added. After several days, it became obvious that settlement
was almost negligible. The mixes were then placed into dry-
ing ovens and left for 36 hours at 650C at which’tiﬁé énbugh
evaporation and settlement had occurred that four liters of
the chloride solution was added and mixed for about five min-
utes with the electric mixer. Then the 36 hours cycle in the
oven was repeated. The cycle of adding the chlorides was re-
peated four times in order to assure that complete ionic ex-
change had occurred. A 2.0 normal solution of the chloride

was used.
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After the last chloride treatment, the samples were
washed with ﬁethol alcohol to reméve the excess salts. The
procedure for washing was to add approximately four 1liters
of alcohol, mix with an electric mixer for three to five min-
utes and let settle for 24 hours, then drain off the super-
natant solutionf This washing with alcohol was repeated five
times. Settlement was sufficient with the kaoiinite and il-
lite, but the bentonite remained in solution. In order to
remove the alcohol wash solution, diatomacedﬁs filters were
submerged and connected to an air ejector. The filter used
was two and one-half inches 0.D. by eight inches long. It
would remove about four liters of wash solution in about 20
to 24 hours, |

The above procedure for pfeparing homionic soil was
developed by Dr. Lester W. Reed, of the Soil Science Section,
Agronomy Department, Oklahoma State University.

After the last alcohol wash, the materials were air
dried to a moisture content of about two to three per cent,
then recrushed to pass the 100 mesh sieve. Some difficulty
was again experienced in getting the material pulverized.
This is attributed to the cementing effect of the adsorbed
water from the éir, It is believed that this problem could
have been eliminated by oven drying the material at 6000
after the last alcohol wash., The materiél should‘then be
screened immediately before moisture adsbrption from the air

takes place. The material was then weighed and mixed to form
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the synthetic soils with 700 grams per sample.,. Tables IV-III
and IV-IV show the proportions of the combinations used.

There were now twenty-four 700 gm., samples, six mineral
combinations each treated to form a homionic soil with each
of the four cations used (sodium, potassium, calcium, and

magnesium) .
Isotropic Compaction and Consolidation

With the hope of simulating compaction as it would occur
in nature, the triaxial cell was modified to isotropically
consolidate the sample. The upper drainage cap and plunger
were removed from the cell leaving the bottom drainage ped-
estal. Latex membranes were fabricated, two and one-half
inches in diameter by five inches long and funneled down to
one and one-eighth inch diameter neck, one and one-fourth
inch long which would fit the bottom drainage pedestal. The
membranes were made by using a glass mandrelvprepared by the
glass shop to the above dimensions. The mandrels were dipped
into a synthetic rubber solution (Vultex 14V410;Géﬁéra1 Latex
and Chemical Corp., Ashland, Ohio). The mix used was seven
parts latex and one part water. Ten coats or applications
were used to give the desired thickness and strength. With
each successive dip, the mandrel was alternately reversed
from upright position to the upside down position in order to
obtain as uniform a coating as possible, A minimum drying

time of four hours was required between successive dippings.



TABLE IV-III

BENTONITE KAOLINITE MIX
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Soil Mix Clay Fraction Fine Total
Bentonite Kaolinite Sand gms
gms
gms gms
1 24 .5 465.,5 210.0 700
2 49.0 441 .0 210.,0 700
3 73.5 416.5 210.0 700
Sub Total 147.0 1323.0 630.0 2,100
TABLE IV-1V
BENTONITE ILLITE MIX
Soil Mix Clay Fraction : Fine Total
Bentonite Illite Sand gms
gms. ..
gms gms o
4 24.5 465,5 210.0 700
5 49,0 441.,0 210.0 700
6 73.5 416.5 210.0 700
Sub Total 147 .0 1323.0 630.0 2,100
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After the samples (700 gm.) had been weighed to the
proper proportion, they were thoroughly mixed, and distilled
water added to about five per cent above the liquid limit.
After setting for approximately 48 hours, the samples were
remixed and water added to bring water back to approximately
the above moisture content. The membranes were placed into
a loading template which consisted of a glass cylinder two
and one-half inches in diameter by five inches long. The
membranes were then filled with the use of a modified plunger
type grease gun from which the cone end had been sawed off.
The plunger chamber was filled with the plastic soil with a
spatula, then extruded to fill the membrane. This procedure
seemed to be very satisfactory as there were no air pockets
found in the samples when they were trimmed after consolida-
tion. The neck and cone end of the membrane were now peeled
from the glass sleeve into the upright position, then the
cone section was filled with Ottawa sand to act as a filter
and to insure drainage. Next, the base of the triaxial cell
with a porous stone in the drainage pedestal was inverted
and lowered in place and the pedestal inserted into the mem~
brane and sealed by wrapping and tying with an elastic band.
The specimen and base were then turned right side up, then
the chamber and top mounted and filled with distilled water,
To the sample drainage connection was attached a 50 cc,
burette used to measure the volume reduction of the sample.

