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~ABSTRACT

The geotechnical properties of nineteen clay soils
frop Eastern, Central and Southwestern Ontario were evalua;

" ted both in their natural and brine-treated states. The
main focus was on the relationship of permeabiiity tc other
geotechnlcal properties of the soils in the two states. In
addltlon to permeability, grain size dlstrlbutlon, Atterberg
limits, water adsorption at 98% relative humidity-and op~

.
timum compaction parameters were determined. All permeabili-
ties were determined at optimum compaction.

The resultsg indicated that high and significant corre-F
lations exist between Atterberg~limits and water a@sorption,
Atterberg limits ané clay content, and the pérmeabilities
of the treated soils to brine and the untreated soils to
water. Lower correlation coefficients were, howéver, ob- 7
tained betweeﬁ Atterberg limits and water adsorption for
treated soil samples. The results also showed that geotech-
nical properties of the soils in the natural state were
significantly different from those in the hriné-treated
state. The difference ﬁﬁs been attributéf#ﬁb'&egsiqation

shrinking cf the clay, due to sodium cation exchange. - The

v

shrinking led to the formation of near-horizontal cracks

iv
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and hence a substantial increase in the permeabilff?rof;
the untreated eoils to brine. Forvmoet_ef the soils used,
“ +he ratio of Qermeabilities of untreated soils to Brige
(eqa water was approximately 100:1. The permeability to
brine was signifieantly reduced by pre-treating and re-

moulding the soils with brine. As long as leachiné of

salt did not occur, the treated soils maintained reasonably.

low permeabilities to both brine and water. Liguid limit
was shown to be more influenced by brine than plastic
limit. -Brine;treated soil samples showed lewer,liquid
limits than untreated samplés. Piastid limits were not
signifiégntly reduced by brine treatment. The lower
Atterberg iimits was expleined by an increase in interpar-
gicle attraction's as a result of the suppression of_the
diffuse double layer. Water adsorptioe at 98% relative
humidity was significantly increasdd after treatment of -
samples with brine. _Catioﬁ hydration was prebably respon-
sxble for the increase. ‘. R ‘ _
The study demonstrates the ﬁeed to pre-treat clays to
be useg in the construction of clay llned brine reserv01rs.
Pre-treatment can take the form of moulding t@e clay with
brine during compaction. The low permeability of the )

t;eated 50115 to brine suggests that seepage of brlne to

the subsurface would be minimized.
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CHAPTER I

INTRCDUCTION ’

1.1 The Present Prcblem:

The use of‘surface reservoirs to store b;ine is common
in the oil industry. Licguified petroleum gases such agl
propane, butané and eﬁhahe are stored in salt caverns. The
caverns are formed by injection of fresh water into anlﬁn-
derground salt ie;mation and dissclving out the salt forma-
tion. The resultin%fb%ine solution‘is returned to the surface
and retained in fzgervoirs, once the caverns are completed.
Later on, when the liguified petroleum gases are needed for'
use, the brine is used to displace them from the storage
caverns. It is desirable that enlargement of the caverns
‘be avoided; hence the use of brine as the displacement flg}d.

Most brine storage gTservoirs in Alberta and elsewhere
utilize clay. liners, because clay is usually the least ex-
pensive material near the site. Many petroleum companies
have had costly leakage problems with brine ponds con-
strﬁcted from untreated clay. ' The present study was promp-
ted by jone such problem with a brine pond at Redwater,
northeast ¢f Edmonton, belongiﬁg to Imperiai 0il Limited.

The pond was constructed ffrom glacial till consisting of

socme boulders in a clayey \matrix. A few months after the



2
construction of the pond, menitoring of wells revealed that
brine had leaked into the aquifer below, fesulting in the
contamination of the groundwater. The lining which was
oriéinally 4 feet thick was ré—compactéd'and thelthickness
'increased to 6 feet. The pond leéked again, six months
after re-working. | ;/,

Personal communication-.with Dr. Hudec at the University
of Windsor, has indicated that in 1979 he méaéured the tem-
perature-of the brine in' the pond. The result showed a sur-
face layer of low salinity at 4°C, overlying concentrated,
brine at a temperature of 20°C. This temperature gradient
was due to solar heating of the brine.

It is believed that the Redwater pond leaked, because
it had attained a higher permeability, due mainly to dessi-
ca;ion shrinking. The dessication shéinking results from
tsé flow of fresh water from the\clay into the brine by a
high concentration gradient (Hudec and Sonnenfeld, 1979).
The main reason for-the dessication shrinkage is sodium (Na)

cation exchange. The dessication shrinkage resulted in the

’

development of cracks and hence a substantial increase in

permeability. Pilot laboratory testing by Dr. Hudec in 18979
has confirmed this (personal communication). Brine ponds
constructed from untreated clay are likely to leak because

of the subsequent development of high permeability.



41.2 Purpoge of £he Sﬁgdx

This‘étudy was pefforméd to investigate the effects
of brine on some geotechnical properties of clav soils.

The most important property under consideration was the
permeabilities to water and brine of eighteen clay soils.
The other geotechnical properties investigétéd were
Attérbérg limits (liquid and plastic limits), wateF ad-
sorption and compaction'charécteristics. It was expected
that these properties would help explain the difference
between the bérmeabilities to water énd brine. Nineteen .
(19) clay soils from 10 locations in Southwestern, Central
" and Eastern Ontario were collected from clay pits and
stream banks. The samples were placed in plastic bags,
which were immediately sealed to preserve the field mois-
ture contents of the samples.

Grain size analysis of the original samples was done -
by wet sieving on coarser fractions and hydrometer analysis
on the fine portions. Atterberg limits and water adsorp-
tion at 98% relative humidity and 22°c were determined for
original samples and samples treated with brine. Optimum
meisture contents and maximum drj densities were determined
for ail the samples using the Standard Proctor method.
Permeabilities of both original and treated samples at

optimum compaction were determined with a specially-designed

large-area permeameter, using water and brine as the permeants.



4
Long—tetﬁtpermeabi&ity to water and bane’were.aléq de~
terminéd‘over a period of 7 days (168 hours) for six .
randomly selected samples. -All e#perimental procedures
are ocutlined in Chépter Iv.

The results of the experiments and significant’ cor-
relations among clay-size fraction, Atterberg limits and
édsorption.are presented in Chapter V. 1In addition, per-
meabilities of original and tréated samples to water and
brine are compared. The results are discussed with refer-
ence to the basic théofetical considerations outlined in
Chapter II.

As a result of this study, a method of pre-treating

and placing clay liners for brine storage is proposed.



CHAPTER II
‘ THEORETICP:.L CONSIDERATIONS

2.1 Clay Mineralogy, Structure and Shape

2.1.1" Mineralogy and Structure

The term "clay,"” as used in soil mechanics has two

" meanings. ° It refers to all constituents of a soil smaller

than same given size, usually 0.002 mm. Whenoused as a
mineral term, however, it refers to specific minerals
termed the "clay minerals." Clay minerals are primarily
hydrous alumino-silicates, that:.is, oxides of aluminium
and silicen. Magnesium or iron occupy all or part of the_
aluminum positions in some mineralé, and alkalis (for
example, sodium, potassium) or alkaline earth {(e.q.,
calcium, mégnesium) are also present as essential consti-
tuents in some of them (Grim, 1968). The aluminium-oxygen
combinations are the basic structural units, which are
bonded together in such a way that sheets are formeﬁ; The
different minera;s within élay mineral groups are the re- =
sult of variations in stacking of these sheets into layers,
the bonding between Layers,‘and the substitution of other
ions for aluminium and silicon. Yong and Warkeritin (1975)

have noted that this substitution occurs for ions of

.



approximately the same size and is therefore called,
isomorphous substitution.
The two basic units in clay mineral structures are

the silicontetrahedron, a silicon tetrahedrally coordina-

ted with four oxygens and the alumimium or magnesium

octahedron, in which aluminium or magnesium ion is octa-

hedrallj coordinated with. six oxygens or hydroxyls. Most
clay minerals are either 2-layer sheets or 3-layer sPéets,
the commonest being kaolinite, h&lloysite, chlorite, illite
or clﬁy mica, talc, montmorillonite, and vermiculite. In
these minerals; the silica and alumina components, usually
and ideally, form broad sheets sharing a common interfacial
plane of oxygen at;ms. Figure 2.1 is a schematic represen-
tation of the silica tetrahedron and aluﬁina octahedron.
There are three major groups to which the clay minerals
belong: the kaolinite group, the illite group and the
montmorillonite group. -
) Kaolinite

Kaolinite' consists of 2-layer sheets in which a silica
sheét and an alumina sheet share a layer of oxygen atoms
between them. This is shown scﬂematically in Fig. 2.2.
Each layer is three oxygen atoms thick. The layers are
held together by hydrogen. bonding (Section ?.1.3) between

hydroxyls from the alumina sheet on one face and okygens

from the silica sheet on the obposite face of the layer.
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Mitchell (1976) was of the opinion that Van der Waals

’

forces also contribute to the bonding between layers. In
both cases, the bonding is of sufficient strength to pre-
vent interlayer hydration and swelling, allowing many
layers to build up.

Halloysite differs from kaolinite in that it can
occur in hydrated form, with a la&er of water molecules

-

between the layers of the kaolinite crystal. The hydrated

i

form found in nature loses the water readily on heating
and does not rehydiate when put in water. The literature
sometimes refers to the dehydrated form as metahalloysite,
but Yong and Warkentin (1975) thought'that a preferred
usage should be halloysiﬁe with the state of hydration
specified.

Illite N

Illite is perhaps_the commonest clay mineral eneoup—
tered in engineering practice. It,consists of 3-layer
sheets made up of repeating layers of an alumina sheet
betwéen tw; silica sheets with 5xygen shared to give_ a
unit four oxygen atoms thick. The layers are bonded
togethér by potassium ions which are just the right size

~

to fit into the hexagonal holes of the silica sheet. Sub-
stitution of A13+ for Si4+ provides negative charges'which
balance the potassium cations. Figure 2.3 represents the
sgructure schematically. 1Illite differs from minerals

~
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Fig. 2.3 Schematic representation of typical illite
structure (from Yong and Warkentin, 1975).
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such as muscovite and biotite in having a smaller particle
size, less substitution of aluminium for silicon, less
potassium, and a more random stacking of layers with con-
sequent weaker bonding between them.

Montmorillonite

The montTS;i}lonite mineral has the ‘'same layers as

illite except that isomorphous substitution occurs mainly

ip the alumina sheet,'ﬁith M92+ or-Fe2+ substituting for

A13+ in the dioctahedral minerals. The term dioctahedral

is used for .clay minerals in which only two thirds of the

octahedral positions are filled and trioctahedral for those

-

in which all the positions are filled. Different substitu-

tions of ions lead to different montmorilionite.minerals.
In a typical montmo?illonite structure, there is no potas~-
sium to bond the layers together and water enters easily
between the layers.{ There is no substitution in the
tetrahedral sheet. A schematic representation of typical

montmorillonite structure is shown in Fig. 2.4.

‘A

2.1;2 Summary of Structure and Shape of Clay Minerals

X-ray analysis has shown that the interatomic dis-
tances in the crystal lattice of clays resemble those of an
ionic structure. This implies that the clay minerals are

essentially an assembly of densely-packed oxygen anions,

'cemented' together by 'strong cations, whose high mutual
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repulsions, due to their high charge, control the density
of the anionic lattice. Ingles (1968) has noted that the
surfaces of the clay minerals are composed entirely of
oxygen (or hydroxyl) atoms.

With the aid of the electron microscope, the sizes and
shapes of clay mineral crystals have been determined to a
re;sonable accuracy. Lambe (1958) reports that all the
minerals mentioned above are sheets, that is, non-equidimen-
sonal. Yong and Warkentin (%975) héﬁe also recognized that
most clay minerais are plate;shaped or tabular. The explana-
tion for this shape is that the layér-lattice structure
results in strong bonding- along two axes but wéak bonding
between layersi Some minerals sﬁch as- attapulgite are,

4
however, narrow fibres.

2.1.3 Interatomic and Intermolecular Forces

The various electrical fortes acting between clay
particles have been discussed by Lambe (1958), Yong and
Warkentin (1975), and Mitchell {1976). These electrical
forces act only near the particle surface and many of
them are the resu o,i discontinuities at or near the
surface. This meé ti;lat they be.come significant only
when they are large in comgarison to the .masses of the

particles themselves and the surface area per mass (that

'is, specific surface) is high. Lambe (1958) defined a
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"oolloid" as a particle with a specific surface large encugh

to cause the electrical forces to dominate the mass forces.

Clay particles, because of their small size and large surface
area, are thus eésentially in the colloidal range. It
follows that when two clay particles in a system are brought
into close proximity their respective_force fields ovérlap
and this affects the behaviour of the sgystem.

Lambe (1958) recognized that electrical forces acting
betwegn atoms fall into three categories:{ primary Galence
bonds, hydrogen bonds, and secondary valence bonds. Primary
valence bonds hold atoms together in the basic mineral units

and are the strongest. Ionigiwcovalent, and heteropolar bcnds

‘are the primary valence bonds most important to the soil

mineralogist.

fﬁ the ionic bond, electron transfer occurs between the
atoms which are subsequently held together by Fhe opposite
charge attraction of the ions formed. ?he covalent (or
homopolar) bond involves the sharing of electrons by the
linked-atoms. The heteropolar bond is partly ionic and
partly covalent due to unequal sharing of electrons by the
linked atoms. In the hydrogen bond, an atom of hydrogen
is strongly attracted by two electronegative atoms especially
those of oxygén, nitrogen or fluorine. This property of
hydrogen is unique and is probably due to its small size ;

(Yong aka Warkentin, 1975). Hydrogen bonding between two
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oxygen atoms is very -important in clay mineralogy because

it bonds layers of clay minerals together, holdg water at

clay surfaces, and bonds organic molecules to clay surfaces,
The secondary valence forces (also called Van der Waals

forces) occur between uncharged units of- matter. They arise

from electrical moments existing within the units. Dipoles

are molecules which are neutrél but have separate centres of :

positive  and negative charge. Certain orientations of
adjacent dipoles are statistically preferred and net attrac-
tion results. The instantaneous positiohs of electronsg in
‘atamic shells are variable so that even molecules which are
not pglar caﬁ be considered as instantaneous dipoles. Van
der Waals forces result when these instantaneous dipoles
induce in-phase dipoles in adjacent molecules. Yong and
‘Warkentin (1975) mentioned that these forces decrease as

the seventh power of the distance between atoms.

" The watg; molecule is a permanent dipole since.its
polar nature.arises from the position §f atoms in the mole~-
cule. The positive corner of one molecule is attracted to
the negative corner of another by Van der Waals forces.

The secondary valence forces or Van der Waals forces
are'of vital concern to the soil engineer because they
contribute to clay strength and cause soils to hold water.
The primary valence and'hydrogen bonds are both too strong

to be broken by stress imposed on a soil system during

»

B
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routine engineering practice. Thefsecondary valence forces

are much weaker and can act over relatively large distances.

Another type of primary valence Zinkage worth congider-
ing is the electrostatic attraction or repulsion of electri-
cally charged uﬁits of matter. This includes the attraction
between neggtively charged clay particles and cations, re-
pulsién betﬁeen cations, attraction between cations, and
anions and repulsion between anions. These electrostatic.
forces involve net electrical charges and can act over much
larger‘distances than can ionic bonds (Lambe, 1958).

In conclusion, it must be mentioned that secondary valence
» forces (Van der Waals forces) and hydrogen bonds are of more
concern to the soil ehgineer. This is because they are
greatly influenced bf'applied stresses and changes in the

soil-water s&stem.

2,2 Cation Exchange Capacity

The surface of clay particles is negativelylcharged
when suspended in a water medium and will, ccnsequently,
attract cations from the soil water, or rather soil sclu-
tion,_to balance the negative chérge. The cations are
" termed "exchangeable cations" because one cation can be
readily replaced by another of equal valéngg, or by two
of one-half the valence of the original one.

