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Synopsis

The effects of various inorganic chemicals on the vol-
ume change characteristics of the expansive clay soil of the
Jinnipeg area have been investigated.

Chloride, sulphate and hydroxide salts were used as
immersing solutions for standard one-dimensional consolidation
tests. These results were compared to those using distilled
water as a swelling solution.

Differential Thermal Analyses revealed that, for each
salt, exchange took place between the exchangeable cations held
in the interlayer water of the clay minerals and the cations in
the solution,

It was found that the amount of swelling of the soil
was partially dependent on the valence of the exchangeable cabion;
a monovalent ion like sodium absorbed more water and thus produced
greater swelling than the trivalent ion aluminum, The chloride
salts tended to reduce the swelling of the soil while the sulphates
and hydroxides generally increased the amount of swelling. Cal-
cium hydroxide, which had a considerable stabilizing effect, was
an exception to the rule.

The effect of the ions upon the compressibility of the
soil was small in comparison to the effect on the swelling charac-

teristics.
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coefficient of compressibility (cmz/gm)

compression index (slope of virgin compression branch
of € - log P curve)

swelling index (slope of rebound branch of e - log P
curve)

void ratio of soil (volume of volds/volume of soil)
initial void ratio (in field)

change in void ratio

relative amount of compression (change in void ratio

from Initial tec that under maximum compressive load,
initial void ratioc)

relative amount of swelling (ChaﬂFc in void ratio from
initial to that when maximum swelling occurs/initial void

ratio)
original thickness of clay layer
compression of clay layer

coefficient of volume compressibility (cmz/gm) (comm

Sy

pression of soil per unit of original thickness ver unit

increase in pressure)

porosity of soil

change in porosity

intergranular pressure (Tons/ftz)
pre-consolidation pressure
initial pressure

swelling pressure

change in pressure

1 micron (10-6 meter)



TABLE OF CONTENTS

PAGE
Synopsis ii
Acknowledgements iii
List of Symbols iv
List of Tables vii
List of Illustrations viii
Chapter
1 Introduction 1
11 Theoretical feview 3
{(a) Clay Mineralogy 3
(v) Consolidstion 7
111 Literature Heview 12
() Clay Structure 12
{(b) Swelling of Soils 15
(¢) Ion Lxchange and Stability 17
v Laboratory Investigation 21
(a) Description of Soil 21
{(b) Consolidation Testing 25
(c) Differential Thermal Analyses 32
v Results of Tests 36
(a2) Consolidation Tests 36
(b) Differential Thermal Analyses 39
vI Discussion of Results 53
(2) Effect of Cations on Swelling 55
(b) Effect of Anions on Swelling 56
(¢) ZEffect of Ions on Compressibility 58
(d) Effect of Ion Concentration 2
(e) Effect of Remolding the Soil 65
(f) Effect of pH of Immersing Solution 67
VII Summary and Conclusiocns 69
VIIl Future Work 71
(&) Practical Applications 71

(b) Laberatory Studies 72



TABLE OF CONTENTS

PAGE

Appendix A e - log P Curves of the Consolidation Tests 7h
Aprendix B Thermograms from the Differential Thermal

Analyses 99

Appendix C Graphs from X-lay Diffraction Analysis 131

Appendix D Ton Excheange Determinations 136

Bibliography 138



LIST OF TABLES

Summary of Consolidation Test
Summary of Swelling Character=-
istics of the Treated Solls

Summary of Consolidation Char-
acteristics of the Treated Soils

37

54



viii

LIST OF ILLUSTRATIONS

FIGURE PAGE
1. Sketch of Octahedral Units | L
2. Sketch of Silica Tetrahedrons &
3 Montmorillonite Structure N
L.  Relationship between e and P for Ordinary Clay 11
5 Tynical e ~ log P Curve for Swelling Clays 11
6. Diffuse Double Layer 14
7 Typical Montmorillonite Particle 14
g. Soil Profile 22
9. Tests with Distilled Water e/ey vs. log P L0

10, Tests with Distilled Water e/ey vs. log P L
11. Tests with Chloride Salts efeg vs. log P L2
12, Tests with Sulphate Salts e/eg vs. log P 43
13. Tests with Hydroxide Salts e/e, vs. log P. L
1L, Tests with Sodium Salts e/ey vs. log P L5
15. Tests with Potassium Salts e/e, vs. log P L6
15, Tests with Potassium Chloride e/e, vs. log P L7
17. Tests with Calcium Chloride efe, vs. log P L8
18. Tests with Calcium Hydroxide e/eqy vs. log P L9
1%. Relative Amoun®t of Swelling vs. Swelling Pressure 59

20. Relative Amount of Swelling vs. pH of Immersing
Solution for Undisturbed Soil Samnles 68

Plate

I Consolidometer Bank with Six Tests in Progress 27
1I Scil Sample under Consolidation 27
111 Differential Thermal Analysis Apparatus 33

iv Heating Furnace and Auxiliary Furnace for D.T.A. 33



-1 -
Chapter I
Introduction

The soil in the Winnipeg area of Careda has, for many
years, been a constant source of trouble with regard to founda-
tion engineering and construction. The problem is a layer of
highly plastic, fine grained lacustrine clay which has a thickness
of from twenty to forty feet and in some places is even as deep
as eighty-five feet. This was deposited during the recession of
the last glacier as the fine grained sediment settled out of the
waters of the glacial Lske Agassiz. This clay, which has a fairly
low safe bearing capacity, is highly compressible and can exert
tremendous swelling pressures.

To overcome this difficulty, most medium and large size
structures in Winnipeg are founded on calssons or piles which extend
to the glacial till beneath the clay, where good bearing can be
obtained, However this method is uneconomical for supporting light
buildings, road and airfield pavements. In these latter instances
much costly damage occurs due to the vertical movement of the clay
layer beneath bullding floors and foundations, and pavement sub=-
grades.

It is therefore desireable to stabilize this clay so as
to reduce its consolidation and swelling characteristics. Much
work has been done, and is being done, in stabilizing soils for
road and airport subgrades using portland cement, calcium chloride
and various types of lime compounds. These agents have been shown
o bind the soil particles together reducing the permeability and

increasing the shear strength of the soil.
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The purpose of this investigation is to determine what
effect various common inorganic salts and/or cations have on the
volume change characteristics of the Lake Agassiz cléy. To accom-
plish this, a series of one-dimensional consolidation tests were
performed using these salts in the immersing solution. The result-
ing consolidation and swelling characteristics are compared to
those when distilled water is used. These results are correlated
to the changes in the chemical structure of the soil, especially
of the clay minerals, as evidenced by differential thermal analysis

and X-ray diffraction analysis.



Chapter I1
Theoretical Review
(a) Clay Mineralogy

In soil mechanics, a clay is generally considered as a
material which develops plasticity when mixed with a limited amount
of water. Clay has a large specific area.

There are many different clay minerals but all have a
flat plate-like structure composed of two basic units of atomic
lattice arrangements. The one consists of twoc sheets of closely
packed oxygens or hydroxyls in which aluminum, magnessium or iron
are embedded in octahedral coordination, so that they are equi-
distant from six oxygens or hydroxyls (Figure 1). If aluﬁinum is
predominant, the structure is called gibbsite; if magnesium, then
it is brucite. The structure is electrically balanced by the omi-
ssion of some aluminum ions depending on whether aluminum or mag-
nesium, etc. is present.

The other unit is composed of silica tetrahedrons in which
a silicon atom is equidistant from four oxygens, or hydroxyls if
required to balance the structure. The tetrahedrons are arranged
to form a hexagonal network, the bases of which are in one plane
giving a sheet composition. The oxygen tips all point in the same
direction. (Figure 2).

The various clay minerals are made up of combinations
and variations of these two structural units.

Montmorillonite clay has a structure formed by two

silica tetrahedrons with a central alumina octahedral sheet.
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The tips of the two tetrahedron sheets face each other and abut on
the central layer. With this arrangement the oxygen layer of one

t is adjacent to that of the next (Fiegure 3).
J g

jts

un

kxchangeable cations occur between the silica layers, and
the spacing between these layers depends to an extent upon the size
of the cation. Also the thickness of the water layer betwesen the
units depends upon the nature of the exchangeable cation., For ex-
ample, the vresence of Na# will zive rise to a greater spacing than
will Ca’” and will affect the physical vroverties of the clay.

The lattice of montmorillonite always has an unbalance of
charge caused by the substitution of ions of different valence in

2/ /
the tetrahedral and/or octahedral sheet such as Al°" for Si% and
st i ) SRR
Mg’™ for A1™" . This is partly compensated for by the substitution
of OH for O in the octahedral layer, but the net charge deficiency
is balanced by exchangeable cations absorbed between the unit layers
and around their edges.

The exvanding lattice structure of montmorillonite causes
it to swell considerably in the nresence of water. Three layered
expanding clay minerals such as montmorillonite are often called
bentonite.

I1lite clay is similar to mica, and also has a structure
composed of two silica tetrahedral layers with a central alumina
octahedral layer. The unit is the same as montmorillonite except
that some of the silicon ions are always replaced by aluminums and

the resultant charge deficiency is balanced by potassium ions.
g )
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The structural unit layers of illite are in a relatively fixed posi-
tion, so that the polar ions cannot enter between them and cause
expansion. Alsc the interlayer balancing cations are not exchange-
able. It is possible that all gradations can exist between illite
and montmorillonite making classification difficult. Thus the sep-
aration of these two must frequently be purely arbitrary with, in
general, definitely expanding material being called montmorillonite
and non-expanding being called illite.