A battery of six cells was used simultaneously for a complete
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cycle for each cation group. Thus, four cycles were required
for each of the 24 samples. The six cells were then con-
nected to an air supply at a pressure of 4.5 kilograms per
square centimeter. Time-burette readings were recorded so
that a typical time consolidation curve could be plotted.

The test was continued until the curve indicated that 100 per

cent primary consolidation had been achieved.
Unconfined Shear Test

When the change of volume versus the logarithm of time
curve indicated secondary consolidation had been reached,
the set-up was dismantled and the consolidated specimen was
trimmed to 1.4 inches in diameter by 2.8 inches long. The
shear strength was determined by the unconfined shear test
using a strain rate of one per cent per minute.

After failure, the specimen was removed and the angle
of rupture was measured with a protractor. A moisture sample
was taken from the center of each specimen for moisture con-
tent determination. The remainder of the specimen and the
trimmings were used for specific gravity determinations,

hydrometer analyses, and Atterberg limits tests.



CHAPTER V
PRESENTATION AND DISCUSSION OF TEST RESULTS
General

In this chapter, the results of the tests are presented
and tentative explanations are offered for the actions based
on physical chemical concepts. Although shear strength was
considered to be the primary parameter, other factors were
studied, such as specific gravity, hydrometer analysis,
Atterberg limifs, and the activity number. Each of these

will be considered in following sections.
Specific Gravity of Soil Solids

Table V-1 lists the results of épecific gravity tests
determined by the standard pycnometer procedure. The varia-
tion in the results seems to be significant when one con-
siders the source of this variation. It is generally con-
ceded that the specific gravity is indicative of the predom-
inate mineral present. Two other apparent factors influenc-
ing these values are the presence of salts in the pore water
and the adsorbed cation complex.

In natural soils, the salt content of the pore water is

as variable as the number of locations available; therefore,

31
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it is interesting to consider the basic formula for calculat-

ing the specific gravity of soil solids (Taylor, 1949).

. - WsGt
S W+ Woiw = "oiwss
where

WS‘ = weight of soil particles as measured.

Wb+w = weight of pycnometer plus water

Wb+w+s = weight of pycnometer plus water plus

soil as measured
Gt = specific gravity of water at the temperature

of the test.

For any given soil or soil modification, soluble salts in the
pore water will increase the weight of dry soil by the'weight
of the salts. Let‘the dry weight of soluble salts be dW,.

For small amqunts of soluble salts, there is practically no
weight loss when they are dissolved in water. To clarify
this statement further, if one gram of soluble salt (e,g.;
NaCl) is added to 500 grams of water, the fotaikweight will

be their sum; that is, 501 grams. To obtain the specific

gravity, the formula would appear as follows:

;
(WS + dW)m Gt

sm YWS + dW?m + Wb + W - <Wb+w+s

+‘dW§m

(WS + dW)m « G

WS + Wb+w + W

t

b+w+s
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"

in which the subscript "m" refers to a measured quantity.

It is apparent that the presence of soluble salts in the pore
water increases the observed value of the specific gravity of
the soil solids. In this investigation, fhe salt content of

the .pore water was purposely kept negligible.