‘ The cation exchange capacity (CEC) is the number of

cations bound - but only loosely - to thé mineral surface
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by charge deficiencies in the particular cr?stgl lattice.
It-~-is the amount of negative charge per unit mass (or per
uﬁit surface area of the clay) and is usually expressed as
milliequivalents per gram or per 100 grams. The main source
of the negative charge on the surface is isomorphous substi-

3+

+
tution of Al for Si4+ or of Mgz+ for Al3 , as previously

discussed. This occurs during crystallization or %ormation
of the mineral. A second source is unsatisfied valence
chqrges at the edges of the particles. These are known as
broke;—bond charges and are due to the fact that bonding at
the edges of the clay crystal lattice is broken. Yong and
Warkentin (i975) have noted that the broken bonds are Be—
tween oxygen and silicon and between oxygen and aluminium.
Théy suggested that the mo3t probable plane is as shown in‘
Fig. 2.5. *
Broken bond charges have very important contribution
to the CEC of the 2-layer c}ays such as kaolinite (Quirk,
1960). The amount of such charges per unit mass of cla§
increases with a decrease in parfficle size, because the pro-
portion of édge to total area is increased. The broken
bonds attract hydrogen ions in solution (that is, HTH20+
or H3O+ or hydronium ions) from the pore water. The hydra—
gen ion can be exchanged for other cations and the ease

with which this happens is a function of the pH of the

solution. The charge due to broken bond increases as pH



18

”\|><\/ X[
/\><|\/t><|

1
|
I
|
I
I
[l
1

\\//\/\\//\/

' Praogbie Breamng Plang

Lm‘luu o< an 7 e 7 pH <% Fight tace

“-,~1 ’}’,,un, . on'd . . \\‘\\\i ::>//

//,/” l~\\‘*031 ! L ////”I ~

| | .
A N o

H* 5.1

Charge o0 Broken Edqes

Fig. 2.5 Xaolinite structure showing probable
: Breaking plane and mechanism for edge
charge by picking up hydrogen or hydro-
xyle from solution to dgive positive
charge at low pH and negative charge

" at higher pH. (Directly from Yong and
Warkentin, 1975).



.19

increases, that is, as -the hydrogen ion concentration of
the pore water decreases.

The predominant exchangeable~cations in sbi;s are cal-
cium and magnesium. Potassium and sodjum are found in
smaller amounts. Geological environment and subsequeﬁt
leaching determine which exchangeable cations will be pre=
sent. Marine clays have predominantly magnesium and sodium
while acid éoils have mostly aluminium and hydrogen.

As noted abéve, ions of one type can be repléced by
ions of another type. The replacing power dépends mainly
on the valence, size, and the relative abundance of the
different ion types. The higher the valence the gieater
the replacing power, or the harder to replace if cation of
higher valence is at the surface. Small cations tendpto
displace large cations of the same valence. A typical
replaceability series is as follows (Worrall, 1968):

2+ 3+ oyt

Litenat<xt<nn,*mg?teca®t<Bat<al

4

It is, however, possible to displace a cation eof high re-
placing power, such as Al3+ by one of low replacing power
such as Na+. This can be achieved by making the concentra-

tion of Na© in solution very high relative to that of A13+.

2.3 Plasticity

Plasticity can be defined as that property of a haterial

which allows it to be deformed rapidly without rupture,

Pl
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elastic rebound anq volume change. Thié behaviour changes
with a change in water content and is especially marked for
clay éoils. Grimshaw (1971) defined plasticit? "as the
behaviéur of clays when they are mixed with water but in
ingufficient amounts to permit flow without external ap-
plied strésses." Means and Parcher (1963) have reported
the occasional ﬁse of the term "plasticitﬁ" for any non-
elastic defo;mation, such as workabiiity, Creep-or yieia.
Soils, at ﬁigh water contents, are éuspensions with
the flow properties of liquids. 1In clay soils these flow
properties will change to the non-Newtonian flow of ﬁgste-
like materials, as the water content is gradually reduced.
A further decrease in water content wiil lead‘to an increase
in cohesion so that the socil becomes sticky and makes re-
moqlding difficult. On further drying fhe stickiness dis-
appears, and the clay can be moulded. At this water content
it is plastic. As the water content decreases still further

the plasticity is lost; the soil becomes harder to work and

‘a

at low water contents becomes a hard and brittle solid.

This means that a piece of clay so0il may exist either as a
brittle solid, plastic material or liguid., The transition
from one state to another is gradual and an'exact character-
ization of the transition point is not possible (Means and
Parcher, 1963). Consisteﬂcy ig the physical cqndition of a

soil at a given water content. It represents the resistance
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L3
of the soil to flow and gives an indication of its rheclogi~

cal behaviour (Yong and Warkentin, 1975).

©2.3.1 Causes of Plasticity

Plastic behaviour of clay soils is due to the lubricat-
ing effect of water films between adjacent particles. It
depends on the size ana shape of the individual particles
énd the chemical nature of their surfaces. Grimshaw (1971)
discussed the role of cations in solution in clay-watex
gystems. He referred to the formation of a hydrosphere of
cations surrouﬂded by aligned water molecules at the clay
surface. The size of the hydrosphere, he noteﬁ, varies
according to the number, size, charge and degree of hydra-
tion of the cations. At high water contents, the hydro-
sphere is large so that the particles in suspension are at
the maximum separation. Freé and viscous flow is then
possible because the thick water films permit the particles
to slide past one another more easily. On the other hand,
a reduction of the hydrosphere results in more cohesion be-
cause the‘separating water film becomes thinner.

! .
2.3.2 Factors Affecting Plasticity

Plasticity is related to the thickness of the water
films formed around each soil particle. An excess of water
will permit flow with a reduction in the plastic properties.

At much lower contents, the individual particles touch and
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plaéticity is destroyed. Plasticity is thus dependent on
water content and its peak value is a function of the sur-
face area capablé of being wetted. Grimshaw (1971) has
discussed the va;ious factors affecting plasticity. BHe
noted, in particular, that surface area of particles and
the presence of electrolytes have considerable influence

on plasticity. Various investigators are of the view that
plasticity is due to the presence of extremely small-sized
grains in a material. This is based on the fact that various
materials, usually considered non-plastic may, when very
finely ground with water, develop some amount of plasticity.
Cocarse additives, in general, are known to reduce plasticity

. b ]
in a well-balanced

élay.

The mineralogy of the solids in a clay-water system has
been shown to affect plasticity (Grim, 1962).l Effectsmof the
previous history of a clay soil may be reflected in measure-
ments of plagticity. For example, when a clay is air-dried
it loses its plasticity; but this.is readily restored on
mixing with a suitable proportion'of water. On the other
hand, a clay dried by artificial heat or exposure to tro-
pical conditions cannet fully regain its plasticity. This
is due to partial decoﬁﬁosition of the clay or a partial
conversion of the colloidal matter into an inert material.
Any tréatment which alters the colloidal matter affects the

plasticity of clay soils.



23
o

2.3,3 Measurement of Plasticity

About 1911, the Swedish agriculturist, Atterberg,

divided the entire cohesive range of ¢clay soils from the

solid to the liquid state into four stages. He get ar- .E

s

bitrary limits for these divisions in terms of water con-
tent as follows:

i(a) Ligquid limit or lower limit of viscous flow above
which the soil and water flow as a viscous liquid and below
which the mixture is plastic, - .

(b) Plastic-limit or lower limit of the plastic range
is the water content at which the soil will start to crumble
when rolled into a thread under the palm of the hand.

{¢) Shrinkage limit or lower limit of volume change
at which there is no further decrease in volume as water is
evaporated.

The above limits ére called Atterberg or Consistency limits.

Measurements of plasticity are made on remoulded
gamples. In the laboré%bry the liquid limit is determined,
according to standard procedure, by noting the number of
blows and water content.at which‘the soil flows to close a
groove made in the liquid limit device (ASTM 423~-66, revised
1981). Pour or five watef content determinations in the
range of ten to forty blows are obtained. A "flow curve"
(approximately a straight line) is théined-by plotting the

water content against log of blows. The liquid limit isg
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defined as the water‘content at 25 blows. Thevplastic limi;
is determinéd as the water cpnten£ at which the soil begins,
to crumble when rolled into a thread 3 mm or 1/8 inch in

" diameter, under the palm of the hand.

'Lamﬁe'(lQSl) and Means aféjfarcher ¢1963) have dis-
cussed, in detail, the proceddre and relevant mathematical
expressions for the determination og the shrinkage limit.
The shrinkage limit can be obtained on soils in either their
ﬁﬁdisturbed or their remoulded states. Since there is little
change in voluﬁe from the shrinkage limit after complete
drying out, it can be determined from the.volume of an oven-
dried specimen. The volume of the dry specimen can 5; de-
termined by displacement in mercury. By assumihg the Gdids
of the dry 5011 to be filled w1th water and determinlng the
ratio of the weight of ﬁ;his water to the weight of, the dry
solid, the shrinkage limit can be cbtained from a knowledge
of the total volume, the specific gravity of the solids,
and the wé&g\t of the dry specimen.

- The shrinkage limlt concept finds consgiderable appli-

cation in testing water-sensitive, expandable clays.

2.3.4 Significance of the Atterberg Limits

The plasticity index is the .range of moisture content

over-which the soil is plastic and is defined as the dif-

-

ference between the liquid limit (WL) and_the plastic

limit (Wp). This index depends, to a first approximatiph,
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only on the amount of clay present. The ratio of the
plasticity index to the percentage of particles smaller
than 0.002 mm by weight is known as thé activity of a
clay soil. Thé activity of a clay. soil is a measure of
the degreé to which it will exhibit colleidal behaviour
kPerloff and Baron, 1976). . It is apparent that a high
dctivity indicates a soil which woula be expecteé to give
the engineer problems due to its generally hiéh water
holding capacity, cation exchange capacity, thixotropic
and sensitivity properties. |

The Atterberg limits provide a rough measure of the
gsensitivity of a clay soil by means of the 1iquidi£y
index (Perloff and Baron, 1976). The liquidity index is
the moisture content of the soil in excess of the plastic
limit, expiessed as a ratio of the plasticity index.
Glanville (1951) has noted that the liguidity index merely
describes the moisture condition of a soil with_respect to
its index limits and is of ﬁb use for classification pur-
poses. It shows in what part of ifs plastic range a given
sample of soil lies, knowledge which is sometimes useful -
in assessing the condition of a soil at its natural mois- -
tuie content in the field. -

Grimshaw (1971) mentioned that the Atterberg method
;egves a large margin for the personal elemiiy;ﬂwhich %s

‘ , . :
undesirable. It is possible that ameong a numbér of tech-

[
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nicians in different 1ab§ratories, differing humidity cohé
ditions and varying interRretations of sample preparation
will lead to variability in the values obtained. He also
-states that "the Atterberg limits are based on the idea
that the plasticity of a material is proportional to the
amount of water present, but AQ it is not the water alone,
but the nature of the viscous fluids (of which the water
is only one constituent), and the naturé‘of the solid par-
ficlés'as well, which determine the plastigity of a mass,
Atterberg's method is fundamentally unsound, but it is a

simple and convenient determination for same purposes,

for example, assessing the properties of soils" (Grimshaw,
1971, p. 508). It is this disturbing fact which has
sometimes prompted the investigation of the measurement
of the natural sorption capacity as an alternative pro-

pergy to the Atterberg limits. : !

Odell et al. (1960) studied the relationships of
Atterberg limits té the amounts of some clay minerals,
organic carbon, and clay size fraction for same Illinois
soils. They obtained multiple correlation coefficients
of 0.959, 0.887, and 0.938 between ligquid limit, plastic limit,
and plasticity index, respectively, and the three soil
properties. Dumbleton and West (1966) investigated_the
relationships.between the clay content and the plastic
and liquid limits of natural montmorillonitic and kao-

linitic soils. They concluded from the study that the
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CLaf content has a strong influence on the plasticiﬁy.
The main engineering use of the AttedMggrg limits and
the related indices is in soil identification and classi-
fication. Another important use of the limits, as Lambe
and Whitman (1969) noted, is in specifications for con-
troliing soll for use in fill and sémi-empirical methods
of design. It has been noted that all of the limits and
indices, with the exception of the shrinkage limit, are
determined on remoulded soil specimens. The limits, there-
fore, give no indication of particie fabric or residual
bonds beéween particles which may have been developed in
the natural soil but are destroyed in preparation of the
specimen for the determination of the limits (Lambe and

Whitman, 1969) .

It has been pointed out that the chemical and mineral
composition, size and shape of the soil particles influ-
ence the adsorbed water films on the particles. Geotech-
nical properties such as compressibility, permeability and
strength as well as the Atterberg limits are all dependent
on the water films, Approximate relationships between

these properties and the limits, therefore, exist.

2.3.5 Clay Mineralogy and Engineering Behaviour

Ingles (1968) has discussed the engineefing properties AJ//
of the various clay minerals. These propérties will be
summarized here for kaolinite, illite and montmorillonite.

Kaclinite is non-swelling and inactive, whereas
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halloysite is very plastic and troubleéomé when partially
dried, but rélativély inactive otherwise. Kaolinite has !
a low liguid limit. The activity of illite is intermediate
between those of kaolinite and montmorillonite. Illite
undergoes cnly partial swelling and becames active if
leached. Montmorillonite, on the oﬁher hand, has a high
activity and high liquid limit. When placed in contact
with water, montmorillonite swells to several times its

dry volume. This swelling is the result of water adsorbed

 between layers, pushing the layers apart.

2.4 Water Adsorption

2.4.1 ©Nature of Adsorption
¥

The forces acting at tHe surface of a body are slightly
different from those acting within the’bodj. In the inter-
ior‘of the body, attractiVe forces bet@een molecules, atoms
and ions are balanced; Ehe net aﬁtractive force is equal in
all directions. At the surface, however, exposed molecules
and atoms are not surrounded on all sideé. The net attrac-
tive force is directed towards the interiéi of the ‘body.
This attraction cccurs in a direction normal to the surface.
In response to this net attraction, the surface shrinks to
the smallest area that can enclose the body. There is,

therefore, an unfilled capability by the surface to attract

other molecules or ions. This phencmenon is known as
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~adsorption. Worrall (1968) distinguished adsorption from
'absorption' By noting that the latter occurs when the in-
terior of fhe body participates in the up-take of. other
molecules.

Lee (1941) briefly discussed adsorption. He mentioned
that adsorption océurs when the pressﬁre of a gas 6? the
concentration of a sblution in contact with a finely-divided
or‘porous material dec;eases. The surface that adsorbs is
known as the adsorbent and the adsorbed medium is the |
adsorbate. Rigbey (1980) defined adsorption as the adhe-
sion of a thin film of molecules to a solid or liquid'
surface.

Adsorption is a function of surface forces. A surface
will attra%f dipolar or ionic molecules because of itg
charge. The thickness of the adsorbed layer is thus a
function of the surface charge (Rigbey, 1980). This sur-
face charge arises from the unequal molecular attraction
at the Qurface, as mentioned above, and the presence of un-
satisfied molecular bonds. Clays, due to the presence of
imperfections at the surface, especially at the edges, and
atomic or ionic substitutions in their crystal lattice,
have particularly high surface chérges fYong‘and’Warkentin,
1975).

Worrall (1968) noted that adsorbed substances need not

be ionic. He recognized the role of Van der Waals forces
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in thé adsorption of non-ionized molecules by surfaces and-
referred to this phenomenon as physical adsorption. Chemi=-
qdrption, according to Worrall (1968),'is the up;take of
ions of one particular type by a surface, an example being
the adsorption of oxygen on metal surfaces: In‘chemisorp-
tion, it is possible fot a reaction to be complete and
irreversible. The extent of a physical adsorption is,
however, always controlled by an equilibriﬁm between ad-
sorbed and unadsorbed substance. Worrall (1968) used the
Freundlich Isotherm Equation to describe adsorption of a

solute from a'solution, that is;

x/m = k.cl/n '

where x = mass of solute adsorbed
m = mass of adsorbent -
c = concentration of solute at equilibrium
k = conséant related to the gurface area

n = constant greater than 1

Physical adsorption, .unlike chemisorpticn, is markedly
tempefature—dependent and in the above equation, Worrall

(1968} makes the assumption that the temperature is constant.
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2.4,2 Possible Mechanigms of Water Adsorption

by Clay Surfaces

Grimshaw (1971), Yoné and Warkentin (1975) and
Mitchell (1976) have all discussed the attractioﬁ of water
to soil minerals, particularly to clays. It is known from
experimental work that dried cléys will adsorb water from
the atmosphere at‘l&w relative humidities. Many soils swell
when given access to water, and temperatures above 100°C are
needed to remove all the water from a soil.