The clays of the Winnipeg area are predominantly mont-
morillonite and illite as will be discussed later in Chapter k.
However other clay minerals such as Keolinite, Vermiculite and Chlor-
ite are also present.

Kacolinite has a structure composed of one silica tetra-
hedral layer and one alumina octahedral layer. The charges within
each structural unit are balanced. The units are closely spaced and
regularly stacked with strong bonding between successive layers (i.e.
no swelling).

Vermiculite consists of an alteration of mica and double
water layers. Like montmerillonite, it has a high ion exchange
capacity and an expanding lattice structure. However this expansion
is limited,

Chlorite is composed of alternate mica-like and brucite-
like layers and is a reasonably stable structure.

Clay minerals have the property of sorbing certain anions
and cations and retaining these in an exchangeable state. These

ions are held around the outside of the silica-alunina clay mineral
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structural units. The exchange reaction generally does not affect
the structure of the silica-alumina packet, but the nature of the

exchangeable ion may influence substantially the physical properties
of the material.

Ton exchange capacity is gererszlly measured in terms of
milliequivalents per 100 grams of soil at pH 7.

Both cation exchange and andon exchange occur but more
informst ion is available about the former than about the latter.

The common exchangeable cations are calcium, magnesium,
hvdrogen, notassium, ammonium and sodium in order of general rela-
tive abundance. Montmorillonite and vermiculite, as meviously
mentioned have a high cation exchange capacity in the range of 80-
150 milliequivalents per 100 gms. Illite and chlorite are lower
with a range of 10-540 rieg ner 100 egms and kaclinite is very low with
a range of 3-15 meqg per 100 gms.

The common anions in clay minerals are sulphate, chloride,
vhosphate and nitrete. Investigation of anion-exchange reactions
is very difficult. The general relative abundance of these anions
is not known bul their exchange cepacities are generally much lower
than the c¢stion exchange capacities for each clay mineral¥
(r) Consolidation

Dealing with soils for engineering purposes presents an
additional problem not encountered in the use of obther materisls such
as steel and concrete. Where strengbth is the only consideration in
these latter cases, settlement and swelling must 2lso he accounted

for in soils as well as the shear strength or bearing capacity.



8

Terzaghi(2) first introduced the theory of consolidation
and developed an expression for the computation of settlement of
structures located above a confined stratum of normally loaded clay.

In the scil structure, both the soll particles and the
water in the voids are considered to be incompressible. When a load
is applied an excess pressure is set up in the pore water. Since
a liqu;ld cannot sustain shear stresses, the water drains away through
the soil, dissipating the vore pressure and leaving the soil struc-
ture to carry the entire applied load. The load squeezes the soil
particles closer together filling the voids vacated by the water
and consolidation takes place.

The addition of the weight of a fill oar structure increases
the pressure on the clay layer from the overburden pressure pgy to a
value pg £APp. The corresponding void ratioc decreases from ey to 8.
Thus e, - € = Ae T ay . AD (1)

o
(2)

or ay (_C_gl?) =
gm

Le
4ap
&y is the coefficient of compressibility for the given pressure
range.

The decrease in porosity,an per unit of the original

soil volume, corresponding to the decrease in void ratioae is

given by the expression

An= Ae (3)
14 e,

Therefore An = ay s AP = myAD (4)
14 eq

my (em?) = ay (5)

(em ) T7eq
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m, is the coefficient of volume compressibility. This gives the
compression of the clay layer, per unit of the original thickness,
due to a2 unit increase in pressure.

With a clay thickness of H and a pressure increase of Ap,
the thickness of the clay is reduced by

A&H=H ,Ap - ny (6)

In a semi-logarithmic plot the field consolidation curve
(K) vecomes a straight line (Figure 4) which can be expressed by

the equation

e = e, - Cc . logyg {Ea éAE) (7)

Po
Cc is called the compression index and is the slope of the straight
line part of the consolidation curve.
A decompression curve is also fairly straight over a con-
siderable pressure range and can be given by

e = ey £ Cs . logy, ( Do %Ap) (&)
Po

Cs is called the swelling index.

Combining equation (7) with (2) and (5) gives

ay = C¢c . logyy { Po £ &P (9)
Ap Po
or my = Ce o logyg { Po £ AP (10)
oY e] (1 # eos Do
Substituting my in (6) results in
AH=H., Cc . logyy[Po £aP (11)
1/ e, P,

This represents the compression of a clay layer under an increase

in load Ap.
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If the clay is remolded, the € - log p cuwrve changes and
since the curve is straight over a large pressure range it can be

represented by the expression

e T ey - Cet . loglo(p: ,éAp) (12)
D
Po

Cc and Cs are determined in the laboratory from the e -
log p curve of a one-dimensional consolidation test. The Cc value
obtained from a laboratory test closely represents that of the natural
state in the field.

When fine grained bentonitic soils are exposed to water at
& low confining pressure considerable swelling occurs. The swelling
pressure is taken as the pressure on the curve at which the soil is
consolidated to its original void ratio before swelling occurred.
(Figure 5).

The values obtained from the e - log p curve of one-
dimensional consolidation tests are uwed to estimate the total
amount of settlement or heaving which will occur under a fill or

oil.,

u

structure which is placed on a clay
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(a) Clay Structurs

N

In the previous chapter the basic structure of the clay
minerals was discussed. Lambe(h) presents a further explanation
discussing not only the arrangement of the soil particles but also
tre electrical forces acting between them. He states that electric-

al forces act between all soil mrticles but only become imnortant

omparison to the forces related to mass.

@]

when they are large in
This applies in the case of a collold which has a large specific
surface and the elecirical forces held near the surfsce are dom-
inant. Clay size vparticles, especially montmorillonite, are usually
in the colioidal range, which is less than 1 micron. The net neg-
ative charge carried by clay perticles are balanced by exchangeable
ions. When a clay particle is placed in water, the cations (plus
a smaller number of anions) swarm around the colloid as illustra-
ted in Figure 6a. Figure 6b shows the distribution of ions with
distance from the clay particle surface and Figure 6c is a curve
of the electrical potential with distance. The swarm of counter-
ions is called the double layer. The counterions are also called
texchangeable" since they can be replaced.

In addition, there are two other forces scting on the
clay particles. The Helmholtz or zeta potential is a2 repulsive
force existing at the boundary between the inner and outer parts

of the diffuse double layer and is much less than the potential



13
which can be calculated for the surface charge density. Van der
Waal's forces are attractive forces which depend on the density
and size of the particles and are also negligible.

The Gouy-Chapman theory shows how the potential-distance
curve, i.e. double layer, varies with cleracteristics of the dis-
persion medium. Equations have been developed which show that if
potential energy is reduced when adjacent particles anoroach each
other, they will "flocculate" or form agprepates, but if the energy
of the system increases when the particles approach each other, they
will disperse. Variables in the soil-water system affect the colloi-

dal stability. Gererzlly a tendency toward flocculation is caused by:

increasing : electrolyte concentration
: ion valence
! temperature

decreasing

: dielectric constant
¢ size of hydrated ion
: pH
¢ anion absorption

The water in clay can be arbitrarily divided into three
types depending on the relative magnitude of force between the clay
and water. The absorbed water is held strongly by the soil; the
double lagyer is all the water zttracted by the soil; and free water
is not attracted to the soil at 2ll. Figure 7 illustrates a mont-
morillonite particle and its adjacent water layers.

The azbove mentioned variables in the soil-water system
together with the amount of free water affect not only the shear
strength characteristics of scil but also the volume change charac-

3

teristics.
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In the second paper of the serics (Ref. 5), Lambe dis-
cusses "The Engineering Behaviour of Compacted Clay". He mentions
the the effect of chemical reactions in the soil are important in
the engineering use of soil.
(b) Swelling of Soils

Swelling characteristics of c¢lay soils have been the sub-

3

o

Ject of many papers, (Ref. 6-15). Discussions are generally centered
on the identification of swelling type soills and how and why swelling
takes place,

Several simple tests have been susgested for means of
identifying potential swelling soils. The most cormon proposal is

the use of the Atterberg Limits. Kantey and Brink(lO) have offered

the following criteria for determining expansive soils:

(1) the linear shrinkage should be greater than 83
(2) the liquid limit should be greater than 307
(3) the plasticity index should be greater than 129,

Seed et al(lz) and Holtz(7) provide other relationships
also using Atterberg Limits.

The use of the activity ratio (Plastic Index/? Clay Size)
has also been suggesited as a criterion but this is not widely agreed
UPOTLie

Probably the best routine test for determining an expan-
sive soil is the free swell test as susggested by Holtz(7) or the
standard one-dimensional consolidation test described by Hardy(J‘S)°

Actually the only positive identification of clays sub-
Jject to volume change 1s by microscopic examination, X-ray diffrac-

tion and differential thermal analysis. However these tests are
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time consuming, require relatively expensive equipment and specially
trained personnel,

It is generally agreed that several factors are necessary
in order that swelling occurs in soils. An exposure of the soil
to water and/or a reducticn in the external load in combination
with a clay of a high specific surface are the most important points.
Montmorillonite and illite clays both fall into this category but
mentmorillonite is much more expansive due to its surface chemical
composition. This surface structure is such that water molecules
are strongly attracted to it. Thus the thickness of double layer
water between each clay particle is greatly increased (i.e., swelling
occurs).