TABLE V-1

SPECIFIC GRAVITY FOR SOIL MODIFICATIONS

Soil | Specific Gravity
Group  Mix Na K Mg Ca
1 oo Bentonite | 265 | '2.63 - 2.67
2 égé pentonite .2.65 2.63 2.65 2.69
3 ;g% Eiﬁ{?gizg 2.65 2.65 2.63 2.65
4 gg% ?ig;ggite 2.82 2.76 43077: 2.78
5 ég% Senfonite 2.82 | 2.73 2.77 2.77
6 ég% Bentonite 2.82 2.74 | 2.73 | 2.77

The other major.factor that may influence the specific
'gravity of the soil particles is the weight of the adsorbed
cations. Thomson (19635 found that by multiplying the cation
exchange capacity of the soil by the weight of one milli-

equivalent of the adsorbed cation, the total weight of the
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amount of a given cation adsorbed may be determined. The
resuits of such calculations indicate that 100 grams of the
soil used in Thomson's study with the Alberta clay would
adsorb 1.23 grams of potassium or 0.63 grams of calcium or
0.72 grams of sodium or 0,38 grams of magnesium. It is of
interest to note that the results of this study gives the
following specific gravities for soil modifications, Na -
2,79, K - 2.71, Mg - 2.68, and Ca - 2.73. This is in close
agreement with the results for the synthetic illite soil
group from Table V-I which give Na - 2,82, K - 2,72, Mg -
2,77, and Ca - 2,77,

There is an interplay of all factors discussed to such
an extent that it is difficult to evaluate the effects of
each factor separately. Further, there is insufficient data
to assess which of the factors is predominate for a given set
of conditions. The hydration of the soil particles and the
adsorbed cations as well as the amount of the cations ad-
sorbed are factors that depend, to a large extent, on the
surface activity of the soil. Therefore,hiffiswfhéféiéy
soils, particularly those with high montmorillonite, that
would reveal the largest variations in observed specific
gravity. Further research in this area should prove to be
most valuable.

Changes of the adsorbed cations or concentration of
salts in the pore water.will lead to variations in the value

of specific gravity and, indirectly, calculations of the
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void ratio and degree of saturation. Thus, if water is per-
colating through the soil along preferred paths, for example
tension cracks or thin silt seams, the specific gravity is
changing due to salt removal; hence, calculated void ratios
are apt to be in error unless determined on soil samples
having a salt content corresponding to fhat in-situ. In
reality, this is another way of saying that the void ratio
is changing due to a change in the adsorbed water film. The
point is that the specific gravity is used to calculate the
value of the void ratio. Another interesting factor pointed
out by Grim (1962) is that the exchange of one cation for
another‘may have no effect on the adsorbed layer up to a
certain ratio of adsorbed cations at which point there is an

abrupt change in the thickness of the adsorbed layer.
Hydrometer Analysis

In the early days of soil mechanics, it was generally
thought that thé size of individual particles of a soil
would prove to be its most important chéféétéfiSfié;::Résults
of ensuing years of resedrch and experience have failed to
substantiate this belief.‘ The hydrometer method of analysis

is based upon the assumption that Stokes' Law,

p - /1800 nv
Ys = % é’

is valid for the particular case of settlement of soil grains
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in a suspensién, For soils which are nearly all finer than

a 200 mesh, the hydrometer test is recommended. Sometimes
reliable indications of the type of clay mineral may be ob-
tained from the grain size distribution curve (Lambe, 1960),.
For particles finer than approximately 0.0002 mm., the use

of the hydrometer test is in question. A centrifuge or
supercentrifuge can be used in conjunction with Stokes' equa-
tion for size analyses of grains smaller than 0.002 mm.

Water film thicknesses varying from 13 K to over 1000 R have
been reported (East, 1942). The thickness of water films on
soil particles have not yet been measured directly; the
thicknesses to date have been‘obtained by procedures using
various assumptions. The thicknesses appear to dépend on

the type of mineral, exchangeable ions, and the pressure act-
ing on the films,

The results of hydrometer analyses of this study are
presented in Figures 5-1 through 5-6. These data seem to
substantiate the above findings. It is pointed out that no
appreciable differences appear until.thé fesiaﬁe iﬁ,sﬁSpenA:
sion begins to approach the colloidal size range. Therefore,
when it is desired to study grain size effects in relation
to ion exchange effects, one of the more elaborate methods
should be used. The results obtained in this data seem to
give valuable results from which the per cent finer than two
microns was useful in the determination of activity numbers.

This will be considered in a later section.
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The results of hydrometer data show considerable differ-
ence in the sodium and calcium homionic soils. This variance
is attributed to the difference of the effects of the ad-
sorbed ions.