Several mechanismsg have been proposed to explain water

adsorption by clay surfaces. Yond and Warkentin (1975)

noted that the forces holding water molecules to the clay
surféce arise both from the water and from the clay.
Mitchell (1976) supported this view and mentioned hydrogen
Sonding of water molecules to exposed oxygens or hydroxyls
at the clay mineral surface as a possible mechanism for
clay-water interaction. Since the water molecule is di-
poiar, it will be oriented with its positive pole directed
toward the negative surfaces of c¢lay partices. Cations in
water are always hydrated, that is, surrounded by layers of
Water molecules, Thus, exchangeable cations held near the
negatively-charged surface hold some of the water at the
gurface as water of hydration of ions. The degree of
hYération of the surface would vary according to the gat;on

present.
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Mitchell (1976) mentioned the role of osmosis in clay-
water interactions. He recognized that the increased con-
centrationvof cations in the vicinity of the negatively-
charged clay surfaces would lead to the diffusion of water
molecules towards the surface to equalize concentrations.
This mechanism is feasible probably because diffusion of
ions from the vicinity of the surface is restricted due to
electreostatic attraction. )

Water molecules have, in some instances, been ‘known to
be bonded to clay surfaces by Van der Waals attractive
forces. Mitchell (1976) noted that in such cases, in-phase
fluctuatioﬂs of electron‘clouds in the molecules occur.
Consequently, temporary dipoles are formed which induce
di;placements in neighbouring molecules so that dipole-
dipolé attraction occurs. Such bonds would be nondirec-
tional and, as Mitchell (1976) noted, the resulting water

structure would be close-packed and more fluid tpah the

H-bdnded structure.

2.4.3 Structure and Properties of Adsorbed Water

The structure of adsorbed water has been a boint of
controversy among many workers. Adsorbed water has been
viewed by Yong and Warkentin (1975) as layers of water
molecules held successively by hydrogen bonding to the
clay surface. The force, however, becomes weaker with

di.stance because the orienting influence of the surface
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on the water molecules decreases. This means that eacq'suc-
cessive layer\is-held less strongly away from the surface,
and the bonding quickly decreases to that of free water.

The properties of this water close to the surfACe differ
from those of free water.

Anderson and Low (1958) concluded from their experimen=-
tal work on Wyoming bentonite that adsorbed: water is less
dense than free water. Grimshaw (1971), however, noted that
the density of adsorbed water is higher than in normal |
water. Yong and Warkentin .(1975) also stated that the den-
sity of adsorbed Qater is higher than that of free water.
They pointed out that the density decreases as further
layers of water molecules are added to the clay surface.
Mitchell (1976) summarized data on the density of adsocrbed

@water on sodium montmorillonite as a function of wate; con~
tent. The results indicate that for water contents less
than needed to give about three molecular layers on the clay
gurface (103 thick layer), the density is greater than that

of normal water. It is, however, less at greater water con-

tents. He concluded that data covering specific ranges
of water coﬁtent can be used to support close—packea
liguid models and open H-bond models, but no clear pre-
ference for either can be made.

Several authors (Grim, 1953; Grimshaw, 1971; Yong and
N .
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Warkentin, 1975; Mitchell, 1976) have observed that the
bonding and structure in adsorbed water are differept than
ih normal water. This means that there should also be
differences in vigcosity and ion mobility which would be
reflected in measurements of diffusion and flow properties
(Jurinak and Volman, 1961). Martin (1960) observed, how-
ever, that results of fluid flow and diffusion experiments
are not very reliable because of difficulties in experimen-
tation and data analysis. Hé concluded that such results
could not provide clear evidence about the nature of ad-
sorbed water. Low (1961) supported the view that adsorbed
watef has a quasi-crystalline structure, exhibits non-
Newtoniaﬁ flow, and higher than normal viscosity. Current
eyidence, hgwever,-appears gb inaicate that adsorbed water,
whatever its structure, behaves as a Newtonian liquid. .
Grimshaw.(197l) and Yong and Warkentin (1975) indicated
that the layer of adsorbed water close to the surface has
d much higher viscosity than that” of normal water. Rigbey
(1980) postq}ated that this higher viscosity can be attri-
buted to increase in surface tension. .

Adsorbed water has also been shown to consgist of water
molecules which are relatively free to move in the two di-
rections parallel to the clay surface but are resfricted in
their merment.perpendicular to, or away from the surface.

Thus, the thermodynamic properties of adsorbed water is
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different from those of ice, in which movement of water
molecules is restricted in all three directions. Adsérp-
tiqp of water is both'temﬁerature and humidity-controlled
and a change in humidity conditions is sufficient to alter!
the amount of adsorbed water. Litvan (1970) mentioned that
the amount of adsorbed water decreases with temperature.
Cary et al. (1964), however, cautioned that.calculations of
thermodyna@ic quantities based on the temperature dependence
of systems are, in general, not reliable at lbw relative
humidities. This is due to changes in the available sur-
face.

Mitchell (1976) has noted that adsorbed water will
supercool. Supercooling is the reduction ofltemperature
below the normal freezing point without the initiation of
freezing. This means that adsorbed water cannot attain the
structure of ice (Mitchell, 1976). This property of ad-
sorbed water had been observed by earlier wérkersdinclﬁding
Litvan (1970). ZLitvan (1970, 1972) stated that adsorbed
waternfemains in a liquid-like state well below 0°C and that
no freezing would occur. This observation, however, per-
tained to less than two éanplete molecular layers of ad-

' sorbed water.

2.4.4 Cation Hydratability and Water Adsorption

Most cations become hydrated due to the polar nature-

of water. Some monovalent cations such as K, Rb, Cs, do

n
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not become hydrated as their generated field is too weak
to take up water moleculeé. The single positive charge
is dissipated over a large ionic surface area, resulting in
a low ionic potential for thése cations.
The ionic radii of the alkali ions increase in the

following order (Grimshaw, 1971):
Ca > Rb > K > Na > Li

The energy of hydration depends on the radiug and charge

of the cation in question.' In -the alkali ions, there is
decreasing hydration with increasing ionic radius. It
follows that the hydratability of these cations will in- *-.

~ < \~(>

crease in the order:
Li > Na > K > Rb > Cg

This means that -lithium hydrates meost strongly bf the mono-
valent cations listed above. Polyvalent éations (such as
aluminium) hydrate more strongly than monovalent cations.
Thus hydration is seen to be partially dependent on the
ionic potential ofs the cation. Cations with high hydra-
tion energies hydraté at lower humidities than those with
lower hydration energies.

Adsorbed cations on a clay surface are surrounded by
hydration shells on introduction of moisture to the system.

The quantity of water adsorbed by a clay is' dependent on
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the nature of the surface cations. Adsorpﬁiqn accounts for
only 10 to 20% of the total sorption éapacity of the mont-
morillonites. Any factors influencing the internal surfaces
should, however, ;150 influence external surfaces. In their
dry state, individual 1attice—1ayers'§f theée clays are often.
assumed to be bonded to one another by Van der_E;;ls forces
between adjécent surfaces and "bridging" wvia exchanéeableﬁ
cations'(Michaels, 1959). In contact with water, the degree
to which the layers will separate will ‘depend primarii&)on
the affinity of the cations for water. Michaels (1959) has
noted that if the hydration~tendency of the cation is high,
water molecules will "cluster" around the ion in large num-
bers and reduce its iﬂ£ersheet bridging ability; Water
sorption and swélling are consequently increased.-fThus,
the water sorption capacity of the alkali montmorillonites
will increaée in the same order as the hydration energies
of the corresponding cations.

With non-lattice expanding clays'of the kaolinite type,
'exchangeablg‘cétionE are taken up mainly at the surface of |
the particles. At a given relative humidity, the amount of

water ,adsorbed will be directly proportional to the hydra-

_tion energy of the cation.

2.4.5 Surface Area of Clays and the Atterberg Limits

. A
It has been noted that adsorption occurs when a Sub-

-

stance accumulates only on the surface of a solid (without .
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any diffusion into the inside of a:lattice expanding cley).
The amount of adsorption will, therefore, be dlrectly pro-
portional to the total surface area of the solad The sur-
faceyﬁrea has been shown to be dependent, on the fineness of
grain size and particle shape. The variaéion in specific
surface area, gccofding to Yong and Warkentin (1975), is

™

primeri;y due tco different thicknesses of the tabular par
ticles. . | ﬁ\~

The activit& of a clay and its various colloidal pro-
1pert1es (such as adsorptlon of water and formatlon of gels
at low concentratlons) increase with increasing specific
gurface area. Yong and Warkentin (1975) have noted that '
this area could be calculated if the size and shape distxi-
butions cf the partlcles in a sample were known. This me-
thod, ﬁowever, is too tedious to be practical. Surface
area is, tﬁerefore, determined by measuring the amount eﬁ\‘//
a liquid or gas_requirea to coverlthe surface. Water vapour,
nitrogen and organic liquide such as ethylene glyco@(g{%
used., . - |

Most of the differences between clay minerals in
pr0pertiee such as water retention, plasticity or cohesion
can be explained by the difference in surface area. Surface
area has been shown .to have éphigh corrélation with the
Atterberg Limite. Farrar and Coleﬁan (1967) determined

. f e .
.total and external surface area of clay soils ﬁrcm measure=-

&

-~
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ments of water and nitrogen adsorption. They obtained a
high correlation ZEEWeen the total gurface area and the
Atterberg limits. A lower correlation was, however, ob-
'tained between external surface area and the™Atterberg
limits.  The total surface area is measured by the‘amount
of sorbed fluid. External surfacé area, ‘on the other hand,
is deteérmined by the amount of fluid adsorbed.

Seed et Eé.(1964b)glso disﬁussed the relationship
between liquid limit and surface area. They reported that.
~the liquid limit wQuld be expected to depend on the inten-
sity of the net attrgctiVe forces between the clay compo-
nents. The greater the surface area and the greatg; the
attractivg intensity, the greater will be the spacing
between the clay particles (a’ thicker water lfyer).aﬁd,
therefore, the greéter the ligquid limit. Fairbairn and
Robertson (1957) and Gill and Reaves (1957) also.obtained.
a high correlation betweenlcation—exchange capacity'and \
plasiicity index. Thegé relationships noted above, indi-
‘cate that there is a direct relation between plasticity _

and sorption properties of clay soils.

2.5 Permeability

2.5.1 Geotechnical Significance .

The significance of the permeability of soils lies in

the fact(that some of the major problems encountered in soil
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and foundation engineering have to do with drainage.  These

include‘drainaée of highways and airporté, seepage through
eérﬁh dams, uplift pressures beneath concrete dams and
~structurés below grouné water level, seepage pressures
causing earth slides, and seepage through compacted earth

matd(;al such as clay used for storage. In all of these prob-
lems, the permeability characteristics of soils have a
controlling influence on the effecfive stré;gth properties

of the goils and on their responses under stress, and hence

on stability conditions.
L
2.5.2 Permeability Flow

2
An understanding of the nature of hydraulic phencmena

a

is required for conductiﬁg permeability tests and interpre-
ting and using test data. Permeability flow in saturated
scils (and sometimes péqﬁially saturated soils) takes place
primarily under gravitational forces or a‘pumping head.

The water ev;rywhere in the region of flow is under a posi-
lﬁivé hydrostatic pressure. A negative préssuxe or suction
created in high-vacuum well-point pumping systems can some-
times induce flow in éhe—immed;ate éicinity of the well
points. The distinguishing charac£eri9tic of capillary
flow, however, ié that it takes place under capillary forces
mainly through.a continﬁgus'intergonnected gystem of thih‘
capillary moisture films at grain contacts: In this case,
the water everywhere is in a state of capi%lary tension

(Burmister, 1954).
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The principal realms of flow of water through soils are
1aﬁinar flow on.streamiine flow, and turbulent flow. In
laminar flow, viscous forces shape the character of flow ~
with velcocity proportional to the hydraulic gradient. Tur-
bulence occurs in soils a£ much lower velocities in the form
of eddieé and vortices in the larger veoid spaceé because of
the effects of expansion, contraction and change of diréé-
tion. As a consequence, turbulence is characterized by in-
creased.resistance-to flow aﬁd';arger energy losses. Flow

in natuial situations is initially transient and hence time-

dependent. After a period of time, depending on conditions,

‘a steady state is approached and an equiliﬂ?ium free water

surface is established.

The foregoing considerations lead to the conclusion.
that only one type of flow, designateq the Darcy flow, is
stable in character. The conditions under which such a
flow takes place are: (a) the laminar realm, (b) the steady
state, (c) flow with soil voids 100 percent saturated (no
compressible air present{, and (d) flow with the continuity
conditions and basgic equation of flow satisfied, that is,
no volume changes occur in the soil mass as a result of flow.

In his work on the mechanics of flow of water through
a porous medium, Darcy, in 1856, first stated the basic

law of flow:



where

V is the Darcy velocity computed on the basis of the
quantity of flow, Q, in a time, t, and of the entire cross-
sectional area of‘the_soil column A. The hydraulic gradi-~
‘ent, H/L, is the ratio of the head of water, H, causing
flow to the length of the s0il column, L, in whichﬁthé
head is lost. The Daréy coefficient of permeability k is
an overall value which provides an adequate, reliable, and
stable basis for reference and fOE comparison of different
conditions of flow.

Since A is the tetal croés-sectional area of the soil
through which the water flows, the Darcy velocity Q/At is
not the true velocity, but is the velocity at which the
quantity of water, Q, would flow through a tube of the same
area as the total area of the soil. The hydraulic gradient
H/L is a dimensionless quantity so that the dimensions of
the coefficient of permeability k are the same as those of
velocity. 1In soil mechanics thg units are usuall& cm/sec
" and will be so used throughout this study. k might be de-
fined as the discharge velocity through soil under a unit
hydraulic gradieat. 'The value of k varies from 1 cm/sec
for clean gravels down to 10 ° cm/sec for homogenous

clays.
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2.5.3 Factors Affecting the Permeability of Clay

Soils

_Lambe and Whitman {1969) have defined the coefficient -

of permeability as the superficial or approach velocity

of the permeant for flow through soil of unit area under

a unit hydraulic gradient. It follows that the perme-

ability is a function of both the permeant and the soil.

An equation reflecting the influence of the permeant and

the soil characteristics on permeability was developed by

Taylor (1948) using Poiseuille's law. The equation which .

is based on flow through a porous media, similar to flow

through a

where

The

bundle of capillary tubes, is as follows:

) 2y el
_ Y e
k=D 7 tFey ©

]

the Darcy coefficient of permeability

some effective particle diameter

unit wéight of permeant

viscoéity of permeant

void ratio

shape factor which may be taken as 0.4 for a
standard value with a’possible error of less

than 25% in computation of k.

Kozeny-Carman equétion (Lambe, 1954) which gives
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an expression for the permeability of porous media states

1y ¢
k—1-:s2“(1+e)
o
in which
ko = factor depending on pore shapé and ratio of actual
" flow path to scil bed thickness,
S =

specific surface area.

The primary considerations needed.for the valid application
of the Kozeny-da;man eguation ére (a) relatively uniform
particle size, (b) laminar flow of liquid through the pores,
{c) validity of Darcy's law, and (a) absence of long and
short-range forces of interaction.

The'Kozeny—Carman relationship represents a refinement A
of Darcy's law, accounting for certain soil Properties and
characteristics. In clay-water sysfems, however, the exist-
ence of interaction characteristics must be recognized.

The fact that most clay particles ére plate-like in shape_
and form fabric units means that the overall permeability
between and within fabric units are different. In such
'systems the Kozeny?Carman gquationAbecome% less validn

Lambe (1954} noted that whereas the above equations
express accurately the permeability characteristics of
saturated sands, they can.be ignéred when considering fine-

grained soils. First, there is the difficulty of selecting

—



45

the effective "constants” and soil characteristics.
Secondly, the various terms in the equations are not inde-
pendent, but interrelated in a very complex manner. In
additicn, even though the equations are sound, the know-
ledge of soils is not extensive enough to lend the equations
to proper interpretation. The equations, however, aid con-
siderably in the follo#inq examination of the variables af-
fectfhg the permeability of clay soils. The variables are:

1. Permeant Characteristics

2, Soil Composition

3. Particle Size

4. Void Ratio

& 5. Fabric

6. Degree aof Saturation.

1. Permeant Characteristics

The Taylor equation and Kozeny-Carman relationship
show that both the viscosity uy and the unit weight y of the
permean£ influence phe value of permeability., 1In the
literature, these two permeant characteristics are elimina-
ted by defining the gpecific or absolute permeability as

N ,

K = %% in which k is the Darcy coefficient of permeabilitf

or hydraulic conductivity. Since k is in units of velocity
(that is, am/sec), the unit for K isg cm2.
The polarity of permeant has some influence on perme-

ability. (Michaels and Lin, 1954). As a resulﬁ of the
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electrical potential genérated by fluid flow, there_is
the movement of éermeant in a direction opposite to the
net fluid flow. This electro-osmotic backflow plus the
thickness of immobilized fluid immediately adjacent to
the sﬁil particles increase with fluid flow. -Lambe and
Whitman (1969), therefore, recommended the inclusioﬁ of
some measure of polarity in the Taylor and Kozeny-Carman

equations.