Swelling has also becn explained by an osmotic interpreta-

tion (Ruiz 6). The cationic concentration is much higher in the

e

vicinity of the clay particles than it is in the free water. The
difference in ionic concentration gives rise to an osmotic pressure
difference that causes water to flow from the point of low concen-
tration to the point of high concentration (i.e., into the soil).

The swelling pressure may be evaluated by the van't Hoff equation:

P = BT (Cc »Co)
where P = osmotic or swelling pressure
E = gas constant
T = absolute temperature
Cec = concentration of ions at the point midway between
the two interacting plates
Co = concentration of ions away from the influence of the

clay particles

The amount of swelling in soils depends on several other
factors. It has been shown that swell and swell pressure increase

with increasing density, decreasing water content, increasing random-
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ness of structure (flocculent structure), and decreasing electro-
lyte concentration in the absorbed water. Swelling pressure de-
creases as swelling occurs.

The exchangeable cations present also affect the swelling.
For example clays having monovalent ions such as sodium will take
up more water than those having divalent ions such as calcium.

In any engineering work dealing with expansive soils it
is necessary to determine the amount of swell and swelling pressure

that will develop under the anticipated conditions. This is quite

(1L)

possible with sufficient testing although Dyregrov and Hardy
illustrate the variability in answers which are cbtained from diff-
erent swelling tests.

Holtz and Gibbs(13) give examples where hydraulic struc-
tiures were constructed on expansive clays. By considering the
swelling provertiss of the soil, these structures were built keep-
ing distress to a minimum.

(¢) 1Ion Exchange and Stability

(16)

Grim presents a discussion on the fundamentals of
ion exchenge. He points out that an understanding of ion exchange
reaction is cssential to an understanding of the nature of prop-
erties of the soils. This is important because it is the mechanism
of ion exchange which nrovides the most practicable means of modify-
ing the characteristics of soils.
- (7 - cm s
Winterkorn‘*// gives an example of stabilizing gravel

road surfaces with a clav binder by chemical means. The compounds

were applied by spraying the road surface with aqueous solutions.
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"The road was greatly improved and necessary maintenance
decreased by treatment with sodium and potassium chlorides, sili-
cates, and phosphates, while trecatment with calcium chloride made
the road worse. Laboratory tests on samples taken from the treated
sections showed that the beneficial influence of the sodium ard
potassium silicates, phosphates and c¢hlorides was due to the same
cause, namely their dispersive effect and not to any cementing action
on the secondary aggregates. The calcium-salt treatment on the
other hand, resulted in further repression of the hydration of the
clay agaregates and in a consequent increase in the permeability
of the road surface".

An interesting point made by Winterkorn is thet it is not
necessary 10 work with homo-ionic scils in the field. He states
that g Na - soll characteristic can be achieved with about 15 per
cent Na - saturati&n of the exchange complex and the saturation
proportion required for e - and Al -~ soil characteristics is even
less,

Winterkorn also mentions successful stabilization tests
using Na -~ soap solutions and organic cations.

(12)

Goldberg and Klein performed a series of tests

treating two exmpansive clays with calclum hydroxide. They found

ot
tade

nat additions of calcium hydroxide in excess of 2 per cent consid-
erably reduced the swelling characteristics of the soil. These
benefits increased with increasing amounts of salt up to about 6

per cent. Increased resistance of the soil to deformation under
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load was also noted.

".ray diffraction and differential thermal studies of
the several meterials included in this investigation indicate the
complete conversion of all calcium hydrovide emnloyed in treat-
ment to other formsh, |

m, . .it is shown that a portion of tne celcium hydroxide

is converted to calcium carbonate under conditions similar to those

did compression tests on calcium and sodium
montmorillonite and cn sodium iliite and compared his results with
theoretically calculated values. In general he got a good compari-
son. He concluded, "...that the commressibility of nure clay sus=-
pensions and paste can be accounted for very well Ly the considera-
tion of the interaction between the electric double lagyers formed
on the clay particles',

At a SymposiumizO) sponsored by the ASCL four papers
were presented by Grim, Taylor, kosenqvist and Lambe on the physico-

202} ..
(20a) discusses the structure

chemical properties of soils. Grim
and composition of clay minerals, their origin and methods of
idert ifying the clay minerals.

{20p) s ‘
lavlor presents a complete discussion on ion ex-

change and its applicability to swelling and compressibility of soils.
He concludes that, "...it is evident from the results obtalned

where detailed investigations have been carried out in individual

cases thet the Gouy-Chapman theory of diffuse double layer pro-

vides a satisfactory basis for the study of many clay soils, and
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may be used to derive useful information about probable mechanical
behaviour from the results of chemical tests'.

2 cq .
(20c) on "Soil-Water Systems" discusses

Rosengvist's paper
influence of the water phase and the effect of water upon mechanical
properties of the scil. He also mentions the influence of surface
ions on mechanical properties of the soil.

Lambe(20d) presents an interesting paper on "The Role
of Soil-Technology". He explains the various components of soil
technology and emphasizes the contributions of soil technology to
soil engineering. In particular he shows how technology has made
important contributions in the analysis of stability and settle-
ment problems and improved techniques of soil stabilization,
especlally by chemical treatment.

At the Conference on Soil Stabilization\?) held at the
Massachusetts Institute of Technology in June 1952, papers on all
types of soil stabilization were vresented. These included work
done by clemical means, electrical, bitumens and other admixtures
as well as mechanical methods. The papers by Woods and Yoder, and
Murray discuss the effect of chemicals on the physical properties
of the soil. However little mention is made of chemical changes
in the soil structure and particular ion exchange phenomena. In

the few years since that time, much work has been done in the field

of ionic stabilization.



Chapter IV
Laboratory Investigation

{a) Description of Soil

The soil wed in this investigation was a typlcal clay
soil of the Winnipeg area. It was obtained from a site on the cam-
pus of the University of Manitoba from the excavation for a new
building. Four adjacent block samples were manually dug out from
the excavation floor at a depth of nine to ten feet. Kseping the
proper orientation, the blocks were trimmed and wrapped in a clear
plastic wrap to reduce moisture loss., They were immediately taken
to the soils laboratory where samples were taken to determine the
moisture content. The block samples were then wrappsd in aluminum
foil, coated with wax and steored in a humidity chamber.

A depth of nine to ten feet was chosen for the test
samples as this is the approximate depth where foundations and base-
ment floor slabs are located for many structures. Thus it is at
this elevaticn where the greatest amount of settlement or heaving
would occur. In addition, the sample from this depth is above the
water table.

One block of soil approximately one foot cube was used
for the entire testing. The soil could be described as a grey-
brown silty-clav with small pockets of silt and gypsiim and very
thin horizontal stratifications of silt or rock flour (See soil
profile Figure 8). The silt stratifications, which have a
thickness of less than 1/100 inch, are similar to varves but are

not uniform enough for the soil to be classified as a varved clay.
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The natural moisture content was found to vary from L6%
to 65% with 56% being a representative average., The degree of
saturation was approximately 963,

To identify the soil and to determine the physical char-
acieristios and the physicc-chemical properties, three samples
were taken from the block. A horizontal slice was taken from the
top, one from the bottom and a vertical slice from one side. The
three samples, which gave practically identical results, were pre-

pared and tested according to ASTM, Procedures for Testing Soils,

1958 (22),

The average specific gravity was found to be 2.765 and
is estimated to be accurate to 0.005. From grain size analysis
the soil was found to consist of, on the average, 93% clay size
particles, 6% silt and 1% sand. In determining the Atterberg Limits
a slight modification to the ASTM Procedure was employed; after air
drying and powdering the soil was cured in a moist condition for
2L hours to give more consistent results. The liquid limit wgs
found to be 101 and the plastic limit 35 giving a plasticity index
of 66. A shrinkage limit of 17 and a linear shrinkage of approx-
imately 17% were also determined. The activity ratio of the soil,
that is the ratio of the plasticity index to the per cent finer
.than 0,002 mm, is 0.73.

When these results are plotted on Casagrondefs plasticity
chart, this soil is classified as a CH type, that is an inorganic
clay of high plasticity or fat clay. According to Kantey and Brink(lo)

This would be classed as an expansive soil,
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Xoray diffractometer analysis were also done to deter-
mine the mineralogical composition of the soll and corroborate the
results of the differential thermal analysis. The procedure used
was that of M. L. Jackson, "Soil Chemical Analysis, Advanced Course".
The organic material and the carbonates were first removed. The
s0il was then fractionated, by centrifuging into three size ranges:
fine silt S/LtO 24, coarse clay %y.to O.%/L&ﬁd fine clay, less
than 0.2/;, Two slides were prepared for each fraction, one with
the soil saturated with magnesium, Mg%% and the other saturated
with potassium, Kga In addition to the initial X-ray, each sample
saturated with potassium was heated to 300 and X-rayed again,
then reheated to SSOOC and %X-rayed a third time. This gave a tot-
al of twelve X-rays for each sample.

Instead of photographing the fringes produced by the X-
ray, the results were automatically recorded on graphs. Position
of the peaks on these graphs corresponded to the different d-spacings
for the various minerals and compounds and thus identification was
possible.