The adsorbed ions promote disorder in the water hull
(Low, 1961). If the ion is small and monovalent, e.g., Na+
it may move through the adsorbed water hull without causing
disorder. Due to this fact, the presence of Nat as the ad-
sorbed ion allows the formation of very thick adsorbed water
layers if the water is available. With Na+, the oriented
water net is not excessively rigid, but is very thick and
there is a gradual transition from oriented water to the free
water (Grim, 1958). With a large or multivalent ion, e.g.,

++
a

C there is a large disordering effect because the hy-

s
drated Ca++ is the adsorbed cation, the water layer is thin,
and there is a sharp break between the oriented water and
the pore water.

To prevent flocculation of the soil suspension during
the hydrometer analysis, a chemical is added."Iﬂ most clays
(Thomson, 1963), the chemical is usually calgon [§odium hex-
ametaphosphate, Na6(P04)3] which has the effect of increas-
ing the zeta potential presumably due to édsorption of the
sodium cation. The very act of adding any chemical adds a
large number of ions to the suspension in addition to any

present in the soil sample. Since the suspension can be

made stable, it follows that the salts in the pore water of
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the original sample have little influence on the hydrometer
analySis° This statement must be taken as applicable to
"normal" samples. There are soils with high salt contents

whose suspensions cannot be stabilized unless intolerable

amounts of calgon are added. Manipulations of the formulas
used in the hydrometer analysis with various assumptions con-
cerning variation of the film thickness and specific gravity
for a given size of solid particle indicate that the influ-
ence of the adsorbed cation complex on the water hull of a
clay particle does not have a very significant influence on
the resulting grain size curve. Grim (1953) concludes that
the reason for the increase in the per cent clay sizes is

the greater tendency for particles to break down along cleav-
age planes during dispersion when sodium occupies a high per
cent of the exchange positions.

What constitutes an intolerable amount of calgon to be
added still seems to be somewhat indeterminate. The easiest
way (Lambe, 1951) to select the best amount of deflocculant
to use for a given soil is by trial, Thé'change ih hydro-
meter reading required to prevent flocculation (Means and
Parcher, 1963) is usually in the range from 0.0002 to 0.0005
in the hydrometer reading. It is of special interest to
point out here that with the homionic soils used in this
study, the amount of calgon required as determined bybtrial
gave an initial change in the hydrometer reading of 0.,0035

for the kaolinite group and of 0.,0010 for the illite group.
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In view of the previous discussion in regard to the problems
of an intolerable amount of calgon, it appears that more

study and research is essential on this subject.

Atterberg Limits

Plasticity is a major characteristic of the cohesive
soils. It is the property that enables a material to under-
go rapid deformation without noticeable elastic recovery,
and without cracking or crumpling, and without volume change.
Many methods, mainly arbitrary, exist for determining the
plasticity of soils. The tests due to Atterberg (1911) orig-
inally developed for agricultural work, have been widely
used in soil mechanics since their potential value was first
indicated by Terzaghi (1943). Although the limit values are
based on simple empirical tests, they have been found to be
very useful as index properties which may be correlated with
more fundamental properties, such as shear strength and com-
pressibility. Also, as will be shown in the succeeding par-
agraphs, they reveal fundamental attributes of clay minerals
saturated with various cations.

Values for the plastic limit, liquid limits,; and plas-
tic index for homionic soils used in this study are given in
Table V-I11.

Figures 5-7 through 5-10 show moisture contents of the
limit values plotted versus per cent bentonite. It is sig-

nificant to note that the plastic limits show very little



TABLE V-II

ATTERBERG LIMITS AND ACTIVITY NUMBER FOR SOIL MODIFICATIONS

Liquid Limit Plastic Limit Plastic Index Activity Number
Soil Group Mix Na K Mg Ca Na K Mg Ca Na K Mg Ca Na K Mg Ca
5% Bentonite . ‘
1 95% Kaolinite 37.1 42.2 - 35.9 21.6 24.9 - 18.9 15.5 17.3 - 17.0 0.38 0.38 - 0.40
10% Bentonite
2 90% Kaolinite 42.9 47.8 45.4 40.2 21.4 28.2 21.1 20.1 21.5 19.6 24.3 20.1 .50 .42 .50 .41
15% Bentonite .
3 85% Kaolinite 54.3 56.4 51.9 45.6 21.9 27.1 20.7 ‘20.5 32.4 29.3 31.2 25.1 .73 .60 .64 .49
4 5% Bentonite 359 9 355 37.1 36.8 18.1 22.4 20.7 20.7 14.1 13.1 16.7 16.1 46 .41 .54 .57
95% 111ite . . . . . . . . . . . . . . . .
10% Bentonite : ’
5 907? I1lite 46.0 41.‘2 44.0 41.5 16.7 24.5 21.9 22.4 29.3 16.7 22.1 19.1 .93 .53 .70 .61
15% Bentonite - ' -
6 85% I1lite 71.8 46.5 51.4 43.5 17.9 24.4 -20.1 21.4 53.9 22.1 31.3 22.1 1.70 .69 .93 .87