2. Soil Composition

The effect of .soil composition on permeability is
particularly marked in clays but generally of litﬁle
importance with silts, sands, and éravels. Clay "com-
position" includes minerals, exchangeable ions, and im-
purities (such as free iron oxides and organic matter).
The Taylér and Kozeny-Carman equations, as thev appear,
do not contain a term that directly covers composition
or indirectly cover§ ef;hangeable ions. Suéh a tem is

~

strongly recommended.

3. Particle Size

The smaller the particles, the smaller.the voids, which
are the flow channels, and‘hence the lower the permeability.
The Taylor eqﬁationbsuggests that permeability varies with
the square of some particle diameter. It is more reasonable
to propose a relationship between permeability and particle
size in siits and sands than in clays. This is due to ﬁhé

fact that in silts and sands the pafticleé are more clearly

¢
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equidimensional and very different fabrics do not occur

{Lambe and Whitman, 1969).

4. Void Ratio
The Taylor and Kozeny-Carman equations indicate that
a plot of k versus'e3/(l+e) should be a straight line.

Lambe and Whitman, (1969) recognized the existe of other

theoretical equatioﬁs which .suggest Ehat k versus e2/(
o; k versus e2 should be a straight line. Mesri and Olson
(1971) reported values of k for smectite, illite’and kaoli~
nite. Their plot of k versus e on log scales yielded
straight lines. 1In additiocn, there are considerable peri-
mental data which indicate that e versus log‘k is frequently
a ;traight line. Test data from the work of Michaels and
Lin (1954), however, show that a plot of k versus e3/(l+e)
for kaolinite is not a straight line.

,There is sufficient evidence in the literature to
suggest that generally the plot of veid ratio versus'log
of permeability approximates a straight line. This re-
lationship holds, of course, only when all other soil
characteristics are kept‘Fonstant, since void ratio is a
dependent variable. The influence of the nature of the .
moulding fluid on permeability fLambe, 1954, p. 61) sug-

gests that it is not only the void ratio, but also the

method by which it is obtained, that affects permeability.

|
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5. Fabric

At the same void ratio, a specimen of clay soil in
the most flocculated state will have the highest perme- “
ability and the oﬁe in the most dispersed state will have
the lowest éermeability. The more dispersed the particles,
that is, the more nearly parallel they are, the more'tor-
tuous is the flow path’'if the flow is normal to the par-
ticles. This ihcreased tortuousity explains at least
ﬁartially,'why a soil whose structure has been improved
considerably has a low permeability. The main'factpr,
however, is that a flocculated scoil has larger channels
per areg available for flow than a dispersed soil.

Lambe and Whitman (1969) héve summarized data on a
compacted clay to illquEéte the extent to which fabric
influences permeability. He noted, for example, that at
the same void ratio and deqgree of satliration, a sample

‘compacted dry of optimum and one compacted wet of optimum .

have a permeability ratio of approximately 60.

6. Degree of Saturation

Soil pores filled with entrapped air are not serving
- as channels for flowing water. A partially saturated soil
is not, therefore, transmitting its maximum amount of

ligquid during permeation. Thus,. the higher the degree of
saturation, the higher the permeability. While the fore-

going .is a commonly accepted reaspning, it must be noted
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that data correlating the degreé of saturatioﬁ with the
permeability "of fine—érained soils are not readily avail-
able. In comparison Qith composition, fabric, and void
radio, the degree of saturation has minor influence on

permeability.

2.5.4 The Variable Head Permeability Test

In this test, a small quantity of.liquid flowing
Vthrough a specimen ig measured in a standpipe of smaller
diameter than the specimen.- The ratio of the area of the
standpipe to the area of the specimen cén‘be adjusted to
suit the'permeability of tﬁe material béing~tested.

'Since the head of liquid during a test in the variéble
head method is not constant, Darcy's law cannot be used
directly in compufiﬁé thé coefficient of permeability from
test data. The derivation df an expréssion relating thé
coefficient of permeability to other variables is deferred
until Section 4.2.6.6.

rg_relatively large permeability is required to obtain
good precisionrwith the variable head test. It is, there-
fore, limited to pervious soils (Lambe, 1951, p. 60).
Fufther, the degree of saturation of an unsaturated so;l
changes during the variable head test; thus, it should be

used only in saturated soils.
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2,6 The Clay-Waéer—Electrolyte Svstem

2.6.1 The Double Layer

In a dry clay, adsorbed cations cluster at the clay .
surfaces to neutralizg the negative charges. Cations in
excess of_those needeé to neutralize the electronegativity
of the clay particles and their associated anions are pre-
sent as salt precipitates. When the clay is placed in
water the precipitated salts go into solution. Since the
cations have much higher concentration at or near the sur-
faces of the particles, they tend td diffuse away in order
to equalize concentraticns throughout the system. This
escaping‘}endency of the cations due to diffusion is coun-
tered by the negative electric field originating in the
particle surfaces. The result is that the surrounding
regions éf the water medium in the immediate vicinity of
the particles will be ri¢h in positively~-charged ions
{(cations) which couqtérigalance the surface charge and
maintain electrical neutrality. As the distribution of
ions in the system shows (Fig. 2.6a),‘the anions are ex-
cluded from the negative force fields of the clay par-
ticles. The negative surface and the distributed charge
in the adjacent phase are together.terﬁéﬁmthe diffusg

double layer. The double layer is not limited to the

layers of the hydrated shell in intimate contact with

the surface, but extends some distances into the liguid
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medium. . The clay partlcle plus the double layer is known

b
as the micelle.

. P . .
Grimshaw (1971) notes from the(waxk of Guoy (1910)
that the cationic distribution falls off exponentially as

N _
the distance from the surface is increased \(Fig. '2.6b).

. : o~
As a result of the intense electric¢al forces in the vicinity

S . ‘ .
of .the surface, the molecules of the suspension medium are

themeelves oriented, giving rise %9 a layer of rigidly
. e

held liquid. The degree of orientation of the molecules *

which decreases as the distance from the surface increases, .
L - -

is a function of the surface and the-~type and concentration

”

of ions in solution (Grimshaw, 1971).
M _' .. _,p

2.6.2 Effects of System Varlables on the Double. Layer
N

Flocculatlon has been defined by La Mer and Healy

{1963) as the 'bridging' of c01101dal particles into a
loose random structure, porous ghd-threefdimensional.
They defined dispersion as the permanent sespension of”
particles in a fluid medium, such that their size remains
below that required for settlement. |

Lambe (1958) and Mitchell (1976M have discussed the
effects of changes in system properties on the diffuse .

double layer, Mitchell (1976) defined the "thickness" of

the double layer as. the diStesiMr-om clay particle sur-

face to the centre of grayi 2
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. X, €5 the surface charge (e), electrolyte concentraion

Ino), valence (v), dielectric constant (D) of the medium
o

*and temperatufe (T): That isj
DT 1/2

Brn_e"v
(o]

X=( )

where k is the Boltzmann constant (1.38 x lo-lserg/oK).

The relationship above shows that the_thieknﬁﬁé de-
creaseg_inversely aé the vaiénce, and the square root of
the coﬂcehtration;.it increases with the square root of
: thé dielectric constant dnd»témperature, all other factors
.being constant. - In othef Qords, an increase'in.electro%mte

cpncehtrétion leads to’a reduction of the double\layer
thfckneés. It follows, also, that for solutions of the
.'éamé molarity and constant surface charge, an increase in
valenéeiwill lead'to a decrease in the thickness of the
doubie layer, -

The long range interparticle fepulsiye force depends
on éhe;amount of overlaé Br interaction betwéen‘adjacent
double layers. In generai, a decrease in the thickness
. of the double layer means a reduction in the electriecal

- ‘a
repulsicn and, conéequently, a tendency toward f£loccula-
tiapn, The smaller the ion plus its “shell-of hydration,"
the closé it can approath the surface of the clay pafticle;

thus, the smaller the hydrated ion, the smaller the double
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layer and the more likely is'flocculation. The pH of the
pore fluid influences the negative charge on a.clay par-
ticle by altering the extent of dissociation of OH groups -
on the edges of thé particle. In a high pH environment,
dissociation is promoted; this increases the net charge and
leads to an expansion of the double layer. This means a
tendency tcwardg disperéion.

The adsorption of anions, éspecially polyvalent anions,
increases the negative charge on the particles and thereby
ten&s to cause dispersion because of the increased electri-
cal repulsion. Phosphate, arsenate and borate are exaﬁpies
of anions that are attracted to the clay surface. Adsgorbed
aﬁions normally have about the same size and geometry as the

gilica tetrahedron (Mitchell, 1976).

2.6.3 Electrolyte Concentration and Desgssication

Shrinking

2.6.3.1 Stern Layer

The discussions presented in the last section assumed
that ions in the diffuse doublellayer are point charges.
Thié assumption may lead to impossibly high ion céncentra-
tions next to the clay surface. Mitchell (1976) has noted
that ions are of finite size. It follows that the actual
concentration of ions adjacent to the surface will be less

than predicted. An improvement is made by applying the
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Stern Correction., In this casge, it is.postulated that a

fraction of the poqitive counter-ions are strongly adsorbed
to form a monolaver cloge to the surface called the "Stern
layer." The remainder of the cations form an atmosphere
round the particle.

The physical consequence of the development of a Stern
.layer is a sharp fall in th;'cation distribution (Mitchell,
1976) and is shown in Fig. 2.7. In addition to the cationsg,
water molecules (dipoles) are attracted and held by the
chargéd surface as adsorbed water {Section 2.4.2). .The clay
particle with its layer of adsorbed water and diffuge layer
of exchangeable cations can be visualized és illustrated in
Fig., 2.8.

The behaviour of different cations can be explained-
from the above model bf noting.the following:

(1) 3Ions in solution are hydrated, that is they carry
with them an envelope of adsorbed water.

‘ (2) More electropogitive ions have greater tendency
to ionize away from thé charged surface of the clay par-
ticle (Worrall, 1968).

The first point implies that the number of cations that can
be accommodated in the Stern layer is governed by the size
of the hydrated ion. Thus, the larger the ion, the thicker
the layer requifed to accommodate the necessary number of
cations and hence the greater the repulsion. This explana—‘

Eg
-
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tion accounts for differences between cations of the same
group, sucﬁ as the monovalent alkalis, It breaks down,lhow—
ever, when ions of different valency are compared. The
second point can be illustrated by reference to a hypothe-
tical system:
Nasclay + [clay] + Né+

o Co
Thus, the more electroposgitive the ion, the more it will
tend to ionize .away frem the charged surface, vacating the
Stern layer and leaving the surface with a residual charge.
This hypothesis, for example, explains the difference be-

tween Na+ and Ca2

+ but does not account for differences be-
tween ions of the same group. The only conclusion to be .

drawn fraﬁ-the forego;ng is that both hydration and electro-
positivity should be considered simultaneocusly in explaining

the behaviour of different cations.

2.6.3.2 Dessication Shrinking

The preceding discussions have indicated that clay par-
ticles in soilg are always hydrated, that is surrounded by
layers of water molecules called adsorbed water. These
water molecules, as noted By Yong and Warkentin (1975),
are considered part of the clay surface wheg considering

the behaviour of soils. -

Soil behaviour is interpreted by ccnsidering the ion-

o '
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digtribution for interacting soil particles rather than
the ion distribution around a single particle. Yong and
Warkentin (1975) examined the case where the particles are
gsufficiently close to cause the individual diffuse double
layers to overlap. Here, the resulting electric potential*
is the algebraic sum of the potentials from single layers.
At close spacing of particles, Langmuir (1938) assumed that
anions can he negleéted. » |

The resulting ion distribution can be calculated from

the equation:

- n_=n_ [ ————. ]2
0.32v /E;x‘
where
n, = number of cations pef unit volume at the midplane
between ﬁarticles,
ng, = number of cations per unit volume in the pore

water away from the influence of the surface,
v = valence of the cation,
¢ = concentratiocn of cations in moles/litre away from
the influence of each particle surface, ‘
. X = midplane distance from surface in gnggtrom.
The constant in'thelabove equation has been explained by

Yong and Warkentin (1975).
*The electric potential is the work done to bring a positive

unit charge from the reference state to the specified point
in the electric field. '
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Whén a fresh-water clay soil is placed in a saturated
agqueous solution of NaCl, the high ionic strength of the
solusion'causes Na ions to be adsorbed by the clay surface
as a{result of ion exchange. In the limiping cage, the
stern layer is 'crowded' with Na ions. The water in the
pores is now saturated witﬁ Na+. The effect of this on the

fabric of .the.clay particles can be predicted from the above

equation as follows:

At room temperature the solubility of NaCl is 35.7 grams

per 100ml of solution (Weast, 1973). This is equivalent

to a molar concentration = 357 = 6.0 M. The molecular
weight of NaCl = 58.44 (Weast, 1973). idplane cation con-
T 2

centration = 6.0 [ 1° = 0.43M assuming the -~

0.32x1 /6x15
midplane distance = 15A.

The concentration of cations in the pore wa%er is, here, 14
times the conéentration at midplane. Water’molecules held
between the clay particles move in response to this on-
centration gradient due td'osﬁotic activity of the ions.
The diffuse double layer is.suppressed and interparticle
attractions due to Van der Waals forces become significant.
This leads to flocculation of the soil particles. The loss
of water noted above causes the ¢lay to shrink in the same
manner as drying the clay would. Syﬁeéesis cracks are con-

sequentl§ formed. Syneresis is the spontanedus separation
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of an initially homogenous colloidﬁl gystem intc both a co- .
herent gel and a liquid. Krynine and Judd (1957) have.égted
that the phenomenon basically involves the drawing together
of particles under the action of increased Van der Waals'
forces. This woﬁld invariably result in the formation of
—~eracks. .Such cracks, if induced in dry air, are referred
to as dessication cracks. They can algso occur under water
under tﬁe inflﬁence-of hygroscopic brines, such as concen-
trated NaCl-brines or potash-precipitating brines.
gpverg} workers (White, 1961; Hudec and Sonnenfeld,
1979; Crooks, 1981)_héve observed syneresié cracks in clays
suspended in salt solutioﬁ. White (1961) explained that
the formation of the cracks was due t§ the expulsion of
waters from the clay-water system by internal forces. The
syneresis cracks observed by him had completely random
orientations raﬁging from vertical to horizontal, indicat~
ing that shrinkage by syneresis takes place in all direc-
tioné. He noted, further, that the deve;opment of the
cracks was a function of the concentration of the salt
gsolution. White (1961) concluded that if the salt concen-
tration is high enough to flocculate the clay, one or more
of s%veral structures including syneresia-éracks and fis-
sures should occur. The second author in Hudec and

Sonnenfeld (1979} observed'the formaﬁion of honeycamb-

like, highly porous, clay layers in a laboratory tank
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filled with hypersaline brine. The layers produced ﬁori—.
zontal and inclined conduits and vertical fractures vaguely
resembling frost action patterns. Crooks (1981) obsérved‘
horizontal cracks in bentonite compacted by hand in beakers

containing solution of concentration as low as 0.1M CaClz.

-

2.6.4 Effect of Electrolyte Concentration on Clay

ProEerties

2.6.4.1 Atterberg Limits

Thq‘plasticity of clay masses is influenced by-the pre-
sence of electrolytes in the pore water. The electrolytes
- may alter the interparticle force and the surface tension
of the liguid medium.

Grimshaw (1971) suggested from the work of Speil (1940)
and Sullivan and Graham (19%0) thaf the concentration of
cations controls the force with which water is held at the
surface of the colloidal particle. He noted-that the
greater the cationic concentration, the more strongly will.
water be held. A .higher proportion of bonded water is ob-
tained with small cations of high valency (for example,
Ca2+, H+, etc,) than with those of large size and small
charge. In a plastic mass where the particles are very
close, the absorbed water films around each colloidal grain

merge together. The force required to rupture such masses,

then, will dépend on the degree of bonding of the water.
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The plasticity in terms of yield point and breaking strehgth

in torsion can be closely predicted by the Hofmeister series

(Grimshaw, 1971).

2 2+ 2

*ssrétscatsmg?onm, ortonatsnit

Hf>A13+>Ba 4

"

Eariier work by Baver (1948), Winterkon (1941), and Skempton
and Northey (1953).indicated that consistency-limit values
determined by icnized solutions are different from those
determined with pure water. i

Yong and Warkentin (1975) mentioned that the wvariation
in liguid limit among different mineral groups is much
greater than the variation in plastic limits. The plastic
limit inereases with the surface are; of the clay, but not
in direct proportion. For example, as reported by Yong and
Warkentin (1975), the surface area of montmorillonite is
40 times as great as that of kaoiinite, but the plastic
limit is only 2-3 times as large.