Montmorillonite was the predominant mineral in the fine
clay fraction and totaled approximately L5% of the complete sample.
This is in good accord with that found by others, Elson(23), The
coarser sizes wefe made up of illite, vermiculite, kaolinite and
chlorite with some quartz and feldspar present.

The carbonate content was slightly less than 5% and or-

ganic matter probably about 2%.
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Differential thermal analyses show tnhat the composition
of the soll is predominantly interlayered illite and montmorillornite.
Dolomite, organic compounds and & trace of free iron are also present.
Calcium is the main exchangeable cation in the interlaver water.
(thermogram for sample 1b, Appendix B).

The ion exchange capacity of the soil was also determined.
The exchangeable ions in the soil are leached out with a 1:1 mix-
ture of amaonium acetate and ethyl alcohol. The total exchange

capacity was found to be 40-50 milliequivalents per 100 grams.

This was almost entirely calcium, Ca%% ard magnesiwm, Mg”é’LS with
slightly more calcium. Exchangeable sodium and potassium ions were
very low with aporoximately 1 meq per 100 grams each.

The pH of the soil was 7.5 which also indicates a calcium
montmorillionite soil. Grim(l>

(b) Consolidation Testing

A total of thirty-three one-dimensioned consolidation
tests were performed using solutions of thirteen different salts
for swelling in addition to distilled water. A consolidometer
bank consistiing of six loading frames was used to compress the
soil samples. Weights were applied to a pan and transferred through
a system of pulleys with a 1:10 ratio to a yoke znd thence to the
sample. Plate I shows six tests in progress.

The consolidometer dish which contained the clay sample
and the swelling solution consisted of a lucite bowl with a lucite-

covered brass base and a dial gauge support. The lucite was used
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as it is chemically inert and not corroded or affected by strong

6]

acids or bases.

Floating ring tests were used throughout so as to reduce

Q
cQ

[

the side friction effect and produce a more uniform pressure dis-

Ty
HY
i

tribution throughout the thickness of the sample. The rings wers
< f)

of brass and had an interior diameter of 2.04 inches with a height
of 7/8 inch and thickness of 1/4 inch.

Two sets of rings were used during the testing.
first six were painted with a clear enamel paint to keep the metal
from being in contact with the soil and solution and to prevent
corrosion and tarnishing of the rings. BDefore a test was set up,
the interior of the ring was coated with a very fine teflon-like
spray so as to further recduce side friction., The painted rings
proved unsatisfactory esrecially at the end of the test whgn the
samples were dried in the oven; the paint would run and it would be

egcessary to refinish them before use again. However the actual
test results using these rings were quite satisfactory.

The second set of rings were identical to the first
except they were teflon coated instead of painted. These were
much easier to use a2s they prevented corrosion, reduced side fric-
tion, needed no refinishing and were easy to clean. The first
rings were used for fourteen tests and the teflon-coated ones
were employed in the last eighteen tests,

While the height of the rings were 7/2 inch, the av-

T

erage initial sample height was only C.A1 inch. The sample was

trimmed about 1/4 inch short so as to allow swelling without the
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scil escaping from the ring., The resulting L/D ratio was about

£

0.30. A cutter with the exact same interior diameter as the rings

was used to cut the samples from small chunks which were in turn
cut from the larger block. The soil sample was transferred from
the cutter to the ring and the ends were trimmed parallel about 1/
inch shorter than the ring. The weight of the soil and ring were
recorded and a sample height measured using =2 dial gauge reading
to 0.001 inch.

The clay sample was centered in the ring, a piece of
filter paper and a porous corundum stone situated on either side
and the ensemble placed in the consolidometer and positioned under
the load frame. A 1/2" steel ball bearing was used to get a uni-
form pressure distribution from the yoke to the loading cap. A
dial gauge reading to 0.001 inch was set up to measure the deflec~
tion of the sample. PlateIIlillustrates the entire arrangement .

When the set up was complete and the initial reading
taken on the dial gauge, the first load was amplied to the sample,
Deflections were read at the following times: 5, 10, 15 and 30
s€cs., 1, 2, 4, 8, 15 and 30 mins., and 1, 2, 4 and 24 hours.
After the two minute reading for the initial load, the water or
salt solution, whichever the case, was added to vroduce swelling
in the soil. The level of the liquid was kept to about mid-height
of the sample. After 24 hours more solution was added to cdmpletely
immerse the sample and swelling allowed to continue until maximum

wag reached after about 40 to 48 hours. The remaining loads were

added, every 24 hours.
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A load increment ratio of 1.75 was wed, that is P2/P1l =
1.75 orAP/P1 = G.75. The following pan loads were applied: 0.3,
0.5, 0.8, 1.4, 2.5, L.3, 7.5, 13, 22 and 40 pounds. The LO pound
weilght, which produces a pressure of £2.82 tons per square foot on
the sample, is the maximum caracity of the loading fraves. In the
unloading cycle every second increment was used, that is from ALC
lbs. to 13, to 4.3, to 1.4, to 0.5 1lbs. The loads were removed at
four hour intervals and unloading completed in one day.

Tests #1 to #L were slightly different. The load incre-
ment ratio was the same but the maximum load was 35 1lbs. or 7.7
tons/sq. ft. These were run mainly to investigate the effect of
differences in unloading cycle upon the swelling index Cs., No. 1
was unloaded every increment at 24 hour intervals, #2 every second
increment at 24 hour intervals, #3 every second increment at 4 hour
intervals. On #L the loading was started at a pressure higher than
the overburden pressure in the field and the unloading was every
second increment at four hour intervals,

Some variation was noted in the compressive indices
but the swelling indices for the four were practically constant.
Thus it was assumed that unloading every second increment at four
hour intervals would give good results for the swelling index
and cut the time of the test almost in half.

When the unloading was completed, the clay sample and
ring were dried in an oven at 110% to obtain the dry weight of

the soil and to determine the initial and final moisture contents.
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The salt solutions used in this testing program, with the
exception of a few cases, had a one molar concentration, that is
one formula weight of salt per litre of solution. (As the solution
evaporated from the open consolidometers the concentration would
increase slightly.) A reagent grade salt was used for each except
for sodium chloride where a common table brand was used., The solu-
tions of sodium sulphate and potassium sulphate were super-satura-
ted and some salt precipitated out during the test. The sodium
chloride and the ammonium chloride solutions were at the saturation
point. The calcium hydroxide was insoluble and thus held in a
suspension.

Tests 1 to 4, as mentioned previously, had swelling solu-
tions of distilled water. Tests 5 to & had solutions of potassium
chloride, calcium chloride, magnesium chloride and aluminum chloride
respectively.

Test 9 was an exception to the others. It was done on
a Farnell consolidation frame. In this case the sample was loaded
to 18 tons/sq. ft., more than twice thecapacity of the other frames,
and a recycling phase and unloading was done. A fixed ring 2.50
inches in diameter and 0.75 inch high, giving the same L/D ratio
as the other tests, was used. The swelling solution was distilled
water,

Test 10 is another with a swelling solution of distilled
water and unlike #1 to #4 was loaded in the same manner as the

other tests with salt solutions. Tests 11 to 14 were with solutions
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of sodium sulphate, sodium chloride, potassium sulphate and mag-
nesium sulphate. Test 15 had a solution of aluminun sulphate with
a 0.5 molar concentration. In this case it was not possible to get
more salt into solution.

Tests 16, 17 and 12 were with swelling solutions of pot-
assium hydroxide, sodium hydroxide and calcium hydroxide respectively.
As mentioned previously, the calcium hydroxide would not go into
solution and was held in a suspension.

In test 19 distilled water was again used for swelling
to compere with #10 as a considerably higher swelling pressure was
found in #10 than in nos. 1 to k.

Test #2C was an extra. The swelling solution was 20%

nd 805 distilled water.

o]

liquid detergent (Joy) :

E

No, 21 again had a sclution of potassium chloride only
this time with a 2 molar concentration.

A1l the consolidation tests up to this point wers on soil
samples that were relatively undisturbed. For the remainder of the
tests, except for #28, the soil was remolded by working by hand and
most of the above salts were used in the swelling solutions again.
Tests nos. 22 to 27 employed solutions of distilled water, sodium
chloride, calcium chloride, aluminum chloride, potassium hydroxide
and sodium hydroxide respectively.

In test #28 the soil sample again was in a relatively
undisturbed state and the swell solution was ammonium chloride with

a 1 molar concentrstion (saturation point).
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Nos. 29-31 had solutions of aluminum sulphete (again 0.5
molar), magnesium sulphate and potassiun sulvhate respectively.
The last two tests were slightly different. The soil
samples were remolded with the dry powdered salt (mixed in) and
distilled water was used for swelling. 1lo. 32 had anproximately 57

5

calciwn chloride per dry welzht of soil. Ne. 33 had about 57

ot

ceicium hydroxide and 105 distilled water. This would roughly
approximabe what is often used in road stabilization.

The results of these thirty-three tests are nlotted as
e - log P curves in Avpendix A and are tabulated in Table 1.

1

(c) Differential Thermal Analysis

After each consolidation test was completed and the soil
dried in the oven, a differential thermal analysis was run on it
to determine the changes in the s0il caused by the salis.

The first step was to powder the dry soil disc from the
consolidation test and vass 1t throusgh a #/0 sieve. A representa-
tive sample, about 3 grams, waz taken using a sample splitter,
spread on a watch glass and placed in a room with a controlled humi-
dity of about 457 for at least 24 hours.

o
ih

@
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differential thermal apparatus used was Mode
mamufactured by Robert L. Stone Co., Austin, Texas. The recorder
is by Leeds and Northrup. PlatesIII and IV show the assembly in-
cluding the furnace and specimen holder block, the auxiliary furnace
on the cooling rack, the gas bottles and the recorder.