9v
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KAOLINITE MIXTURE
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ILLITE MIXTURE -

PER CENT BENTONITE

Figure 5-7. Moisture Content Versus Per Cent

Bentonite with Sodium.
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variation; also, the moisture after 100% primary consolida-
tion, which was the moisture content at which the shear test
was performed, shows very little variation. However, the
liquid limits show a very pronounced variation. As the per
cent bentonite is varied from five to fifteen per cent; the
liquid l1limit has the following ratios of variation:

For the kaolinite group

Na - 1.47, K - 1.34, Mg - 1.34, Ca - 1.24

Fof the illite group

Na - 2,23, K - 1,31, Mg - 1.38, Ca - 1.18,
As noted from the figures, the variation is very near a
straight line. Thomson (1960) found that the plastic and
liquid limits for non-homionic soils varied appreciably for
periods of up to thirty-three days after mixing. The soil
solution used in Thomson's work, however, contained extrane-
ous cations as his method of preparation did not include re-
moval of cations from the pore solution. It was concluded
by Thomson that cations were being continually exchanged be-
tween the soil and the soil solution uhtii.chemical éduilibm
rium was finally achieved. Up to this equilibrium time, var-
iations in Atterberg limits were observed.

For the present investigation, homionic soils were used
and distilled water was employed as pore fluid. Thus, it
was concluded that no time effects were likely to occur as a
result of the exchange of cations between the soil and the

pore solution. However, it is possible that a long term
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change could occur after the addition of water to the sample,
This possible change in the 1limits with time could be caused
by the slow growth of Qater hulls around the adsorbed cat-
ions. This slow completion of cation hydration is to be ex-
pected in a highly impervious clay soil. 1In a sufface area
research study currently being conducted by Mr. E. W. LeFevre,
of Oklahoma State University, liquid limits for the same hom-
ionic soils will again be evaluated, it will be interesting
to follow his results and to see what magnitude time, drying
and wetting, and possible additional hydration will have on
these properties,

The results of the Atterberg limit tests for the hom-
ionic synthetic clay were plotted for comparison purposes on
the Casagrande charts of Figures 5-11 and 5-12. 1In general,
the results fall slightly above the A-Line and in the CL
classification, except for most of the fifteen per cent
bentonite mixes which fall in the CH classification. For
both the kaolinite and the illite groups, the potassium soils
plotted closer to the A-Line than the others,‘thus:iﬁdicat-
ing that the potassium treated group should exhibit less
toughness and dry strength and greater permeability. It has
been found by Coates (1954), that homionic modification for
Leda clay plotted as a straight line, parallel to the A-Line
on the plasticity chart. Hamilton (1961) found that homionic
modifications for the Alberta clay plotted as a straight

line, but deviated slightly upward from the A-Line as the
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results move to the right. This present investigation indi-
cates slight purvature from the A-Line as one moves to the
righf on the plasticity chart which seems to agree reasonably
well with the test results of Coates and Hamilton if one
could justify combining their results into a combined pseudo

curve.
Activity

Skempton (1953) found that in any particular clay stra-
tum, the ratio of the plasticity index to the clay fraction
content is approximately constant and may be defined as the
"activity" of the clay, and this direct linear relationship
to be expressed by the ratio:

plasticity index
clay fraction

Activity =

°

Here, the'clay fraction is defined as tﬁé percentage by
weight of particles finer than two microns. From his inves-
tigation, the following classifications were established in
terms of the ratio PI/clay fraction: |

inactive clays —activity < 0.75

‘ normal clays - activity 0.75 to 1.25
active clays - activity > 1.25.
Skempton cites Samuels (1950), who found that base ex-

change has only a minor influence on kaolinite. Samuels

further states that at that time no base exchanges were
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known to have been made on illite, but predicted that since
the mineral illite shows moderate activity, the effect would
probably be app;eciable.