The liquid limit is much more influenced by exchange-
able catioﬂs and salt concentration than the plastic limit.
'Interparticle forces have a more prominent role in deter-
mining the liquid limit. The distance between particles,
or between structural units of particles, is such that the
forces of interaction between the clay particles become
sufficiently weak to allow easy mdvement of particles rela-

tive to each other. The dominant interparticle force in
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the high-swelling clays such as montmorillonite is one of
repulsion. This force of repulsion determines the distances
between particles. . An ihcrease in salt concentration or
substitution of divalent for monovalent exchangeable cations
will decrease the repulsion and hence the liquid limit. The
type of adsorbed cation, however, has a much greater influ-
ence on the highér plasticity minerals, for example, ﬁont—
morillonité, t?an on the low plasticity minerals, such as
kaolinite.

Michaels (1959) discussed the observations made by
Rosenquist (1959) on .the physico-chemical.properties of clay
soils. He noted that the liquid limit is a rough indication
of the guantity of mobile or, "free" water necéssary to pro-
vide a lubricating film between\adjacent particles in a soil
mass. In the expanding-lattice clays, an appreciable por-
tion of the water content at the liquid limit is interla?er4A
water. This water is effectively immobilized (Mitcbell,
19765. The amount of interlayer water in these minerals is
greatly dependent on the fype of interiayer cation. The
greatef*the amount of water taken into the interlayer spaces,
the greater will be the total quantity of water required to
provide lubrication between particles. The liquid limit
will, therefore, increagse with increasing lattice-expansion.
Michaels (1959} postulated ;hat in terms of the alkali ions,

the liquid limit will often increase in the order:

'

-
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Cs>Rb>K>Na>Li.

In nearly saturated nog—swelling-ciay masses, only a
small 'fraction of the total water present appea¥s to be en-~
trapped or immobilized by sorption of the soiid. The li=-
guid limit, in this case, is controlled primarily by inter=-
particle attractions rather than by a deficiency of lubri-
cant (Michaels, 1959; Mitchell, 1976), Cations with high
hydration energies would reduce interpartidle attractions

and hence the liquid limit.

2.6.4.2 Permeability

Lee (1941) discussed various methods of rendering clay
impervious. The complete dispersion of clay through washing
with sea water or impregnation with alkali salts is one of
the methoés he discussed.in detail. The chemical process
underlying this method is base exchange by which cations
attached to the clay particles are replacéd by sodium ions
from the soil solution. The results of his work indicated
that salt ﬁater coﬁsiderably decreases the permeability of
soll to water,

Mesri and Olson (1971) investigated the various mech-

‘anisms controlling the permeability of clays. They noted

that physico-chemical variables exert greater influence.on
the coefficient of permeability through their influence on
dispersion or aggregation of the clay particles. They

showed that the coefficient of permeability are largest for



65

nonpolar fluids, smaller for polar fluids.of low dielec-
tric constant, and lowest for water,.which is polaf and‘hqs
a high dielectric cénstant: They noted, further, that the
c9efficient of permeability is generaily lower when f%e ad-
sorbed cations are monovalent rather than divalent. Mesri . ﬂ
and Olson (1971) observed that a reduction in electrolyte
concentrétion, generally, tend to reduce the coefficient of
permeability. The effect -of elect;olyte concentration, .
however, diminished as the valency of the cation.decreaséd.
They noted from the work of Macey (1942} that partiglé spac-
ing.part%cle size és influenced by aggregation or dispersion,
pérticle arrangement, g@sbrbed layers and inteflamgllar
swelling all influenced the permgability._ According to
Macey (1942), however, the most important cause for the
lower permeability of clays in water relative to the one in
benzene was the anomalous viscosity df the water near the
clay surfaces. i

Grace (1953) demonstrated £hat improved dispersigniﬁy
the use of cettain electrolytes is the main;reason for the
marked reduction of permeability. Mesri and Olson (1971)
concluded from their work that the most imporﬁant variable .
influeMeing the permeability of clays ié flocculation of
the clay particles, which influences the distribution of :35 -

void sizes and.shapes. Lutz and Kempér {1959) observed

froh their experimental work that sodium clays were gener-
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all& much less permeable to both,water and electrolytes
than were?calcium and hydrogen\clays; ‘They noted that the
éreater'tbe concentration of electrolyte solution the
gréater the permeability of clai‘to'it The greatest per-

centage change 1n the permeablllty observed by Lutz and

Kemper (1959) occurred with sodium clays and sodium chlo-

ride solutions. The sodium clays had lower permeabilities
to water than calcium and hydrogen clays. With one excep- »

tion, they observed that all éystems were more permﬁbble‘

_to.electrdlyte solutions than to water.

Lambe (1969) stated that an elementnof flocculated
soil, in general, has;a higher etrength, lower compres-
sibility an higher permeaﬁility than‘tﬁe‘same element of
sorifat the same void ratio put in a dlspersed state. He
attributed the hlgher strength and lower compressxblllty
*ia the flocculated state to interparticle attractlon‘and
the greater difficulty of displacing particles when they
are iﬁ a disbrderly array. The higher permeability, he
explalned, results from the larger channels avallable for
flow. Glenn (1968) presented. data to show that floccula—

tion ircreases soil permeability whilst dlSperSlon tends

b
to decrease it. . : T o

T
s

The foregoing gtudies and others as.well,'ind(i:tif :,q.

that-‘the state of the clay—water system has. a great

fluence on the permeablllty This suggests that in a
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L

system wheye other variables are constant, flocculation

or dispersion should account for large differences in

\e

permeability.

2.6.5 Application to Brine Storage in Clay Liners

The storage of hypersaline brine in clay_liners.is a
common practice in the oil industry. Clay is used mainly
because it is the least expensive material normallyiavail—
able on the site and, also, because it ﬁas a low perme-

N .
ability, at least, to water.

Alberta Environment (1977) notes that brine storage
reservoirs lined with cléy are not impervious and that ’
some amount of brine seepage inté surface and groundwater
systems will occur. The amount of seepage is ‘a function
of the permeability'and thigkness of the clax liner, the
degree of saturaticn, the elegtrolyte concentrations and

the depth of brine solution in the reservoir. In some si-

tuations, faulty liners have been responsible for salt

water seepage from clay-lined reservoirs.

Alberta Environment (1977) has published guidelines

for brine storage reservoirs. In that report it has been

assumed, rather ef:oneously, that the only factors con-
tributing to seepage are:
\(a) * Incomplete compaction of the elay liner;

{(b) freeze/thaw effects on the exposed clay liner;

(e) inadequate thickness of the clay liner;

P
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(d) improper construction of the reservoir dyke;

(e) damage to the claymliner by construction

equipment; and

(f) inadequate maintenance over the.operating life

‘ of the reservoir.

The precedihg discussions have indicated that fresh-
water clay in contact with a highly ccncentrated,electroJ
lyte solution such as brine will flécculate‘and develop
cracks. A solution to the problem of seepage, based sclely
on the above-mentioned factors is, therefores inadequate. It
must be noted that storing‘hypersaline brine in clay-lined
reservoixrs is different from storiég fresh water or rela-
tivel& low salinity water in the séme.reservoir.,.ﬁeakages
in brine ponds constructed. £ran untreated clay can be ex-~

. ’
plained by increased permeability of tHe clay due to the

formation ¢f syneresis cracké. !

' In Section 2.6.3 dessication shrinking was attributed
to a‘reduction of the thickﬁeSS’of the diffuse doubile layer’
as a result of Na cation exchange. Hudec and Sonnenfeid
(1979) have explained that apart from dessication shrinking,

heat-induced shrinkage can also affect brine storage reser-

voirs. The heat in.this case arises from two probable

sources: solar heating and geothermal heating of brine a
! . . .
it is pumped from salt caverns. . The former becomes signi-

ficant when there is sufficient density stratification
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LY

(Hudec and Scnnenfeld, 1979).

‘In conclusion, it must be nSted that saits in water
contained in a clay-lined structure offer a potential ‘
cation éxéhange source. Thié’can, over a period of time,
alter the characteristics of the clay structure so that
des:ﬁ.gn features;%eé@.%- longer present. This must be taken

into account during the design, construction and placing

of clay liners.

>

.
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CHAPTER III

SAMPLING AND GEOLOGY

3.1 sSampling

Loose, disturbed samples of clay soils were collected
from 1¢ locations in Southwestern,Central and Easéern
Ontario. The first set of nine samples were collected by
Peter Seymour in the summer of 1980 and the second set of
ten by the author.during the summer of 1981. The soils
which_comprised.till and lake clay were of glacial origin.
Sampling was done from river banks and CI;y pits by lcosen-
ing the soil in the profile face with a spéde and placing
it into large polythene bags. The bags were tightly sealed

for transit. On the average; two samples, each weighing

approximately eight kilograms were taken from each location.

3.2 Geology

The surface glacial deposits of Southern Ontario‘are
of Late Wisconsin age (Prest, 1970). During the advance
of the ice in Late Wisconsin time thg till was deposited
' from the base of the ice. A camplex of till, outwash and
§laciolacustrine sediments was deposited during the retreat

of the last ice from the Lake Erie and Lake Ontaric basins.

When the Late Wisconsin ice moved south into the

70
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United States the weight of the. ice caused depressions in

the earth's surface. The land surface was still depressed

A

when the ice vacated the Lake Erie and lLake Ontario basins.

"As a result, a series of high—level glacial lakes occupied

the basins. Meltwaters from the receding ice provided an
influx of fine-grained sediments into the lakes. This gave

rise to extensive deposits of glaciolacustrine sediments

which are now found at the surface over much of Scuthern
Ontario.
The samples taken for this study were from underlying
till and overlying glaciolacgstrine sediments. '
Figure 3 shows the ten sample locations. These are

listed in Appendix A élong with the sample descriptions.

)



72

48 ’ \
: . G
. ~. G%G.
~ &, g ]
: 4 & -
.\\.N{‘e- g ;
..\_\URO“
\ Y i J
\
L ]
) =
) . 71.0 oo
~ N
/" USA
4 .
. -
%
o=
\a?...
. o~ frge A
84 LEREND
AREA OF MAXIMUM
GLACIAL LAKE
. COVERAGE .
——se— n AREA OF WISCONSIN
0 v 200 GLACIATION. :
Kilometers P AREA OF MAXIMUM

' / MARINE OVERLAP

Fig. 3 Map Showing Sample Locations in Eastern, Central
and Southwestern Ontario. LR



CHAPTER IV

EXPERIMENTAL PRCCEDURES
&

4,1 OQutline

Five series of tests were performed during the study.
These were particle size distribution, water adsorption,
Atterberg limits (liquid and plastic limits), Standard
Pro?tor compactioﬁ, and permeability tests.

\Ehe natural moisture conteﬁts'of 19 clay soils sampled
as discussed in Section "3.1 were determined immediately'
on arrival in the laboratory. Ali the 19 samples were
analyzed for their particle size distribution by wet siev-
ing on tﬂe bdérser fractions and hydrometer analysis on
the portion Eassing No. 200 sieve.

. Atterberg Iimits (liquid limit using the ASTM liquid
limit dévice, and plagtic limit) were determined for all
samples. Fresh sampies were tfeated-by soaking in a
© saturated solution'of sodium chloride (NacI) at room tem-
perature for seven days. Atterberg limits were determined
for the treated samples. It has been shown that there is a
relationship between the Attérberg limits and adsorption in
clay soils. To verify this relationship, adsorption of

water vapour at’ 22°C and 98% relative humidity was deter(J

73
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mined for both original and treated samples.

The optimum moisture content and maximum compaction
density were determined for.original and treated samples,
using‘the Standard Proctor test.

Pexmeability testing was the main focus of this study
as it was expected that it would help explain the leakages
encountered in the storage of brine in clag—lined reser-
"voirs. A large-area permeameter was therefore designed to
simulate field conditions. Six of such permeameters were
machined to speed up the tests. On the whole, five sets
of permeability tests at optimum compaction weée conducted.
Untreated samples were first tested for their permeability
to water using the variable head test. ‘Without disturbing
the set-up, water was replaced with brine (concentrated
NaCl solution) and the test §epeated. Permeability to
brine and then to water were also determined for treated
samples. Long-terﬁ,permeability (over a period of seven
days) to brine and water were determined for both original

and treated samples. All the permeability measurements

were made at room tempetrature.

4.2 Description of Procedures

4.2.1 Particle Size Distribution Test
4.2.1.1 Wet Sieviné
About 500 érams of each of the samples were dried in a

forced-air circulating oven at a temperature of 65°C for

4
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24 hours. They were allowed to cool, then placed on the
No. 200 sieve and carefully washed using tap water until
the-water was clear, The residue was poured, using back-
washing intec a weighed evaporéting dish and allowed to
stand for a short period of time until the top of the
suspension became clga}; As much of the clear to§ water
as possible was ppured off; the dish with the remaining
soil-water suspension was then placed in the oveh for
drying.

The oveﬂ~dry residue was then ccoled and weighed
to obtain the weight of the dry scil retained on the No.
'200 sieve. The drﬁ&soil was then passed through a stock
of sieves (U.S. Sieve No. 5, 4, 10, 30, 100, and 200) by
sieving, according to the procedure outlined by Lambe

I

(1951), in a mechanical shaker.

4.2,1.2 Hydrometer Analysis -

Approximately 200 grams of each sample were oven-—
dried at 65°C, as above. The oven-dry sample was cooled
and;then broken as fine as pogsible using a porcelain
mortar and~a rubber pestle. It was then sieved through
the. No. 206 s;eﬁe by hand shaking;ind exactly 50 grams
of thé portiQn-passihg the sieve was taken for hydro-

" meter analysis. The procedure used in the hydrométer

test was according to ASTM (422-63, revised 1981).
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4.2.2 Atterberg Limits Tests

The Atterberg ligquid and plastic limits were deter-
mingd-for the 19 samples according to ASTM (423-66, re-
vised 1981) and ASTM (424-59, revised 1981) respectively.
The tests were performed on air-dried samples passing
U.S. No. 40 {(0.420 mm) sieve. The liquid limit was con-
1dﬁétéd with the liguid limit device and an ASTM'gfopving

e R
tool. : ’ : X '

For moisture content determinations, samples\were
dried in.a Blue M forced-air circulating oven at‘105°C
for 24 hours, and weighed on CP 440 Mettler delta range
Balance sensitive to 0.0l gram.

The ligquid limit was defined as that moisture content
at whicﬁ a pat of soil placed in the brass cup, cut with
the ASTM groove underwent a groove closure of 1/2 inch
when ‘dropped from a height of 1 cm 25 times. The plastic
limit was obtained by measuring the water content of the
soil when a thread can just be formed whén it is rolled
down to a diameter of 1/8 inch (approximately 3 mm) by

hand on a glass plate.

=

4.2.3 Adsorption Test

Adsoiption‘of water vapour was determined on samples
prepared in the same way as those for the Atterberg limits
tests. Samples, air-dried and passing the No. 40 sieve,

were placed in mason’jars clearly labelled. The caﬁs were
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removed and the sampﬁes dried at 65°C in a forcéd—air
circulating oven until approximately, constant mass
was . obtained for each of them. This took 48-72 hours.

At the end of the drying period, the samples were removed
froﬁ the oven and tightly capped as auickly as possible
to minimize contact with the atmospheré. Before,weighing:
samples were allowed to cool to room temperature over ac-
tivated silica gel in a dessicator. A Sartorius single
pan balance was used for the determination of the mass

to ;n accuracy of 0.01 gram.

The oven-dry sémples were placed under 983% relative
humidity conditions at 22°C in a humidity chamber QFig.
4.1) for a period of 120 hours. The 120~hou£ period was
assumed to be sufficien£ to attain close to equilibrium
conditions in the samples. Mass increases were then
determined as the differences between the masses of éhe
samples after and before exposure to water vapour in the
controlled chamber. Adsorption to water vapour was re-
ported as the mass of adsorbed w;ter in milligrams per
gram of dry soil. The chamber humiaity was maintained
by a saturated agueous solution oﬁ hydrated cupric sul-
phéte {Cu SO4-5H20). This solution providéé a humidity
of 98% at 20°C (Weast, 1973). The humidity chamber was
placed in a closed, temperature%éqgtrolled room {(a modi-

‘fied walk-in freezer). The Sartog&us balance was a{lQ_/-

>
r

o



Fig.

4.1

Photégraph showing hﬁmidity chamber used in

adsorption test.
saturated Cuso4
of humidity.

Pans in the bottom contain
5320 solution for maintenance
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piaced in the walk-in freezer so that weighings could be

performed at the same temperature at which adsorption had

taken place. . )
4.2.4 Standard Proctor Compaction Test . Q‘

The sample of soil ﬁaésing U.S. No. 4 sieve was mixed

. i o . .
with the required amount of distilled water and manually

compacted in a mould 116.8 mm (4.6 in.) high, 101.6"mm

(4 iﬁ.f diameter, with a 2.5 kg (5:5.1b) hammer aﬂﬁ 304.8 mm .