The swecimen holders have been drilled in a cylindrical

rod of chrome nickel steel which is supported by an aluminum tube.
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There are two specimen holders, one for tle samnle to be tested,
and one for the inert sintered aluminum oxide compound with which
the sample is compared. Thermocouple wircs lead to each of the
holders and are arranged so that the potentials oppose each other,

With the epplication of heat substances undergo exothermic

and endothermic reactions. These reactions can be picked nn by the
sensitive recorder and are graphed as exothermic or endothermic
veaks. Each peak is characteristic of a harticu}ar mineral or
compound; as it is unlikely that anv two minerals have clemical
bonds of identical strength, they will decompose, oxidize, or change
phase at different temperatures. Also the amplitude and shape of
the peaks are important. When the sample is the same as the stand-
ard compound no differential reaction takes place and a straight
line is recorded on the oraph.

Two runs were made for each sample. The one was heated
to 600 in a nitrogen atmosphere. This suppressed the oxidation
of the organic matter and allowed the interlayer water curve of the
lower half of the clay curve to be recorded. The second run was
heated to 1000%. An oxygen atmosphere was used up to between
500° and 400% and then was changed to a carbon dioxide atmosphere
which was continued to 1000%C. This allowed the arganic matter to
he recorded followed by the unner half of the clav curve,

The heating rate in these tests was about 10°C ner minute
although this varied slightly.

Differential ttermal analyses were also done on samples

of the original untreated clay (same samples as for X-ray analysis,
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as previously mentioned) so that the treated samples could be com-

5011l structure.

‘ed for changes which took place in the

The thermograms from the differential thermal analyses

reproduced in Appendix B,

are
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TABLE 1

SUMMARY OF CONSOLIDATION TEST RESULTS
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TEST SOIL SWELLING pH of Pc Ps
NO. CONDITION SOLUTION SOLUTION  T/FT? Ce Cs T/FT¢  a = Cs
Ce
Relatively
1  Undisturbed qutllled Ho0 7. 0.5  0.4L08 218 0.35 0.533
2 " 1.0 Ll 218 .28 491
3 " " 1.15 482,209 .28 433
L " " 475 .228 480
5 " KC1 (1 M) 6. 380 L1160 .14 305
6 " CaClp.2H20 (1 M) he5 40 141 .13 352
7 " MGl .6Ho0 (1 M) ko5 403 150 W14 372
8 " AlC13. 6H 0 (1 M) 2. 400 L1100 .06 .278
9 " DlStllled Ho0 262 572 .23L4 .65 409
10 " n 6.5 1.3 .500 .210 .58 420
11 " Na2S0y, (1 ) 5.5 420 158 .98 376
12 " NaCl (1 M) ko 518 172 .34 .332
13 " K250, (1 8) 6. 347 .085 .56 <2L5
14 n Mg30y, . 7TH20 (1 M) 5. 500 158 .32 316
15 " A12(504,)3.18H50(0.5M) 3. 500 100 .53 +200
16 " KOH (1 M) 13. A58 L0882 il .179
17 " NaOH (18 13, 466 100 1.3 2215
18 H Ca(OH)o (1 M) 12.5 Au8 L1630 .21 364
19 " Distilled Ho0 6.5 1.45 .L92 199 .35 L0l
20 " 20%4 liquid uetergent 8.5 5481 160 L35 .296
21 " KC1 2 M) L5 4260 116 .01 2272
22 Remolded Distilled.H O 6.5 608 .178 W42 . 202
23 o NaCl %1 M) 5. 465 128 .15 275
25 " CaClp.2Ho0 (1 M) 4.5 480 L1250 .23 260
25 n A1C13.6H20 (1 M) 2, A5 076 .20 A7
26 " KOH (1 M) 13. 473 067 .30 142
27 " NaOH (1) 13. 568 0L W45 .183
28 Rel.Undisturbed NH,C1 (1 M) 5 375 118 .15 2317
29 Remolded A15(50),)3.18H50( 0,54 3. L08 103 .35 252
30 n MgSOh./nZO (1 M) 56 0530 133 A3 <251
31 " K250y, (1 M) 6. 475 110 .26 .232
32 Remolded with Dlstllled Ho0 5 415 127 .12 306
5% CaClo. 2Ho0
33 Remolded with Distilled H20 6. 0.591L  .052 (.0 .088

5% Ca(OH)2 &
10% Ha0
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the best average slope of the unloading part of the curve and like

the ceompressive index is satisfactory for comparing the effects

this test is invalid and that a "constant volume'" test should be

3

{Z)

used to accurately determine the swelling pr

(12 . : :
(1) feel that the "free swell" test is preferable in some

ssurc. However Dyregrov

ned, as in the above

48]
o

cases. Lbither way, a good comparison is obt
indices, on the effect of the salts on the swelling pressure of
the soil.

In the tests with the distilled weater, the pre-consolication
pressure (Pc) of the soil was estimated by the Casagrande method.

Values renged from 0,9 to 1.45 tons yer . Tt. with one as high

(%]
Fol

as 2.2 tons cer sq. ft. The existing overburden mressure in the

field was approximately C.5 or C.6 tons mer 3g. ft. Thus the soil

[WH
o
t..h
j
o0

slightly over-consolidated state,

In general, the effect of the szlts was to reduce the swell-

¢

ing index and the compressive index (in most cases). The swell-

ng pressure was also reduced except where the sodium salts were

Fde

used., Thece effects will be discussed more fully in the next

chapter.

In order to compare the results produced by the different
salts on the volume chmnge characteristics of the scil, new plots

were made which eliminated the effect of the initisl veild ratio.

Each void ratio, e, at the variocus loads on the test samples was
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divided by the initial void ratio, e,, and new curves were drawn
of e/eq ve log P, Dividing by ey eliminates the effect that the
initial density and moisture content have on the swelling charac-
teristics of the soil. Thus each curve begins at a common point
and the relative amounts of swelling and consolidation can easily
be determined. (Sece Figures 9-18).

(b) Differential Thermal Analysis

In the mrevicus chapber a description of the soil compo-
sition was given. Differential thermal analysis showed that the
mineral composition was wredominantly interlayered illite and mont-
morillonite with small zmounts of carbonates, quartz, free iron and
organic matter. Calcium was found to be the mein exchangeable ion
in the interlayer water of the clayv.

Subsequent differential thermal analyses, which were done
on the samples uwsed in the conscolidation tests, in which salts were
added to the swelling solutions, revealed that exchange toock place
between the calcium ion in the interlaver vposition and the cations
in the solution. In general no other change in the soll composi-
tion was noted. The thermograms from the various tests are repro-
nced in Appéndix B.

In the tests with distilled water no change from the ori-

structure occurred except for a slight intensification

>

}..J

ginal sol
of the calcium exchange lon., This was also the case when the

sample was remolded before consollidation.
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Where the sodium salts were used in the swelling soluticn

cation exchange was shown to have taken ace, The sodium ion

]
fost]

completely replaced the celeiunm in the interlayer water of the clay.
This was alsc the case in test Mo, 20 vhere =z mixture of liquid

det At ard wator was uscd £ awntline Aeain the godium 1o
deterasnt and warter was usge Lor SWELLANE., xDu,__IZ Lie SOCLUIM 10N

replaced the existing calcium,

In the tests where potassium salts were used, good exchange
was noted especlally with the chlorides and suiphates, However
in the case of the notassium hdrovide the exchange was not complete.
While the protassium was chown to be in the absorbed water layer

» .

some calcium or magnesiuvm still remained.

Complete exchange also occurred when magnesium chloride

and magnesium sulphate were used. Again the caleium was replaced

Wren the calcium salts were used no exchange apneared to

than with the caleium chloride. In test Nos. 32 and 33 the salts

in powder form were mixed with the remolded clay. In these two

instances, the exchangeable caleium ion was more greatly intensified

The aluminum salts also produced exchange reactions with
eplaced by the aluminum.

. In

"Jo
ct

wed as 2 osolubicon in one tes

this case, it is evident that the exchangeable calcium was replaced
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by the monovalent ammonium ion.

In the above cases where the same solution was used on the
s0il in a relatively undisturbed state and in a remolded condition,
there was no difference in the resulting mineralogical composition
of the soil.

For two of the samples which were treated with sodium and
potassium sulphate, separate DTA tests were done on the outside
layers and on the center layer of the soil sample from the consoli-
dation test. No difference was noted between the outside and the
center layers; i.e. complete exchange occurred throughout the 0.6
inch thick sample.

On the thermograms of the samples treated with the sulphate
salts, a few small unidentified peaks appeared which were not on
the thermogram of the original untreated soil. These were probably
due to the sulphate ions.

In general, the chloride salts appeared to produce a better
exchange reaction.

The electro-chemical series gives the order in which ele-
ment s will replace one another. A partial table of this series
for the cations used in this testing is as follows:

Potassium

Sodium

Calcium

Magnesium

Aluminum

Potassium, as it is at the top of the table, will replace all of

the other ions below it when they are held in an exchangeable
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state. Likewise sodium will replace everything except potassium.