In this investigation (Figure 5-13), which compared the
activity for both kaolinite and illite, it is clear that the
prédiction made by Samuels was apparently correct and logi-
cal, Figure 5=14 is included to illustrate the effects of
different cations upon activity ratio.

In the paper by Skempton, he states:

The properties of a clay are determined funda-
mentally by the physio-chemical characteristics of
the various constituent minerals and by the relative
proportions in which the minerals are present. The
determination of these characteristics is a lengthy
and difficult process requiring the use of an X-ray
spectrometer, thermal analysis, etc., and it is
evident that such techniques can never become part
of the normal laboratory procedure in soil mechanics.
Some simple tests are therefore required that give
a quantitative measure of the composite effects of
all the basic properties of a clay and, as is well
known, the Atterberg limits fulfill this function
in large measure. But they are not wholly suffi-
cient, and in the present paper evidence is given
which shows that valuable additional informatidn
is provided by an index property combining: the
Atterberg limits and the particle size distribution
of a clay; yet requiring for its determination only
the results of these routine tests.

In the original concept of this investigation; it was
not planned to study the activity ratio, but from the re-
sults presented in Table V-II and Figures 5-13 and 5-15; it
is concluded thét the activity ratio is a very significant

soil parameter and merits further study.
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Time of Consolidation

The method of compaction or consolidation utilized a
modified triaxial cell. The material was placed in a latex
membrane; then a cell pressure of 4.5 kg. per cmoz was ap-
plied and held constant until a plot of burette reading ver-
sus the logarithm of time indicated 100 per cent consolida-
tion. ¥From Table V-III and Figures 5-16 through 5-22, it is
apparent that the time-rate of consolidation is strongly in-
fluenced by both the cations adsorbed on the clay complexes
and by the mineral composition:

1. Kaolinite group with 15% bentonite

Sodium > magnesium > calcium > potassium.

2., 1Illite group with 15% bentonite

Sodium > potassium > magnesium > calcium.

It is of interest to note that the results reported by
Lambe (1955) and Thomson (1963) agree with the illite group
above (Na > K > Mg > Ca). They were using natural soils for
which it is difficult to correlate and compare all of the
physical, chemical, and mineralogical quantities. It is
significant to observe the ratio maximum and minimum varia-
tions of time for consolidation:

For sodium and 95% kaolinite 42,000 seconds.

For sodium and 85% illite 450,000 seconds.

A ratio of 11 to 1.

For calcium and 95% illite 21,600 seconds.



TABLE V-I11

SOIL PARAMETERS OF SOIL MODIFICATIONS

Coefficient of

.Time of Consolidgtiqn Permeabi}%ty Compressién Index
Seconds x 10 k x 10 Cc = 0..009(WL - 10)
Group Mix Na K Mg Ca Na K> Mg Ca Na K Mg Ca
1 ggé gjg{gﬁizz 2.0 11.4° —— 30.6 1.1 6.0 - 1.9 0.33 0.28 -= 0.23
2 ;gé Bentonite 84.0 " 14.2 30.0 27.0 0.8 41 2.1 2.2 0.39 0.3¢ 0.32 0.27
3 ég% pentonite  126.0 15.0 54.0 43.0 0.6 2.2 1.5 1.1 0.49 0.42 0.38 0.33
4 gor Bemtonite  162.0 '27.0 18.0 21.6 0.2 2.6 3.5 3.8 0.29 0.23 0.24 0.24
5 gor §§2§221te 390.0 105.0 69.0 420 0.1 0.6 1.2 1.5 0.41 0.28 0.30 0.28
6 15% Bentonite 4500 2160 138.0 66.0 0.1 0.4 0.6 1.4 0.65 0.33 0.37 0.30

85% Illite

19
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For calcium and 85% illite 66,000 seconds.
A ratio of 3:to 1.

Other relative variations are shown in Figure 5-16.
Coefficient of Permeability

The results shown in Figure 5-16 show a definite paral-
lel trend between time of consolidation and the coefficient
of permeability. Baver (1956) shows that the size, density,
and hydration of fhe particles have great éffeqts upon the
permeability. Baver cites Lutz (1934) has démohstrated that
the permeability‘of clays increases as hydratioﬁ of the par-
ticles decreases, and the nature of the adsorbed ion also
affects hydrﬁtion and perméability. |

Table V-I11 shows fér the fifteen per cent bentonite
mixture, the following variations in permeability:

For sodium-kaolihite, kK =6 x 1075

For calcium-kaolinite, k = 1.1 x 1077
A ratio of approximately 20 to 1.