(12 in.) drop. 'Tﬁe procedure used is outlined by ASTM

+

(D698-78, reviséd 1961). Moisture contents were deter— ‘

“ mined in the same way as those for the Atterberg limits.

4.2:5 Treatment of Samples with Brine

Séturated’brine solution was prepared by dissolving‘”

sodium chloride (NaCl) ctystals in warm distilled water.

At the beginning of the preparation, the temperature of ~

the distilled water was'raiséd to about 60°C using a hog/"

plate. Powdered‘ébdium.chloride crystals were added'and
the solution stirred continuously until no more salF
would dissolve at room femperature. Any excess salt was’
separated by poﬁring off the liguid portion into a ciea&
pail. ' B

Samples of the 19 clay soils were soaked in the sa-
turated brine solution (preparedias abdve) at room tem-

perature, covered, and allowed to stand for 7 days. It

A

| ‘r@' . o : '

-

o
B

I

4
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was expected that the 7-day period was sufficient to es-

tablish equilibrium conditions in the samples. At the

end of the treatment period, excess salt solution was poured
»

off and the samples were used for appropriate tests.
Attefbérg iimits, adsorption, and gtandard Proctor
compaction tests were repeated for tPe treated samples.

Saturated brine solution was used as the moulding fluid.

o b

4.2.6 Permeability Measuremehnts

The measurement of pemmeability was the most important
aspect of the 1aboratory testing. It was ﬁeﬁtioﬁed.in
Section 2.6.5 that leakageé ﬁa&e beeg‘ébéérved in brine
storage réserGoirs constructed from ﬁntreated clay. * The
permeability éxpe;iment in this étudy was therefore de-
signed to simulate coddiﬁioné in the field and thereby -,
explain the leak;ges. In addition, equipment was needed
to enhance the observ§tion ;ndlstudy of the dgsgfgsiion
cracks ﬁéntiongd‘in Section 2.6.5. A simple, lafge-area'
permeameter was therefore designed. The tests were con- .
ducted oﬁ the first 18 samples using the variable head
test. Sample No., 19 was eliminated in thé permeability
tests because its grain size distribution and Atterberg
limits indicated that it was not a clay.

v

*4.2.6.1 Design and Mode of Operation of Permeameter

a permeameterrbell gf 152.4-mm (6 in.) inside dia-

méter, 6.35 mm‘(0.2§ in;) wall, and 127 mm (5 in.) height

-~

1"
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was machined from- plexlglas The cell had an'OVeffIcw

and inflow provided with microedge staznless steel screens

of 0.4406 mm (0.016 in.) diameter holes. A 6.35 mm {0.25 1n.):

-fiameter graduated standplpe (also of plexiglas) joined the-

cell to a source of _permeant supply by means of two needle )

valves made from brass (see Fig. 4.2). An O-ring seal was

‘provided at the top of the cell to prevent any leakages

" during flow. A threaded plex191as top was tightened with

a wrench. In this way, the sample was conflned in the cell -

.

so that no movement of sample was poss;ble during permea-
tion. l

The compacted soil sample was held between‘sand layers
at“the bottom and top of the cell. A piece of nylon cioth
Qrapped around a 1 mm hole'fibrélglaSS screen, Fut to the
same diameter as the cell, sepaiated/the sample faces from
the sand. Péior to.'the placing df_the sample in the pérmea-
meter, a complete sieve aﬁalysis was parformed on a sample’
of dark—grey sand. The portion passing U.S. Bugeau of
Standards Nd. 16 sieve (of 1.18 mm siza) but retained on
No. 30 (0.6 mm) waé_taken, washed several times until the
water was clear, dried in an oven and used as above. .These
sizes were chdsen because it was expected that a coarser
pdrtiOn would have made the compaction of the sample in

the cell difficult due to lack of a narizontal base. A

finer fraction, on the other hand, would have introduced
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an extra complication ihto’the_value of the head drop
across the sample. The use of the sahd below and above
the sample in the cell made ;t poséi@le‘to vary the length
of sample when neéessary. Six sﬁch permeameters .were used

simultanecusly to speed up the testing.

4.2,6.2 Sample Preparation

. A sample of soil passing the No. 4 §ieve was mixed
with the required amount of moulding £luid to its optimum—
moisture content and compacted in a 152.4 mm (6 in.)
mould using the standard Proctor hammer. Fifty-(SO) hammer
blows were applied to the sample in the mould; it was then
extéuded and the faces trimmed so that they were hg izongal.
The sample was slowly placed in the permeameter cé{i on
clean dry sand covered with 'nylon screen.' This served

as a 'porous plate.' The compaction of the sample was

continued with 130 blows from the Proctor hammer to ap-

proximately its maximum compaction density. In this way,
the difficulty of compacting the sample directly on the
sand layer was removed. Trial tests run-at the start of '
the experiment ‘indicated that this method of compactlon

. gave the same compactive'enefgy per unit volume and that
the dry dens%%&eﬁw?ttained wére within 99.0-101.0% of those
obtained in the standard Proctor tests. Table 4.1 lists
the two densities at the optimum moisture content for

samples AU-3, SC-5, BE-6, and SH-9.
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Table 4.1

Means and Variances of Dry Densities

b . Dry Density . Maximum Dry
Optimum Attained by~ Density from
. Moisture Compaction Proctor
Sample Content in Cell ~ Compaction
= (%) (kg/m3) (kg/m3)
AU-3 18.0 1684.0 1701.0
SC-5 26.8 1595.1° . 1580.0
BE-6 18.6 1655.2 - . 1657.0
SH-9 ‘ N 2 22.6 1579.3 1577.0
F-value = 1.51 Mean = 1628.40 Mean = 1628.75
Student's Standard Standard
t-value = (0.009 deviation deviation
= 49.43 = 60.75
F = 29.46
3,3,0.01 N = 4 N = 4
tG,0.0l = 3.143

In the above table, the means and vériances of the
dry densities have been statistically compared'(see Appeﬁdix'
D). The result indicates that the two means belong to the .
same population at the 1% ievel of significance. It follows
that the two Aethods of compaction statistically achievead
the same maximum dry densiéies.-

A sample thickness of 2.5 cm was used throughout the
tests because it gave measurable permeabilities within a
reasonable period of time. | .

After levelling the.top of the compacted sample in the

permeameter to a length of 2.5 <m, the 'nylon screen' was
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éraged on top. Dry sand, prepared as already describeﬁ,
was then added until the permeameter was filléd’to the
tép. The cell was then tightly sealea using a wrench.
Trial expéfiments had shan that sand particles'tepd t5
block the holeés in the overflow gCreen during-flow:\\The
screen was.therefore reélaced with a piéce of cheese dlgth
cut to the same size. This ensured that conly pefﬁeant,
but no—sand;.flowed out during the tests.

A poténtial error in the permeability results was ex-
pected to be the flow along the contact between the gsample
‘and the cell wall; To\detect whether bpundary leakage took
place, two speciﬁens of sample.BR—2 were prepared - one to
be tested in a cell éoated on the sides with petroleum
jelly before the placement of specimen, and the other in a
cell without jelly. Nearly the same values of the coeffi—‘
cié%t of permeability were obtained for each method of
testing. It was conciuded that reliable tests could be
performed on samples compacted in plexiglas cell and

that leakage between the sample and the cell was not

taking place.

4.2.6.3 Permeability of Untreated Clay

. ~ After the sample had been prepared as above, the
needle valves were opened and distilled water from the

supply was allowed to flow through the sample under a
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pressure head of 95 cm. It was expected that fhe sample

had achieved sufficienﬁ saturation when'there was an over-
flow. When a constant rate of flow was cobtained, the H;ads
ho.and h1 were’ located and measured on'the.standpipe. Thel
top limit of h_ was selected at the upper end of the stand-
pipe and h1 d few centimeters above thehlower ?nd such that
the head difference to be applied was 95 ¢m. Checks were
made to ensure that there were no leakages and that there
was no air in the line between/the s;andpipe-and the permeaJ
meter. Air bubbles trapped iA the standpipe were removed by
lerring a long steel’wire down the standpipe. The stand-
pipe was then filled with distilled water to an elevation
which 1s a few centimetres above. After this, the valve at

. . . N
the top of the standpipe was closed; the timer was started

-

as the_water level fell to ho and the elapsed time when the
water level reachéd hl was recorded. The teﬁperatu;e of the
permeant was also recorded. -

The water in the supply tank was next replgcéa%ﬁfth
saturated brine prepared as in Section 4.2.5. Withou£ dis~
tﬁrbing the sample in the éermgameter, the brine was allowed
to 'saturate' the‘sample until a constant rate of flow was

established. Measurements of elapsed tine, ho and hl‘were

., Obtained as above under the same pressure head.
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4.2.6.4 Permeability of Treated Clay

The g}a§ soil.treated as in Section 4.2.5 was compacted

at optimum moistute contenp using the method outlined in .
Section 4.2.6.{. First, brine was,allowéa to flow through
-the treéted ;ampie placed'in the pefmeaﬁeter as described
above. Measurements of elapsed time,‘ho, and h1 were ob-
tained in the usual way under a pressuie head of 95 cm.

| Nexg,.the brine was replaced in the Supplyltank with
distilled water and without allowing time fof the leaching
of tﬁe s?mple, measqrements of time, ho’ and hl were ob~

tained as above. L The test was performed on all the 18

samples. . .
~ : A

4,2.6.5 Long-Term Permeability Measurements

Another aspect of the study was to investigate the
variation of permegbility with time. Six samples were ran-
domly selected for permeability testing over a period of
7 days or 168 hours. The test was performed on both
original and treated samples using brine anq water as the
permeants under a pressure head of 95 cm. B

The long-term permeabilities of the untreated and
_treated samples to brine were particulafly useful. First,
they offéred an investigation into the rate of 'deteriocra-
tion' of the untreated clay in a brine environment. They
also provided a possible assessment of pre-treatment of

‘clay with brine as & means of reducing brine seepage in
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clay liners.

4.2.6.6 The Variable Head Permeability Equation

"The vafiable head equation was used to compute the
coefficient of permeability k in all the abov%/cases. The
following variables and parameters are defined with re-

ference to Pigure 4.2. .

a cross-sectional area of the standpipe

L = length of soil sampie in pérmeaméter

A = cross—sectional area of the sample .
t = time when permeant in standpipe is at ho
tl = time when permean£ in standpipe is at hl

ho,h1 =lthe heads between which the permeability is
~determined. |

A éonsideration of the hydraulics of the set-up indi-

cates that as the head decreases, the velocity of permeant

through the sample decreases. At some head, h, between ho
h
. L )

dt the head will fall a distance dh in the standpipe and

and hl the velocity Vv = k During an interval of time

the quantity of water dgq flowing through the sample can

be expressed by Darcy's Law as

’ h
dq—kEAdt J

This quantity of permeant measured in the standpipe is

A\
equal to dh, sco

)

dg = k% A dt = -adh (h decreases with time)
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Separatihg variables,..t ot
_ ~La dh'
t = 3 he.
Integrating from h_ to h
0 .. 1
™~
" hd
£ By
-La dh
dt = 2= =
& kA h h
el Q
that is,
-La .. . ’\L-
. tl tO ﬁ [ lnhl - lnho ]
h 7 h
: = La ) o_la ’ 0
solving for k,
. . i

_ La o} -+ _
k = 2.303 = lqglo Ay (t=t, t)



@ CHAPTER V

RESULTS AND DISCUSSIONS

a N o
' 5.1 Experimental ResulEs- -

The geotechnlcal data obtalned from the experlments

disceussed in Chapter IV are shown in Table 5 1. The par-
ticle sizg'distribution curves are presented in Appendix B;
The def?nitions of clay, silt and sand used were accordiné
to the MIT ciassifica£ion (Lambe, 1951). -Dpf‘density -
moisture content curves obtained from the Progtor compac-
tion test are also presented .in Appendix C. _The ;esults
of the long-term permeability studies are diséussed in
Section 5. 4. Liqﬁiﬁity index and activity were derived
" from the Atterberg limits u%;nglthe definitions presented
in Secﬁion 2.3.4. Lo

Wlth the exceptlon cf samples SC-12 and AU*lZ, .the
results of the partlcle 51ze distribution teésts 1;d1cat&d
that the soils used in this study were predominantly silty
cléYs Some of the soils, however, were appreciably sandy
Sample AU-12 had a very high proportlon of silt sizes
(80.2%) and sample SC-19 contained relatively high (39%)
sand fractions. The percentages of clay sizes.(<0.002 mm)

obtained for samples KN-1 and KN-10 were very high {about

—
’
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Table 5.1
Geotachnical Charecteristics of Some Clay Soils from Ontario
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Table 5.2

Grain Si? Distribution
(MIT Cl&ssification)

Sample % Sand Size ‘% Silt Size % Clay Size

Number (<0.06 mm) (0.002-0.06“mm)\ {<0.002 mm)
) ) \
KN-1 2.5 20.5 - 77.0
BR-2 2.0 51.0 : 47.0°
AU-3 14.0 " 62.0 24.0
HG-4 23.0 45.5 31.5
sCc-5 4.0 50.5 . 45.5
BE-6 21.0 37.5 . 41.5
SE-7 2.4 58.6 39.0
SI-8 5.5 49.0 ' 45.5
SH-9 9.0 48.0 43,0
KN-10 0.8 ' 27.8 71.4
BR-11 1.0 55.0 44.0
AU-12 0.3 80.2 . 19.5
HG-13 11.0 _ 50.0 ' 39.0
BE-14 . 11.0 62.0 27.0
SE-15 6.0 58.0 36.0
sI-16 18.5 47.0 34,5
SH-17 < 12.0 68.0 20.0
DU-18 5.0 50.0 45.0

sC-19 39.0 45.0 . 16.0
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two standérd dgﬁiations fraﬁ the group mean).

Liquid limits obtained for untreated samples ranged
from 23 to 90 percent and plastic limits from 15 to 38
percent. After treatment with brine, the liquid limits
ranged from 20 to 55 percent and plastic limits from 10.
to 28 percent. Sample 5C-19 was non-plastic,

%ater adsorption’ at 22°C and §8 percent relative
humidity was reported aé the amount of water adsorbed in
milligrams per gram of dry soil. The average change in
adsorption after treatment with brine was 12.2 mg per gram
of dry soi;.ﬁ This represented an increase of 53.6 percent.
The- untreated sample KN-1 adsofbed the highest amount of
water (45 mg/gm of soil). The maximum value of water ad-
sorption (51.4 mg/gm of soil) detg{mined'on treated samples
was, héwever, for sample KN-10.

- Mean compaction parametérs (optimum moisture content
and maximum dry density) obtained for untreated samples
werearespgctively 20.6 perbent and 1658 kg/m3. With the
exception of sample DU-18, the optimum moisture content
shq;;d a decrease affer treatment with brine. The max imum
dry density was, however, increased.

Coefficient of permeability to water calculated from
the variable head egquation (Section 4.2.6.6) gave a mean

value of 1.1 x 1077 cm/sec for untreated samples. With

the exception of samples SC-5, AU-12 and SH-17, values of
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.permeability to water.éefermined on untreated samples weré
an order of magnitude lower than the group mean. Sample
AD-12 wﬂich represents a clayey silt gave a value of
1.1 x 10—6Q$n/sec. For the untreated samples, the per-
meabilities to brine were, on the average, two oyders of
magnitude higher than permeabilities to water. /Perme-
ability to brine after treatment with brine gave a mean
value of 1.1 x lO_'7 cm);ec. After treatment with brine
sample DU-18 showed only a slight decrease in permeability
to brine.

-

5.2 Sources of Error

Partiéle Size Distributiop Test

The specific gravitf of most soil particles lies
within the range of 2.65 to 2.85 (Lambe, 1951). Meang and
Parcher (1963)‘reported a typical value of 2.72 for sandy
or silty .clays. A specific gravity of 2.70 was assuméd for
all the samples during.the particle size distributionjﬁéét:
The actual specific agravities of the soils used in this *
study could be different from this value. The difference
would e{fect the results of the hydrometer test and hence

the particle size distribution curves pres?nted in Appendix

B.