The differential thermal analyses has shown that both pot-
assium and sodium cations have replaced the exchangeable calcium
ion held in the interlayer water of the clay. However the magnesium
and aluminum have also replaced the celcium which is contrary to
the above table. This can be explained by the fact that the con-
centration of the magnesium and aluminum ions in solution is much
greater than that of the calcium ion in the irterlayer water.
This high concentration overcomes the higher place that calcium
holds in the electro-chemical series and exchange occurs.

Differential thermal analysis has an advantage over X-ray
analysis in the identification of clay minerals. Both methods
will provide an identification of the minerals but the DTA will also
idert ify the exchange cations held in the interlayer water. The
X-ray amalysis will only show whether the ions are monovalent or
divalent etc. In addition, the DTA is much faster and requires
less preparation of the sample before testing. Variations in the
heating rate of the DTA apparatus and drift due to an imbalance
of the thermocouples do pose problems, but identification of the
mineral is still possible. Both the X-ray and differential thermal
analyses will provide qualitative results, but in each case quanti-
tative results are only approximate, depending upon comparisons

with standard samples.



Chapter VI
Discussion of Results

The curves of e/eg vs log P provide a good method for com-
paring the relative amounts of swelling and consolidation for the
various soll samples. Figure 9 is the e/ey - log P plots of tests
1 to 4 which were run with distilled water. These curves all lie
within one fairly narrow band, but should, as there was only a
small variation in the initial void ratios. Tests nos., 10 and 19,
also with distilled water as the swelling solution are shown on
Figure 10. The initial swelling and swell pressure of these two
trials are considerably different probably due to the differences
in initisl void ratio, density and moisture content. However,
the relative amount of consolidation for each is vracticslly iden-
tical. Likewise the rebound curves are very similar.

Figures 11, 12 and 13 compare the effect of the various
cations of the chloride, sulphate and hydroxide salts on the rel-
ative amounts of volume change of the soil.

The swelling characteristics of the soil, in undisturbed
condition, for the different salt treatments are summarized in
Table 2.(252933 is the maximum relative amount of swelling on the

o
e/ey - log P curve and Cs and Ps are from the e - log P curve.)
From this table it is quite evident that both the cations and the
andions in the interlayer water position of the clay minerals have

a pronounced effect on the swelling properties of the soil.
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TABIE 2

SUMMARY OF SWELLING CHARACTERISTICS OF THE TREATED SOILS

(pe)
(e ) Ps Cs
RIGINAL UNTREATED SOTIL .026 035 2210
CHILORIDE SULPHATE HYDROXIDE
SALT (ae) (pe) (pe)
(ep )s Ps Cs ( )s Ps Cs (e, e )s Ps Cs
SODIUM 027 034 2172 .090 .98 .158 256 1.3 .100
POTASSTIUM 011 olh 116 -036 .56 . 085 039 b ,082
CALCIUM .008 013 141 .006 21 L163
MAGNESTIUM .007 A - 150 021 032 .158
ALUMINUM 0 .06 ,110 OL6 *53 «100
AMMONTIUM .01l ol5 .118

g



(a) Effect of Cations on Swelling
Although there is a definite trend in the amount of swell-

ing in association with each of the cations, sodium is the most

3

conspicuous. This cation causes a considerably higher swelling
pressure and thus more swelling than any of the cthers. The order
of cations for which the swelling is decreased for this particular
soil is as follows:

Sodiun (most swelling)

Ammonium

Potassium

Calcium, Megnesium

Alursinum (most stable)

This trend is evident with each of the chloride, sul-
phate, and hydroxide salts, although every cation does not appear
in each series.

In the sulphate series of tests, the aluminum treated soil
swells less than the one treated with magnesium, but the aluminum
sulphate has only a concentration of 0.5 molar compared to the 1
molar concentration of the other salts. It will be shown later
that the ionic concentration also affects the volume changes of
the soil,

From the above, it appears that the swelling character-
istics of the soil vary with the valence of the exchangeable cations.
Sodium, ammonium and potassium which are monovalent produce the
most swelling while aluminum, a trivalent ion causes the least
change. Calcium and magnesium, being divalent, have swelling
characteristics between the two extremes.

This is essentially what was stated in Chapter 3. "Clays

having monovalent ions such as sodium will take up more water than
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those having divalent ions such as calcium”.

Bodium and rotassium are both monovalent lons but the

2.

w

by each is considerably diff-

relative amount of swelling produce
erent. Thne potassium has a fixing power upon the expanding lattice
structure of montmorillonite., This gives the montmorillonite
characteristics similar to that of illite,

The results of tests by Hardy(lS) were different from
those of this investigation. He found that treatment with calcium
chloride reduced the swelling pressure from that of the original
scil, and that treatment with sodium chloride oroduced a further
reduction, This is contrary to the results of the above tests. No
explanation of these conflicting results is recadily apparent. In
beth cases, Hardy used saturated solutions, but a saturated solu-
tion of calcium chloride has a higher molar concentration than that
of sodium chloride. Thus, the calcium chloride should produce a
substantially lower swelling rressure than the sodium chloride,
as will be shown in part d, Effect of Ion Concentration
(b) Effect of Anions on Swelling

The anions appear to have an equally large effect upon
the swelling properties of a ¢clay soil, as do the exchangeable
cations. From these tests it is obvious that chloride salts are
the most effective in reducing the swelling of this soil. Even
the sodium chloride, the worst of the series, produced swelling
which was very close to that of the original soil. All of the other
chloride salts greatly improved the swelling properties.

The sulphate salts, unlike the chlorides, terded to in-

crease rather than decrease the amount of expansion of the soil,
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Hagnesium sulphate, which had the most stable effect of the series,
only very slightly reduced the characteristics from that of the
original soil. The sodium, potassium and aluminum sulphates
noticeably increased the swelling, although aluminum would odrob-
ably have been better with a concentration the same as the others.

Sodium and potassium hydroxide, like the sulphate salts,
tend to increase the swelling of the soil. The effect of the pot -
assium hydroxide is quite similar to that of the potassium sul-
phate, but the sodium hydroxide produced a much higher amount of
swelling and swell pressure than the corresponding sulphate salt.
On the other hand, calcium hydroxide had Just the opposite effect.
The swelling pressure was less than that of the original soil and
the amount of swelling was very low. This closely ressembled the
results produced by the calcium chloride.

The effect of the three anions are illustrated in Figures
14 and 15, showing the sodium and potassium salts respectively,

In the above discussions only the relative amount of swell-
ing and the swell pressure were considered. It should be noted,
that the swelling index of each soil sample treated with salt was
reduced from that of the original soil. However there does not
appear to be any direct relationship between the various ions and
the swelling index.

Thus, in summary, the chloride salts with the exception
of sodium, and calcium hydroxide all produced changes in the clay

mineral composition which tended to stabilize the soil with res-
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pect to swelling.

Figure 19 is a plot of the relative amount of swelling
of the soil samples against the swelling pressure produced for
all the consolidation tests run in this investigation. The points
all lie within a fairly narrow band. For the lower range up to
about 0.6 to 0.8 tons ver sq. foot swelling pressure this band can
be represented by a straight line. At higher pressures the line
curves and the amount of swelling increases considerably with a
slight increase in swelling pressure. Thus, if the swelling press-
ure which a soil can exert is known, the total amount of free
swell can be estimated.
(¢) Effect of Ions on Compressibility

The consolidation characteristics for the soil samples
treated with the various salts are listed in Table 3. ( (2e) is
the maximum relative amount of compression from the e/eo follz P
curve and Cec is from the e - log P curve.) Generally the ions do
not have as much effect on the compressibility of the soil as on
the swelling. The sodium cation does cause the soil to compress
the least while the calcium and magnesium ions (except for cal-
cium hydroxide) appear to produce the greatest amount of consoli-
dation. The effect of the potassium, ammonium and aluminum was
intermediate and in no specific order.

The éffect of the anions is shown in Figures 14 and 15 of

the e/ey - log P curves of the sodium and potassium salts.
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SUMMARY OF CONSOLIDATION CHARACTERISTICS OF THE TREATHED SOIILS

TABLE 3

(pe)
(en )c Ce
ORIGINAL UNTREATED SOIL 261 496
CHLORIDE SULPHATE HYDROX IDE
SALT (ae) (ae) (ae)
(ey Je Ce (eo Jec Ce (eg Jc Ce
SODTUM .299 518 | .236 420 | .255 466
POTASSTUM - .314 380 | 0239 L7 | .295  L458
CALCIUM .336 400 . 268 L8
MAGNES TUM 345 403 | 337 . 500
ALUMINUM .30k 400 | L3731 2500
AMMONTUM «306 6375

09
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Sulphates induce the least compression, chlorides the most, and
the hydroxides an intermediate amount.

In comparing the amount of consolidation of the salt
treated soils to the original soil, in most cases the salt caused
an increase in compression. However sodium and potassium sul-
phate and sodium hydroxide did improve the consolidation charac-
teristics, Sodium hydroxide only slightly reduced the amount
of swelling and the compressive index. The sodium and potassium
sulphate reduced these values by a greater amount, but still not
appreciably.