For sodium-illite, k = 1 x 10

For caicium-illite, k = 1.4 x 10~/ .

A ratio of 14 to 1.
Compression Index

The compression index given in Table V-I1II and Figure
5-16 is estimated from the empirical relationship based upon

the liquid limit given by Terzaghi and Peck (1948) as
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Cc = 0,009 (WL - 10). These empirical values are presented
only to show relative effects for variations of physical and
chemical properties on the compression index which is a major
parameter in making a settlement analysis for a foundation

problem.
Unconfined Compression Shear Strength

The results of the unconfined shear tests are presented
in Table V-1V and Figures 5-23 through 5-27.

The unconfined compression test is a special case of
the triaxiai compression test of soils where the compressive
and shear strengths of a soil prism, or cylinder, are meas-
ured under zero lateral stress ( Oé = (73 = O)o The test is
based on the assumption that there is no moisture loss during
the test.

In this study the soil specimens were removed from the
triaxial consolidation cells, the latex membranes removed
and the samples immediately trimmed to the standard dimen-
sions of 1.4 inches diameter by 2.8 inches long, then placed
in the loading machine. The rate of strain was held con-
stant at one per cent per minute.

Figure 5-23 shows the unconfined shear strength plotted
versus the.cations used for the five, ten, and fifteen per
cent bentonite mixes respectively° For five per cent bento-
nite mixes there is no apparent significant variation. For

the various cations used, the ten per cent bentonite mixes



TABLE V-IV

UNCONFINED SHEAR STRESS, (0.5q_ )
u

FOR SOIL MODIFICATIONS

71

Soil Unconfined Shear Stress
Group Mix (O°5qu> kg/cmz
Na K Mg Ca
1 gg% pentonite 0.99 | 1.10 — 0.95
2 38% pentonite 0.89 | 0.86 | 1.64 | 0.93
3 ég% g:g;gﬁizg 0.88 | 1.19 | 1.13 | 0.78
4 gg% Bentonite 1.10 | 1.20 | 1.08 | 0.87
5 38% pentonite 1.47 | 1.14 | 1.10 | 1.06
6 ég% Bentonite 0.38 | 1.02 | 1.32 | 1.19
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show some variation but not enough so that specific or defi-
nite conclusions would be justified. With the fifteen per
cent bentonite mix the kaolinite gfoup shows variafions with
the different cations used; however, additional testing
would be required before specific predictions could be estab-
lished. 1In the fifteen per cent bentonite illite group there
is a very definite indication of strength variatio£ with the
sodium giving the lowest value, increasing in the following
order:

Na <K < Ca < Mg .
From the data of this figure it would seem worthwhile for
further research to be extended to include incfeased per-
centaéesvof bentonite, such as 20 and 25 per cent mixes.

Figure 5-24 shows the unconfined shear strength plotted
versus the per cent bentonite for the various cations used.
It is significant to note for five per cent bentonite that
calcium gives the lowest strength fdr the kaolinite and the
illite groupé and that potassium gives the highest value.

The ten per cent bentonite mix is interesting in that
all of the streﬁgth values cross at about this value and
approach very closeiy the same strength value,

The fifteen per cent bentonite mixes show the beginning
of a rapid dispersion of strength values, indicating that
for fifteen per cent, ahd greater, amounts of bentonite,
the effects of the exchangeable cation is very prominent and

that this region merits more extensive research.
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Figures 5-25 through 5-27 show the individual stress-
strain relation for each soil sample, the results of which
have already been summarized in Figures 5-23 and 5-24,
Again, it is pointed out that further research should in-
clude higher percentages of bentonite. At the beginning of
this study the feasibility of additional mixes with increased
bentonite was considered but abandoned because of the con-
cern for the time factor required for the consolidation of
samples with additional bentonite. In planning future re-
search the results contained herein should prove helpful in
estimating the extended time periods needed for carrying out

this type of experimentation,



CHAPTER VI
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The problem of this study was the investigation of the
feasibility of using synthetic soil mixtures to establish
index groups that could be used for evaluating the physical
properties of natural soils. The problem is composed of two
general aspects: (1) preparation of the synthetic soil using
varying proportions of the most common occurring clay miner-
als, bentonite, kaolinite, and illite and, (2) to convert
each of the selected soil mixtures to a homionic soil by
using the four most frequently occurring salts, sodium, cal-
cium, potassium, and magnesium, adsorbed by soils in their
natural state.