B. Atterberg Limits Test

Although variations in room temperature and humidity
could have taken place during the Atterberg limits test,

they were not taken into account.
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Adsorption Test

It was assumed during the test that 120 hours (5
days) was sufficient time to establish equilibrium be-
tween the samples and the atmosphere in the humiditf
chamber. This assumption was based on the work of
Orchiston (1954) who cbserved that this period was suf-
ficient to obtain Equilibrium for high-sorbing clay
samples. |

The temperature within the humidity chamber was moni-
Vtored during the adsorption test. The humidity was main-
tained by a freshly-preparéd saturated agueous solution of
hydrated cupric sulphate (CuSO4-5H20). This solution pro-
vides a relative humidity of 98% at 20°C within a close
space (Weast, 1973). The chamber was equipped with fans
to ensure an air flow over the salt solution. The tempera-
ture in the chamber observed during the test was.22°C & 1°C.
The relative humidity of 98% reported in this study could,
therefore, be in error. Rigbey (1980) observed that tem-
perature variatiqns of less thqn t1°C resulted in humidity

variations of less than #2%,

Permeability Tests

During the compaction of samples in the permeameter
cells, it was possible that some of the samples attained

compaction densities that were slightly less than maximum

(Section 4.2.6.2). For such samples, values of permeability
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presented in Table 5.1 would not be minimum.

No provision was made for the control anélﬁeasurement
of the.degree cf saturation during the permeability tests.
XA substantial increase in the degree of saturation of a
soll is known to result in an increase in permeability.

Temperature variations of permeants up to 2°C were
observed during the permeability tests. These variations

are thought to have affected the Qiscosity of the fluid

and hence the: permeability of the soil.

5.3 Mineralogical Camposition and Classificatibn of

Samples

Since the principal aim of the present study Qas to
investigate the geotechnical properties of the soils used,
'chemical and miﬂeral analyses were not considered necessary.
Guillet_ (1977) has made detailed chemical and mineral an-~-
alyses of samples ccllected from the same locations as those
used in this study. In subsequent discussicns, reference
will be made, where relevant, to Guillet's results part of
which is presented in Table 5.3. '

, It can be seen from the table that illite is the
daminant clay minerai in these clays. Chlorite is present
in minor amount and montmorillonite in minoxr to moderéte
proportion. -Due to the prevalence of limestones in the
Paleozoic rocks of southern Ontario, most of the cl;§s are

limy (Guillet, 1967, 1977). Kaclinite is rarely detected

-
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Table 5.3

Mineral Analyses of Some Ontario Clays

(from Guillet, 1977)

B

Moderate;

C =

Minor

Sample Quartz Soda Lime : Expanding
Location % Feldspar % Illite Chlorite Minerals
Kingston ‘
(KN-1,KN-10)* 16 2 A o -
Brownsville
-{BR-2,BR-11) 28 4 A C C
Aurora
(AU-3,AU-12) 23 4 B D c
Highgate
(HG-4 ,HG-13) 46 2 A C B(I)
Scarhorough
(sc-5,5C-19) 24 9 \/A B C (IM)
Beeton
(BE-6,BE~-14) 32 7 C C (A (M)
Seaforth :
(SE~7,8E-15) 18 3 A C ND
St. Joseph
(sJ-8,5J-16) 31 2 A C . C(I)
St. Helen
(SH~-9 ,8H=-17 29 3 B c B(MIr
Dublin
(DU=-18) 21 1 A C ND
M

Montmorillonite; I = Interlayered; A = Abundant;
; D = Trace; ND

= Not detected.

*Letters and number in parathenses refer to samples used
in this study.
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because it will not form in a limy environment (Grim,
1853).

The general uniformity in the mineralogical contents
is well expressed in Fig. 5.1 in whigh the plasticity in-
dices of the cla§ solls are plotted against the clay frac-
tions (<0.002 mm). 1In the diagraﬁ, the bléssificatiom of
activity as proposed by Skempton (1953) is shown. It is
" seen that all the clays used in this study fall in the
"inactive” group as they range in activity from 0.18 to
0.68.

. ( \

Casagrande (1947) provided a classification scheme
for cohesive soils 5ased on the plasticity indices and
liguid limits. Figure 5.2 provides a good indication of"

typical Atterberg limit values based on his work. The

diagram is referred to as the plasticity chart. It con-

sists of a graph relating the plasticity index (PI) and
liquid limit (LL) on which the main dividing axis is a
line corresponding to the equation PI = 0.73 (LL-20).
This line ls known as the "A" line. Seed et al. (1964b)
have shown that inorganic clays must lie within a small
zene of the plasticity chart, and organic clays must lie
in~a larger but lower zone of the chart, as is knowq to
be the case. Ordinates at LL = 30 and LL = 50 further

subdivide the chart.

From the plasticity chart (Fig..5.2), it can be seen
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that the scils used in this study were inorganic clays of

low, medium and high plasticity. They lie in the same

zone on the chart as glacial clays from Detroit and Canada

usea by Casagrande (1%948). Samples BR-2, SC=5 and SJ-8
plot below the "A" line and appear to be more silty than

Table 5.2 shows.

5.4 Statistical Analysis

Eighteen (18) samples ware used in most of the sta-
tistical analysis. Sample SC-19 was eliminated because

it was non-plastic, as shown by the results of the

Atterberg limit tests. From the results of the grain size

analysis, sample SC-~19 is seen to contain a high proportion
(39.0%) of sand-size fraction.

rThe geotechnical data presented in Table 5.1 were
grouped tcgether for stati;tical analysis. All the sam-
ples were considered as a single poéulation. The data
were analyzed by simple linear regression, comparison of
means and variances using the F-test and student}s t-test
and factor analysis. |

A

All statistical analyses were performed on an IBM 370
computer at the University of Windsor using SAS (Statisfi—
cal Analysis System} packages. The results of the factor
analysis are shown in Table‘ 5.8. Means, standard

deviations and other statistics are tabulated in Table D.2

(Appendix D). Simple linear correlations and regression
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analysis are discussed in Section 5.4.1.
7

5.4.1 Linear Correlations and Regression Analysis

Correlations between measured variables were cal-
“éu;ated u§inglthe Pearson 'r' correlation cocefficient.
This coefficient is desiéned as an index of association
between variables that are linearly f;lated to each other.
This simply means that the 'best-fit' graphic line describ-
ing the two variables is indeed a straight line. Davis
{1973), has defined the Pearson 'r; as the ratio of the
covariance of two variables to the product of their stan--
dard deviations. The value of 'r' ranges from +1 to -1. *
A value of +1 describes a perfect direct relationship be-
tween two vatriables. A value of -1 indicates a perfect
negativé relationship that is, ocne in which one variable
decreases as.the other increases. Relationships that are
less than perfect take values of 'r' between the two ex-
tremeé. These include a correlaticn of zero which in-
dicates the lack of any sort of linear relationship at
all.

The line of best-fit or regression was calculated
for each correlation. The purpose of the regression was
to predict the value of the dependent variables from
parameters that were more easily measured in the labora-

tory. Thus if the independent variable is more conveni-

ent to measure than the dependent variable,-the latter
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may be deleted from the test. set and economy of test pro-

K

cedure effected.

A two-tailed sEudent's t-test waqigerformed to deter-
mine the goodness of fit for each regression line. The
value of t obtained tests for the ségnificance between a
population with a mean of ¥ = 0 a;gdzie sample population
with a mean of r (the calculated correlation coefficient).

A very small value for the significance level indicates
that the regression parameters contribute significantly
to the model.

Fisher (1948), has- shown that, for a small sample size,
~ the distribution of r is not sufficiently close to normality
to justify the use of a standard error or a probable errcr
to test its significance. A more accurate method ﬁas been

developed by Fisher based on the distribution of t. For a

correlation coefficient r,

)|

o
1
H
N

where

n = number of degrees of freedom availaPle for es-
L

&

timating the correlation coefficient.
The, degrees of freedom can always be taken as N-2 where
N is the sample size. This is because there is a loss of

one degree of freedom for each statistic calculated from
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the sample in order to obtain r. These are y and byx

(the regression coe{fiéient).

5.4.1,1 Plasticity Index and Liquid Limit

The interdependence of the plasticity index and liquid
limit for the untreated samples is expressed in a scatter
diagraﬁ in Fig. 5.3. Here the plasticity index is the
dependent variable. The calculated value of r = 0[9774
is highly significant as seen from Table D.l in Appendix
D. The regression line cbtained is represented by the
equation PI = 0.67LL — 9.12 or,written in another form,

PI = 0.67 (LL - 13.6). This line is less steep than the
'A' line of the Casagrande plasticity chart

[PT = 0.73 (LL - 20)] and has a higher intercept on the
ﬁlasticity ipdex axis. This means that moét of the soils
used in this study had probably lower ﬁlastic limits thég
those used by Casagrande (1947). |

It is generally assumed that the Pearson r reguires
that measurements be continucus and at the least interval.
Some autho;s, notébly Senter'(1969), also require that the
little distributions of Y scores associated with fach value
of X (and the converse) exhibit approximately eq&é%)amcunﬁ%
of scatter (homoscedasticity). If the two extreme data

points shown in Pig. 5.3 are deleted, the value of 0.8926

calculated for r is still highly significant. The equation

-

for the regression line in this case is PI = 0.65LL - 8.64
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or PT = 0.65 fLL - 13.3). It is seen that the regression
equation’ does nct change much. The two extreme data .
points reflect the high plasticity of samples KN-1 and
KN-10. These samples have, also, very high peréentages

of clay content (<0.00;1mn), that is 77.0 and 71.4 re-
spectively. The high values of Atterberg limit values for
these samples are probably due to the high proportion of
'clay sizes. -

Figure 5.4 shows the écatter diagram for plasticity
index - liquid limit plot for the treated samples. In
this case, a lower correlation (r = 0.8771) is obtained.
When samples KN-1 and KN-10 aré removed from the popula-
ticen, the calculatéd r value of 0.6786 is not as good but
still significant. This poor correlation reflects the
greater amount of scatter in the data point; obtained
for the treated samples. This suggests that the structure
of the samples are altered after treatm?nt with brine.
This change in structure is shown by the lower Atﬁerberg
limit wvalues obtained for the treatéd samples.

Table 5.4 shows the determined plasticity indices
compared with those calculated frdm the liguid Zimit
using thé above regression equations.

.The variances and means can be comﬁa:ed by ﬁsing the
methed outlined in Appendix b. The results indicate that
there is no statistical evidence to suggest tﬁat there is

any difference in the values of the plasticity indices at
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'the‘i% level of significance. A value of 0.80 was obtained
for the square of the correlation coefficient. This‘indi-‘
cates that 80% of the variation in the plasticity index

was associated with differences in the liguid limit. The
regression equation is, therefore, suitable for predicting
the plasticity index from the liquid limit determined in the
laboratory. 1In the case cf the treated samples, the vari-
ances were not different, though quite close at the 5% level
of significance. At the 1% ievel of significance, however,
it could be seen that the variances of the plasticity indices
for the treated samples were significantly different. It can
be concluded from the forqgcing that the equation for the
untreated samples is a better pr;dictive tool for the plas-

ticity index than the cne for the treated samples.

5.4.1.2 Plasticity Index and Clay Content

Figure 5.5 shows a plot of the plasticity index {un-
treated) against the percentage clay sizes (fraction less
than 0.002 mm). As can be seen from Table D.l1 the calcula-
ted correlation coefficient of 0.8301 is highly significant.
The regression line can be represented by the equation,

PI = 0.66C - 9.34. The intercept of the line on the per-
centége clay size axis is 14. It follows from Fig. 5.5

and the above egquation that the line of best fit for the
data does not pass through the origin. Seed EE.EL- (1962,

1964a, 1964b) obtained similar results from their work on

)
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artificially-prepared sand-clay mineral mixtures. They
mentioned that intercepts as high as 10 may be cobtained
on the percentage clay sizg axis. \

Activity has been defined in Section 2.3.4 as the
ratio of the plasticity index to the percentage clay sizes
"(<0.002 mm). This definition imblies that.the'slope of a
line drawn from the orxrigin tprough the data points‘in Fig.
5.5 should give the average activity. In situations where
the regression line does not pass through ﬁhe origin,
Mitchell (1976) has suggested that the equation

A= 25
be ﬁsed to calculate activity. In this equation, PI is
the plaéticity index, ¢ is the percentage of material less.,
.than 0.002 mm, and n is equal to 5 for natural soils or 10
f&r artificial mixtures. By comparing this definition of
activity with the regression equation, it can be seen that
the average activity for-the soil is 0.66 and n = 14.

If samples KN-1 and KN-10 are again removed from the
pcpulation, a.valué of 0.4265 is obtained for the correla-
tion coefficient for a sample size‘of l6. This poor corre-
lation may indicate that the linear model is not appropriate
for the relationship befween plasticit? index and clay c¢on-
tent. Mitchell (1976} has noted that the true relationship

is best described by two straight line segments; one appli-
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cable for clay content over about‘40% anﬁ the other appli-
cable for clay content between about 10 and 40%. If this
distinction is, hOWevef, applied to the data points‘shown in
Fig. 5.5 the results obtained do not agree with the predic-
tions made by Seed et al. (1964b) and Mitchell (1976). Thus,
thé most suitable model for the values of plasticity index
and clay content obtained in this study is probably the

~ linear equation based on all the 18 samples.

Figure 5.6 shows the plot of plasticity index against
percentage of clay sizes (<0.005 mm). In this case, the
correlation is poor but still significant. This means that
it is more accurate to predict the plasticity index from the
‘percentage of clay siée using the size fraction les;‘than

0.002 mm.

»

5.4,1.3 Atterberg Limits and Water Adsorption

The activity of a clay and its various cclloidal pro-
perties such as adsorptioﬁ of water increase with increasing
surface area. This area céﬁld‘be determined if the siée and
shape distributions of the particleé in a sample weié known.
This method is, however, too tedious and hence impractical.
Ssurface area is , therefore, determined by measuring the
amount of liguid or gas required to cover the surface of
the 'soil. The Atterberg limits, especially liéﬁid limit, is
dependent upon the magnitude of the net attractive forces

among the-clay‘componagts. The ‘greater the surface area and
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the g%eater the attractive intensity, the thicker the water
layer held between particles. This will result in a greater
ligquid limit. - |

Figures 5.7-5.9 show the plots of the Atterberg limits
against water adsorption at 98% relative humidity. The cor-
relation coefficients calculated for the regression lines
were 0.9496, 0.9514 and-0.8265 and were highly significant.
These results are similar to those obtained by Farrar and
Coleman (1967) and Seed et al. (1964)}. Farrar and Ccleman
cglculated a value of 0.91 for” the correlation coefficient
at the 99% level of significance. They found that the liquid

limit and the total surface area were related by the equation,
Liguid limit = 0.67 (surface area) + 0.93

They obtained a lower correlation {within 95% confidénée
limits) between external surface area and ihe Atterberg limits.
In corder to determine the suitability of the regression
model for predicting Atterberg limits from water adsorption:
values of the predicted liquid limits were generated.' The
results are shown in Table 5.5 with the liquid limits deter-
mined in the laboratory. Using the F and t-tests outlined
in Appendix D, it can be seen that there is no statistical
difference between the means and variances for the deter-
mined and calculated liquid limits. The square of the cor-

relation coefficient gives a value of 0.90. This indicates

e
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h

) Table 5.5
Determined and Calculated Liquid Limits

Determined Calculated Determined
Liquid Limit Liquid Limit Water Adsorption
Sample (Untreated (Untreated mg of water
Number Samples) Samples) -gm of dry soil
% . % -
1 90 " 84.87 45.0
2 35 ‘ - 39.29 23.1
3 26 18.26 13.0.
4 31 36.58 . 21.8
5 35 34,71 20.9
6 35 28,25 . 17.8 -
7 28 25.34 l6.4
B 50 43,66 25.2
9 49 . 59.89 33.0
10 75 ‘ 67.80 36.8
11 34 40.74 23.8
12 27 29.09 . 18.2
13 43 44 .90 h 25.8
14 38 38.24 22.6
15 28 26.59 17.0°
16 27 24.92 16.2
17 23 30.33 18.8
18 40 40.53 23.7
Mean Mean Mean
= 39.67 = 39,67 = 22.67
Standard Standard Standard
Deviation Deviation Deviation
= 17.52 = 16.64 = 8.21
Sample Size Sample Size Sample Size

= 18 = 18 = 18

g
-
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ﬁhat 90% of‘the variance in the ligquid limit was associated |
ﬁithldifferehces in the adsorption. Similar conclusions
can be drawn for the plasticity index and the plastic ;imits.’
Figures 5.10-5.12 show respective piots of the liguid
limit, Pl&fﬁiéity index and plaétic.limits against water ad-
sorption,(fér treated samples. With the exception of the
plastic limit - ;dsorption plot, the correlations are not
as high as those obtained from untreated sampies, but still
significant. The correlation between the plastic limit and
adsorption for treated samples is véry poor. The high de-
gree of écatter'suggesgs that the strugture of the samples

e

are ‘altered by treatment with brine.