The compressive index, like the swelling index, was
reduced from that of the original soil in all cases except for
three salts where a very slight increase was noted. Again there
is no correlation between the relative amounts of compression
and the compressive index. Bolt(19> suggests that the ratio
a = Cs/Cc is "indicative for the relative importance of the in-
fluence of the osmotic forces on the resistance of the clay soils
against compression”. In each test the M"a" value was redvced
from that of the untreated soil, and in some cases considerably.
(See Table 1). However there is no direct relationship between
"a" and either the amount of consolidation or swell,

In summary, the stabilization effect of the sulphate
salts on the consolidation of the soil was small compared to the

effect of the chloride salts on the swelling.
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(d) Effect of Ion Concentration

Figure 16 is a comparison of the effect of concentration
of one salt on the amount of swelling and compression of the un-
disturbed soil. It is evident that the expansion of the soil was
greatly affected by the increased concentration of the potassium
chloride. The 1 molar concentration of the salt considerably
lowered the amount of swelling from that of the original soil.
But the 2 molar concentration further reduced the swelling pot-
ential so that no swelling was able to take place under the ini-
tial load of 0.08 tons per sq. ft.

In addition, the compressibility of the soil was also
affected. The increased concentration of the salt substahtially
increased the amount of consclidation, This is proof of what was
stated in Chapter 3: Increasing the electrolybte concentration
causes a tendency toward flocculation of the clay particles,

Using van't Hoff's equation it is vossible to calculate
the ion concentration in the interiayer water of the clay minerals.

P = RT (Cc - Co)

where P is swelling mressure (atmospheres)

R is gas constant (litre atmospheres )

( ©GA., Moles )

Tis&mdﬁetw@wmme(%ﬂmm)

Cc is ion concentration midway between clay particles
(moles/litre)

Co is ion concentration away from influence of clay
particles (immersing solution) (moles/litre)

1 atmosphere pressure = 14.7 psi

therefore 1 ton/sq. ft. = 2000 x 1 = 0.945 atmosphere.
4.7

El

Average temperature = 72°%F = 22,2°% = 295 ,4,CA

Thus P = 24.25 (Cc = Co)
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For the tests with distilled water, assuming that the
ion concentration in the immersing solution is zero or negligible
and using the measured swelling pressure, the ion concentration

in the interlayer water can be calculated as {ollows:

Test #10 Ps = 0.58 tons/sq. ft. Co =0
Cc = 0.945 x .58
Rl 25
- 0.0226 moles/litre (molar)
#19 Ps I 0.35 tons/sq. ft. Cc =0
Cc = 0.0137 moles/litre

It appears that the ion concentration in the interlayer
water of the natural soil is very low, This is for the position
aldway between the clay particles: adjacent to the rarticles the
concentration would be higher,

vonsidering the tests using the undisturbed soil immersed
in solutions of potassium salts:

-

Test #5 KC1 1 molar

Ps = 0.14 tons/sq. ft. Co = 1 moles/litre
(Ce = 1) = 0,945 x L1k
21,25
Cc = 1,0055 moles/litre.
A3 K2804 1 molar
Ps = 0,56 tons/sq. ft. Co = 1 moles/litre
Cc = 1.,0219 moles/litre
#16 KOH 1 molar
Ps = C.L4 tons/sq. ft. Co = 1 moles/litre

Cc = 1.0172 moles/litre
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#21 KCl1 2 molar

Ps = 0.01 tons/sq. ft. Co = 2 moles/litre

(Cec - 2)= 0.945 x .01
21,25

Cc = 2.00039 moles/litre

For the above three salts with 1 molar immersing solu-
tions, the potassium cation concentrations in the interlayer
water are similar. In these cases, as the exchangeable ion con-
centration increases, so does the swelling pressure. This is
contrary to what was stated above but can be easily explained.
This irregularity is due to the effect of the anions and/or pH
as is discussed in other sections of this Chapter.

Comparing the effect of the 1 molar and 2 molar pot-
assium chloride solutions better results are obtained. The 2
molar immersing solution oroduced an increase in the interlayer
cation concentration over that of the 1 molar test, and as prev-
iously mentioned reduced the swelling.

The swelling pressure varies directly as the difference
in the ion concentration in the interlayer water and in the swell-
ing solution. In the above mentioned cases, the test with the
2 molar potassium chloride solution had the smallest difference
and thus the lowest swelling pressure. The ion concentration in
the interlayer water is always slightly greater than that of the
immersing solution.,

The following calculation shaows that the 1 molar con-

centration of the swelling solutions used in this investigation
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was sufficiently strong to produce complete replacement of the
exchangeable ions (calcium) held in the interlayer water of the
clay minerals,

Average weight of soil solids = 38 grams
Average volume of swelling solution = 500 ml (0.5 litres)
Ton exchange capacity of soil = 40-50 milliequivalents
per 100 gzms (use 45)
Avogadro's Number = 6.0235 x 10°7
%Number of electronic charges in 1 litre of 1 molar
solution)
lon exchange capacity of soil sample = 45 x 38 = 17
milliequivalents. 100 5
Therefore soil can exchange 17 x 10~ x 6,0235 x 109
= 1.02 x 1022 electronic charges 5
Available charges in solution = 0.5 x 6.0235 x 10 3=
3.0 x 102
Therefore there are 3.0l x 10<3 monovalent ions in sol-
ution available for exchange
or 1.505 x 1023 divalent ions available
or 1,003 x 10°7 trivalent ions available
Thus, there are sufficient ions (electron charges) in
the solution to completely replace the exchangeable ions held by
the clay. The 0.5 molar concentration of aluminum sulphate is
even strong enough to permit complete replacement.
(e) Effect of Remolding the Soil
A mumber of tests were done by treating the remolded
soil with different salts, and an extreme variation in results
was found. In general the relative amounts of swelling and com-
pression of the remolded soil was greater than that of the un-
disturbed soil. However, this was not the case in several tests

where the opposite was noted. In addition the effect of the salts

upon the remolded soil was not always the same as upon the un-
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disturbed. In some instances the salt reduced the swelling, etc.
for the remolded soil where it was increased with the undisturbed
soil, and vice versa., This variation was orobably a result of
the degree of remolding and change in the physical soil struc-
ture; possibly to a more random orientation of particles.

In consclidation tests nos 32 and 33, the dry powderad
calcium chloride and calcium hydroxide were mixed with the re-
molded soil. Figure 17 is a comparison of the efegy - log P
curves for the tests with the calcium chloride salts. When the
salt was applied in solution to the remoclded soil, there was a
noticeable increase in both the swelling and the consolidation
over that of the undisturbed soil. However; when the powdered
calcium chloride was mixed with the remolded soil, both the amount
of swelling and consolidation were substantially decreased, even
less than that of the undisturbed soil.,

Figure 18 is the e/e; - log P curves for the tests
with the calcium hydroxide. The powdered calcium hydroxide mixed
with the remolded soil had the same effect as the calcium hydrox-
ide only to a greater extent. Here the swelling and swelling
pressure was reduced to practically gero and the amount of con-
solidation was also appreciably lessened,

In addition, in this final test with calcium hydroxide,
the deformation under the initial half of the loading cycle was
considerably less than in all the other tests. This shows that

the strength of the soil had increased,
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The reason that the soil became more stable when mixed
with the powdered calcium chloride and hydroxide was shown in the
differential thermal analyses. The calcium exchange ion was
greatly intensified in these two tests, whereas in the other tests
with the calcium salts there was only slight intensification. This
increased the ion concentration in the absorbed water, in the same
way as the 2 molar concentration of potassium chloride.
(f) Effect of pH of Immersing Solution

Figure 20 is a plot of the relative amount of swelling
versus the pH of the immersing solution for the undisturbed soil
samples. There is no direct correlation between the amount of
swelling and the pH of the swelling solution. However one relation-
ship is evident. For each particular cation (e.z. sodium),
the chloride has the lowest pH, the sulphate slightly higher and
the hydroxide the highest. (An exception is potassium chloride
and potassium sulphate which have the same pH.) This is the same
order in which anions affect the swelling., Chlorides produce
the least swelling, sulphates more, and hydroxides generally
the greatest amount. Thus it appears that for any particular
cation, the salt which has the lowest pH (most acidic) will pro-

duce the least swelling in the soil.
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Chapter VII
Summary and Conclusions
From the results of this investigation several con-
can be drawn.,

The volume change characteristics of the clay soil in
the Winnipeg area can be controlled through treatment
with inorganic chemicals. It can reasonably be assumed
that other montmorillonitic clay soils will similarly
be affected.

Differential thermal analyses (DTA) has definitely
established that cation exchange took place in the inter-
layer water of the clay minerals when the soil samples
were immersed in the various chemical solutions. How-
ever the DTA did not reveal anion exchange.

Both the exchangeable cations and anions have been shown
to affect the amount of swelling and compression of the
gcil. Chloride salts change the soil so as to reduce
the swelling characteristics while the sulphates and
hydroxides tend to increase the amount of swelling.

Tne anion with the lowest pH appears to have the great-
est stabilizing effect. The effect of the cations
varied with their valency. Trivalent ions such as
aluminum caused only a relatively small amount of swell
compared to the monovalent ion like sodium. Calcium
hydroxide (lime) is an exception to the rule and like
the chlorides promotes stabilization of the soil,
pessibly through its cementing action,

The effect of the different ions on compressibility
of the soil is small with respect to that on swelling.

Increasing the concentration of the exchangeable ions
increases the stability of the soil.,

One point that has not been discussed in this investi-

gation is how or when does ion exchange take place. A possible

explanation is that exchange occurs when there is a reduction of

load on the soil. This happens twice during each test. The
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first time occurs when the sample is initially immersed in the
swelling solution and the effective stress on the soil grains is
cecrecased. The tension in the pore water has a suction effect
which is reduced when the solution with the ions enters the soil.