Hypotheses were: (1) A definite correlation exists be-
tween the mineral content of a clay soil and its physical
strength characteristics, and that these characteristics can
be predicted and evaluated by the use of mineral and cation
identification tests. (2) These strength characteristics
are altered in varying degrees by the nature of the adsorbed
cations, and that with the identification of cations of the
predominating salts additional evaluation can be made of the

soils performance for engineering design purposes.
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A review was made of the related literature and a need
for the study was substantiated. Methods were developed for
preparing synthetic homionic soils. These soils were then
tested by the established physical tests. The correlations
of these tests show good possibility of utilizing synthetic
s0il for indices as a method of evaluating the engineering
properties of natural soils.

Conclusions were drawn, and recommendations for further

study are given.

Conclusions

The following conclusions were delinated from the data:

1. This study has made a quantitative evaluation of
the influence of the different cations upon soil
properties.

2. The cation exchange reaction is exceedingly complex
and is influenced by a great number of factors.

3. The practical applications of cation exchange to
improve the engineering properties of a soil have
so far been restricted to the treatment of surface
deposits such as canal and lagoon linings and base
course stabilization. As yet, no method has been
devised to treat relatively large volumes of undis-
turbed soil.

4., Homionic soil may be produced successfully in the

laboratory if the soil is leached or washed contin-
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uously with a solution containing the desired
cation, until all extraneous cations have been
removed from the soil and pore solution. Producing
large quantities of homionic soil in the laboratory
is expensive and time consuming, therefore, it re-
quires a very well planned testing program in order
to obtain the utmost value of the data gathered.

5. The study of homionic soils requires adoption of
tests not normally associated with a soils labora=
tory, such as cation exchange capacity, flame photo-
meter and X-ray diffraction analyses. The cation
exchange capacity is a more direct measure of the
activity of the clay sizes. The flame photometer
shows the proportion of each cation that is adsorbed
on the clay complex and indirectly the salt content
of the pore water; hence, one can assess the prob-
able behavior of the soil. X-ray diffraction
studies will yield approximate percentages of each
of the main clay mineral classes preséntn The pre-
sence of members of the montmorillonite family are
indicative of large changes in geotechnical pro-

perties as physical-chemical changes occur.
Recommendations

These recommendations appear justified in 1light of the

analysis of the data:
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Additional research on the same basic problem
should be performed using homionic modifications

of other cations found in nature, such as hydrogen,
lithium, and barium.

Investigation of the effect of one cation upon
another should be studied with various percentages
of Ca and Na adsorbed and vafious percentages of Ca
and Mg adsorbed.

The effects of anions on physical properties should

also be investigated such as Cl1, PO4 ; S0 These

4
anions may be found in the adsorbed state or present
in the pore water. Lambe has stated that adsorbed
anions can influence the shear Strength of a soil.
At present the practical applications of cation ex-
change are restricted mainly to the treatment of
subgrade and embankment materials. Thus it is
recommended that the effects of cation exchange on
the compaction charactefisfics be investigated.

The use of the miniature Harvard compaction appara-
tus is recommended as this apparatus requires only
small quantities of soil.

Since cohesion may be an integral part of the
strength of a soil, this property should be inves-
tigated. It is recommended that a program be

carried out on the soil modifications using the

technique of Schmertman and Osterberg (1960) to
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study the variation of cohesion and angle of inter-
nal friction with strain. These results should be
correlated with strength tests such as determined
by unconfined compression or the vane shear tests.
Although not arising solely from this program, it
is apparent that some knowledge of the fundamental
concepts of clay mineralogy, soil physics, and soil
chemistry is necessary if one is: to understand more
fully the geotechnical behavior of the fine grained
soils. It is, therefore, recommended that consid-
eration be given to the inclusion of the fundamen-
tals of clay mineralogy, soil physiés, and soil
chemistry in the training of engineers specializing
in the field of so0il mechanics,.

All work in this investigation was performed in a
constant temperature environment, further research
is recommended in order to determine effects of

temperature variation.
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