Ion exchange then takes place. This would be similar to the action

of a sponge.

ion is at the end of the test during

ct

The second load reduc
the rebound cycle. The load is actuallyremoved from the soil and
swelling is allewed with the same effect as above.

However most of the exchange is thought to take place
at the beginning of the test as the initial swelling characteristics

of the soil are altered by the various ions.



Chapter VIII
Future Work

Practical Applications

L
w
N

Now that it has been shown that ionic stabilization of
expanding clsy soils is possible, at least in the laboratory,
the rext problem is the application of these results in the field.
Probably the best method of treating the undisturbed
soil would be through the use of vertical sznd drains. The salt
solutions, chlorides of aluminum, calcium, magnesium or potassium,
would be pumped intc the sand drains and allowed to permeate the
adjacent soil or be forced through electro-osmotically., A pump
system outside the area to be treated would drain the excess
water. In this way the depth of stabilization would be controlled
by the depth of the sand drains., The only problem would be in

he drains,

ot

determining the spacing of

This method would be superior to that of spraying the
surface of the soil as Winterkorn(l7) discusses, as stabiliza-
tion occurs only in the upper few inches of the soil by this
latter method.

Holtz(7) gives an example of electro-chemical stabiliza-
tion of 2 canal bank in which chloride salts were used. A 1:1
mixture of 7% KC1 and 3% AlCly was pumped through the anode
while drainage waber was removed at the cathode for a period of
5% months. Calcium chloride was First introduced to open the
soil, i.e, increase the permeability. The anode spacing was at
30 feet but favourable stabilization only occurred within 4 feet

of the anode. It was found that potassium replaced the exchange-
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able sodium ion in the soil and that aluminum aided the stabiliz-
ation. Although there was a strength increase in the soil,
stabilization was not considered to be adequate as heaving still
occurred in the concrete lined sections of the canal,

Calcium hydroxide (lime) has been successfully used in
stabilization of many soils especially for roadwork, etc. How-
ever stabilization only takes place for a depth of two or three
feet where the soil has been remoclded,

(b) Laboratory Studies

There is still much work to be done in the study of
ionic stabilization of clay soil. In this investigation only
chloride, sulphate and hydroxide salts were used. Phosphates
and nitrates are also common ions found in the soil whose effect
on volune change of expansive soils is yet unknown. In addition,
there are numerous cations such as lithium, iron, copper, etc.
as well as organic compounds, especially those with long chain-
like molecules, to be studied, However study should be limited
to chemicals which are fairly common and economical to obtain.

As mentioned in the previous chapter more investigation
is necessary to determine how lon exchange occurs, how much time
is necessary, and through what thickness of soil exchange will
take place,

Additional work is required on determining the proper
concentration of salt solutions to be used. Aside from the
economical aspect, the concentration of say aluminum chloride

solution should be just strong enough to prevemt swelling without
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substantially increasing the smount of consolidation.

The effect of the various ions on other physical pro-
perties of the soil such as Atterberg Llimits, strength and per-
meability is still open to study,

As previously mentioned X-ray aralysis and differential
thermal analysis provide the best methods for the identification
of expanding type clay minerals. Electron microscope studies
provide structure, d-spacing and particle size of minerals.
However the use of relatively simple tests for finding the ion
exchange caracity of the soil and determining the nature of the
exchangeable cations, together with the standard consolidation
test will provide a relatively good identification of trouble-
some clay minerals. Adequate measures can then be taken through
proper design and stabilization to prevent serious detrimental

ground movements,



APPENDIX A

e - log P curves of the Consolidation Tests
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APPENDTX B

THERMOGEANS FROM THE DIFFERENTIAL THIRMAL ANALYSES
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Explanation of Thermograms

The curves on the right side of the pages were run in
an atmosphere of nitrogen up to a temperature of 600°C. The
curves on the left were run in an oxygen atmosphere up to bet-
ween 500% and 600°C; the atmosphere was then changed to carbon
dioxide and the run continued to 1000%C.

The zero temperature (of the standard) is at the bottom
of the page and each small horizontal line represents a tempera-
ture increase of 1007C.

The peaks towards the right represent endothermic reac-
tions where heat is absorbed; the ones to the left are exothermic

where heat is given off.




SAMPLE 1b

Original untreated soil

Dolomite

Montmorillonite

Trace of Quartz

and
Montmorillonite
(Interlayered)

Organic
Compounds

Trace of Free Iron

Calcium
Exchange
Ion
Interlayered
Water



#5
Sel'n KC1 (1M)
So0il Undisturbed

Potassium ion
replaced calcium



#6
Sol'n CaCl,.2H,0 (1M)
Soil Undisturbed

Calcium ion
intensified

Lafger
Water peak



#7
Sol'n MgC12°6H20 (1M)
Soil Undisturbed

Magnesium ion
replaced calcium



Wt

#8
S01'n A1C13,6520 (1M)
S50il Undisturbed

Aluminum replaced
Calcium ion



81

#11 Outside Lavers
So0l'n Na,,504 (1M)

So0il Undisturbed

Spdium
replaced
Calcium ion



A
107

#11 Centre Layer
Sol’n Na2804 (1M)
Soil VUndisturbed

Sodium replaced
Calcium ion



#12
Sol'n NaCl (1M)
Soil Undisturbed

ot
o
Lo
LA

Sodiun ion

replaced
calcium



N
[0
Ne)

#13 Outside Layers
N v -

Sol'n K2504 (1M)
Seil Undisturbed

Potassium
replaced
Calcium ion




#13 Centre Layer
Sol'n K,S0, (1M)
S0il Undisturbed

Potassium replaced
Calcium ion




#14
Sol'n M§04,7H20
Undisturbed

Soil

Magnesium
replaced
Calcium ion



#15
Sol’n A12(804)3'0‘18H20 (0. 5M)
Soil Undisturbed

Aluminum repiaced
Calcium ion



#16
Sol'n KOH (1M)
So0il Undisturbed

Potassium
partially
replaced
Calcium ion



#17
Sol'n NaOH (1M)
Soil Undisturbed

Sodium iom
. replaced
calcium

— gas ad justment



#18
Sel'n Ca(OH), (1M)
S0il Undisturbed

 Calcium ion
' intensified



-
(AN

#19
Sol'n Distilled H20
Soil Undisturbed

No change from
Original Soil




#20

Soi'n 20% Liquiqd Detergent
&

80% Distilleq H,0
Soi1l Undisturbed

Sodium jon
Teplaced
calciunm



-~
s
)

#21
Sol®n KC1 (2M)
S0il Undisturbed

Potassium ion
replaced calcium



22

S0l'n Distilled H,0
50il Remolded

No change ffom
Original Soil
(Calcium ion

slightly intensified
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#23
Sol'n NaCl (1M)
Soil Remolded

Sodium ion replaced calcium




.
[AV]
Y

#24
Sol'n CaCl,.2H,0 (1M)
So0il Remolded

Calcium ion
jptentsified



AW
AN

#25

Sol'n A1C13°6H20 (1M)
So0il Remolded

Aluminum
replaced
Calcium ion




#26
Sol'n

KOH (1M)

So0il Remolded

Potassium
partially
replaced
Calcium ion



e
A}
£

#27
Sol'n NaOH (1M)
Soil Remolded

Sodium iom
replaced calcium




o
At

#28
Sol®’n N#,C1 (1M)
Soil Undisturbed

Replacement of
Calcium ion by
Ammonium



#29
Sol’n AL, (804) 3018}120 (0o 5M)

Soil Remolded

Aluminum
replaced
Calcium ion



N

3

#30
Sol'n MgS0,.7H,0 (1M}
So0il Remolded

Magnesium
replaced
Calcium ien



#31
Sol’n KSO, (1M)
So0il Remolded

Potassium
replaced
Calcium ion



#32
S0l1'n Distilled H20

S0il Remolded with
5% CaCl,.2H,0

Calcium ion
intentsified




#33
Sol'n Distilled H,0

Soil Remelded with
5% Ca(oH), & 10% H,0

Calcium ion
intentsified



APPENDIX C

GRAPHS FROM X-RAY DIFFRACTION ANALYSIS
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EXPLANATION OF GRAPHS
The vertical axis of th; graphs is twicethe refrac-
tion angle of the X-ray (20). The test is run from 26 = 2° to
26 = 3&0. The peaks at the various angles are correlated to the
d-spacings providing an identification for the different minerals.

The horizontal axis has little significance, but is used in

quantitative analysis.
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APPERDIX D

TON EXCHANGE DETERMINATIONS
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TON EXCHAWGE DETERMINATIONS

To find the total ion exchange canacity of the soll and
the nature of the exchangeable ions a 25 gram sample of soil in
air dry condition was used. This sample was leached with a 1:1
mixture of ammonium acetate and ethyl alcohol. The ammonium ion
replaced the exchangeable ions held in the soile.

The decantant from the leaching was used to find the
various exchangeable ions. Titration revealed the amount of
(1) calcium and (2) calcium plus magnesium. The difference gave
the amount of magnesium. A flame comparison test was uwsed to
determine the gquantities of sodium and potassium.

5

The ammonium ion was leached from the sample with sodium

chloride. Titration of this decantant gave the total ion exchange

B

capacity of the soil which was approximately the sum of the in-

dividusl ions.
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