5.4.1.4 Water Adsorption and Percentage of Clay

L Sizes {<0.002 mm)

-

- . -
Since the surface area of clay minerals is dependent
upon the size and shape distributions of the particles, it
would be expected that adsorption would correlate very well

with the amount of fine sizes in clay soils. Figure 5.13;.

~ “shows a scatter diagram of water adsorpticn at 98% RH

w

against percentage of clay sizés (<0.002 mm) for the un-
treated samples. A high correlation coefficient was calcula-
ted for the linear regression model. It can be seen from

Table D.1 (Appendix D) that the correlation is highly sig-

nificant.
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"

5.4.1.5 Optimum Compactien Parameters

In Fig. 5.14, the optimum moisture contents of the
treated samples have been plotted agéinst those of the
untreated. A high correlation was obtained for the rela-
tionship. The plot of the ﬁaximum dry density (treated)
against ﬁhe maximum dry deﬂsity (untreated) shows a higher
correlation. These highly significant correlations sug-
gest fhat the cptimum moisture cdntents and the maxiﬁum
compactive densities of the treated samples can be. derived
from those of the untreaﬁed samples. It cén be deduced
from the squares of the calculated correlation éoefficients
that more than 80% of the variation in thé treated parameters
were associated with differences in the untreated parameters.
It can bé concluded from th;s that the regression equations
can be used to predict the optimum'moisture contents and the
maximum dry densities of the treated samples from the re-

sults obtained on untreated samples.

5.4.1.6 Permeability of treated samples to brine

and permeability of untreated samples

to water

In Fig. 5.16 a log-lcg plot of the permeability of

the treated samples to brine agaihst that of the untfeated
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to water is sﬁbwn. A highly significant correlation was
obtained, although a few of the data points were widely
scattered about the regression line. The r2 value of
0.65 obtained indicates that 65% of the variation in the
permeability (treated) to brine was associated with the
permeability (untreated) to water.

In Table 5.7 permeabilities to brine determined on
unfreated samples are compared to those predicted from
the reéression equation.

It can be deduced from Appendix D that the variances
and means belong to the same population at the 1% level
of significance. This implies that the determined and
calculated permeabilities of the treated samples to brine
are statistically the same. It can be concluded from
this that the regression eguation derived from the logarith-
mic plot is a suitable model. Thus, the permeability of
the treated sample to brine can be predicted from perme- = ~-
ability of the untreated sample to water. |

From Table D.1 it can be seen that the correlation
between the permeabilities of the treated ané the un-
treated soils to water wére significant. The distribution
of data points about the regression- line, as seen from
Fig. 5.17 is, however, poor.

The correlation between the permeabilities of the untrea-

ted soils to water and brine (Fig. 5.18) was very poor. This
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Table 5.7

Determined and Calculated Permeability
to Brine of Untreated Samples

Determined Log Calculated Log
Sample Permeabilitv to Permeability to
Number Brine (treated) Brine (untreated)

1 ~8.7696 ‘ -8.6299

2 -7.2211 -7.2193

3 -7.2692 -7.0238

4 -7.399¢C ~7.5286

5 -6.5229 -6.6001

6 -7.2899 - -7.6589

7 -8.0132 ~7.4162

8 -7.4123 -7.3603

9 -7.4157 -7.6055

10 -8.7212 ' -7.8227

11 - -7.7011 ~7.9431

12 -6.0315 -6.0620

13 . -7.4868 = =7.4445

14 -7.,2190 -7.0406

15 : -7.4584 -7.6245

16 -7.5498 -7.4671

17 -6.9974 -6.9699

18 -6.5092 ~-7.5702
Mean = -7.39 Mean = -7.39
Standard Standard
Deviation Deviation

= 0.68 = 0.55

Sample Size Sample Size

= 18 ) = 18
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can be seeﬁ from the low value of 0.5685 obtained for the

Pearson r. This suggests that the permeability of the

hntreatéd‘tlay soil to,brine cannot be predicted from its

_permeability tﬁ*wéter. In other words, the fact that the

AN

-ﬁntreated'soil has a low permgaﬁility to water does not

imply that its permeability to brine is also low.
q

'5.4.2 Comparison of Means and Variances

Means and variances of geotechnical characterisgics
determined for untreated and treated samples were cbmpared
by‘grouping the two types of samples separately. _ The
variableé‘used in the cemparison were Atterberg limits,
water adsofption at 98% relative ﬁumidity and.permeabifity.
The method used is;outlined in Appendix D and the results

~

are tabulated in Table D.2 ..
At the 5% level of gignificaﬂce the me&ns of- the

- Atterberg limit§~(liquid limit an asticity index) of

the treated and untéeated soils do not belong to the same
It * - .

population. This indicates %ﬁé%bthe treated anqauntreated

sampiles have significantly different plasticitieé. The

means and variances of'the plastic limité, h ever, belong

to the same population. This égrees with‘an earlier point

made ig{Section 2.6.4.1 that the liquid'liﬁit is much more

influenced by chemistry than the plastic limit. It implies

that most of the changes in the plasticity index due to the

treatment with brine was due to changes in the liquid limit.

2
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In the brine enviroﬁmgpg, the Atterberg limits were signi-

ficantly reduced. The explanation for the reduction is

-

the dessication shrinking of the clay as a result of so-
dium cation exchange. A further dfscussion ,of this subject
will be taken up in Section'5.4.3.2. .

From Table D.2 it can be seen that the means and
variances of the water adsorption of the treated ané un-
erated soils do not belong to the same poﬁ%lation. At
the 07:1% level of significance, there is sufficient sta-
tistical evidence to sugges£ that the treated and untregied
soil sample adsorbed different amcunts of'water. Water
adsorption at 98B% relative humidity was h?gher for the
treated soils than for the ﬁntreated. The. increase in
“adsorption«was due to cation hydration in the présence
of water vapour. ¢ .

Table D.2 indicates that the means and variances

of 'the permeabilities of the untreated samples to

‘water and brine do not beloﬁg to tﬁe same_population at .
the 1% level of significance. There is sufficient sta-
tistical evidence to suggest, the£%¥ore, that th® perme-
‘abiiity of the untreated clay soil to brine would pot be
the é&me as its peémeability to watew. With the excep- ¥
tion of samplerAU—lZ, which contained a very high propor-

tion of silt, all the untreated soils used in this study

were more permeable to brine than to water. The perme-

-
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ability ratio was approximaﬁely 100:1 (Table 5.1,
Section 5.1) The high permeability to brine was due to
the formation of a porous, flocculated structure in the
preseACe of the brine (Section 2.6.4.2).°

.It quld appear from the physico—éhemistry of the
clay-water-electrolyte system that if the clay soils are
pre-treated and Femoulded with brine and compacted at
optimum, the perﬁeability to brine could be much lower.

In this case, the flocculated soil is in its densest

state and, more significéntly, in eguilibrium with its

own cafion. Consequently, there is very little chance

of subsequent cation excﬂange reactions to alter the
structure of tﬁe soil (Taylox;, 1959). In Table D.2 the
means and variances of the treated permeabilities to

brine and the untreated permeabilities to water have been
compared. The result indicates that the two permeabilities
were statisticallf the same.

It can be deduced from Table D.2 that the means of
the permeabilities of the treated soils to water and brine
beloﬁg to.the saﬁe population. By comparing variances,
it can be seen that the variations in the permeability
»data were, howéver, different for the two sets of measure-
ments. = |

The foregoing compariﬁdns of pérmeabilities indicate

that the permeabilities of the untreated clay soils to
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water and brine were significantly different. The perme-

ability to brine was, however, reduced as a result of

pre-treatment with brine.:

5.4.3 Factor Analysis

5.4,3.1 Introduction

a
Some type of quantitative method is often required

to summ;nize ahd‘analyze infonnation.hidden in a multi-
variaﬁe‘gata table. It is ﬁatural to enguire how the‘
variables measured for a homogenous sample are related
to each other and whether they occur in different com-
binations dra@n from various relationships in the poﬁugu,/’f‘w
lation. 'On the other hand, one may sometimes be inter-
ested in seeing how entities, specimens or objects of the
sample itself are interrelated, with the aim of looking
for natural groupingé. In both cases, one is looking for
structure in the data. \
Fattor analysis is concerned with the interpretation
of the structure within thg‘variance-covariance matrix of
a multivariate data cdllection (Davis, 1973). This is
achieved by representing the set of variables or objects
in tgrms of a smaller number of hypqthetical'variables or
entities called factors. This number of factors will
usually account for approximately the same amount of in-

formation as do the much larger set of original observa-
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tiens. Thus, factor analysis is, in this sense, a multi-
~variate method of data reduction.

There are two modes of factor analysis: R-mode and
‘Q-mode. In an R-mode factor analysis the primary purpose
is to investigate the inteFrelationships among variableé.
if the primary purpose, however,’ is to determine the inte£;
relationships among samples, then the analysis is referred
to as Q~mode.

For an R-mode analysis, McCammon (f575) proposes a

factor model represented by the equétion

_zj = aijFl + asz22+ e .. +aijrn + ajEj (1(5.1)

In other worhs, the equation states that any variable
(considéred in standard form here, for convenience), %.,
consists of a linear combination of m common factofs plus
a unique factor. The F's refer to factors and it’ assumed

-tﬁat each of the m factors will be involved in the deline-
ation of two or more variaﬁlgs. Thus, the factors are said
to be common to several variables; m is assumed to be less

than n, the number of variables. The a's are termed

loadings and the F's factor scores. The factor Ej is

unigue te variable Zj and is analogous tc the error term

in a regreséibn equation (McCammon, 1975).

The factor model of n variables will contain n such

equations as (5.1) above. Whereas the a's are the same

w
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for all samples, the F's change'from sample to sample.
Another way to view tﬁe F's is to think of them as new
variables that are linear combinatiqné oflfhe old vari-
ables. The basic problem in factor analysis, then, is
tb‘find values for the a's and F's and m, the number
of common factors. This pfoblem can be solved by re-

—

“course to general purpose computer packages that contain
factor analysi; programs. EFamples of these are BMD,
SAS, and SPSS.

Various aspects of factor analysis have been treéted
by Harman (1960), Rummel (1970), Davis (1973), and

Joreskog et al. (1976).

The total variance of a variable Zj is}made up ., o

the sum of the squared a's. This consists of t arts:

1. That due to the common factors termed the

communality and symbolized by hjz.

" 2. That due to the unique factor. Thi
l—hj.2 and is defined as that part of the var ance
variable j that is not shared by any of the other
variables.

In order to elucidate the nature of the'interéctions
between the variables determined in this\study, an R-mode
factor analysis was run in which the equamax method of

”

rotation was specified. =
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5.4.3.2 Interpretation of Factors

The résults of the factor analysis indicate that
four factors éxplain 86.6% of the variance of the Original
data. The factor matrix of the geotechnical data is given
in Table 5.8. The column headed "communality" gives the
fraction of the variapce of each variable that is explained
' by the factors that have been extracted:

Factor 1 - clay content, ﬁlasticity and structure.

In this factor, clay size fraction (<0.002 mm).is
moderately associated with plastic limit (untreated),
plasticity index (treated), optiﬁum moisture content
(untreated); decrease in optimum moisture content, and
the increase in maximum dry density after treatment. The
optimum moisture content (untreated) is, in turn, anti-
pathetically associated with the maximum dry density (un-
treated). This suggests that tbe engineering behaviour
of clay soils is determined by their.grain size distribu-
tion, plasticity, and the struéture which'the.soilé have
at the time the behaviour is measured. This final struc-
ture depends on both the initial structure and on the
changeé which havé occurred to the initial structure.
‘Placement or compaction conditions determine the initial
structure. The most important'factors controlling the
ccmpaction of clay soil§ are the amount of compaction,

the moulding water content, and the grain size distri-
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Tabla 5.8
Equamax Facter Matrix

Clay Contant

Plasticity and Parmeability Atterberg Limits Cation
Variable Structura and Activity and Surfaca Argca Exchange Communality
1 2 k] 4 v
Clay fraction
<0.002 mm 0.74469 -0.27422 0.45250 0.45250 0.90828
Clay fraction
<0,.005 mm 0.79502 -0.27757 0.03804 0.34550 0.82992
Liquid limit (untr
{untraated) 0.55596 -0,15728 ciGHJZ 0,49184 0.95312
Liquid limie {treated] 0.59275 -0.18324 0.59110 0.45644 0.94267
Plastic limie i
{untreatod) 0,75528 -0.00652 0.43020 0,38828 0.50632
Plastic limited
{treated) 0.19226 -0,05099 0!89783 0.04491" 0.84777
Plasticlty index
{untreated) 0.41138 -0.22656 .- Q.67078 0.51J)84 0.923620
Plasticity index .
(traataed) 0.67806 -0.21540 0.1%214 0.59282 0.689452
Liquidity index
funcreacad} -0.25450 0.32684 Q.44416 -0.62269 0.76161
-Activity {untreatod} -0,04587 -0.55497 ;. . 0,65621 0.135256 0.86501
Adsorption (untraated) ’ 0.41116 ~0.13874 0.66232 0.51444 0.90846
Adsorption {(treated) 0.281301 -0.18848 0.31202 0.787407 0.83246
Cptimum moiature
content (untreated) 0.76144 -0.04031 0.53824 0.29081 0.95570
Maximum dry den-
sity (untreated) ~0.67831 -0.00790 -0.59082 -N.36558 0.34370
Optimum moisture
content [(treated) 0,56808 0.05%51 0,54057 4,43124 0.80441
Maximum dry
density (treated) -0.57931 0.03620 -0.50444 -0.51761 0,85929
Decreoase in optimum '
maidture content 0.79841 -0.14670 0.40227 0.05514 0.82384
Increase in maximum ‘
dry density 0.64600 0.11542 0.56271" -0.16321 0.77392
Permeability to .
water (untreated) -0.05011 0.52827 0.06152 -0,22667 0.919136
1
Permeability to e
brine {untreatad) 0.21682 0.26429 -0,07455 -0,57516 0.45192
Permaability to
brine (treated) -0,05422 0.9A796 -0,02131 -0.11809 0.29340
Permeability to -
water (troated) ~0,08181 0.95885 -0,11392 ~0.01954 0.91947
- 4
Explanatiocn
#lkl.00 to 0.80
. . =0.80 te 0.60
Variance explained ~=0.60 to 0.40
by each factor 6.23089 3.64851 5,13071 4.04277 0.40 to 0.00
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Hution (Glanville, 1951). The more the water added during
compaction, other variables being constant, the greater is
the repulsion betweeﬁ particles. Thus water weakens, or
"lubricates" clay. At high water contents, low compactive
densities are obtained.

The"rheology of a soil-ﬁater~air system being com-
paéted can be sharply changed with additives. When a clay
éoil is treated with saturated brine as described in
Section 4.2.5, the net.interpérticle attractive forces
are increased. The optimum moisture content is reduced
and the maximum dry density is increased.

In Appendix C the dry density—moisture content curves
of both the treated and untreated socils are presentea.
Compaction is dependent on lubrication of the soil par-
ticles by moisture. In compaction, the particles are
made to pack more closely together through a reduction’in
the air-veids, generally by mechanical means. Compaction
of the soil at increasing moisture contents by a given
amount of work leads to a:maximization of the dry density
and then a decrease, giving'a relationship cf the type
shown in Appéndix C.

The association of the content of ciay size frac-
tion with the plastic limit of the unt;eA£ed sample shows
the dependence of plasticity on the proportion of fine

particles. Yong and Warkentin (1975) have mentioned the
, "
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use .of the plastic limit with particle—éize distribuwtion
in evaluation and classification of soils for engineering
purposes. The compaction of a soil also depends on its
particle-size aistribufion. Soils with higher proportions
of clay-size fractions have, in general, lower compactive
densities. Glanville (1951) noted that a flat compaction
curve, generally speaking, denotes a clésely graded soil,
and a curve with a prénounced‘peak denotes a well-graded
soil.

| The association of the plasticity index of the
treated samples with the changés_iﬁfthe maximum dry den-
sity and optimum moisture content-éﬁégests that plasticity
is affected by changes in structure. The mdderatg sym-
pathetic associations indicate that the plgsticity index
is decreased and the optiﬁﬁﬁ mo;sture content is also .
decreased after treatment. In a brine environment, the
soil is flacculated because of the_high concentration of
Na (sodium) ions whicb decrease the net repulsive force.
The clay particles a;broach each othér more closely and
plasticity is reduced. The brine solqtion draws water
from the clay so that the moisture content is éeduced.

The optimum moisture content after treatmentlis, ﬁherefg;é,
lower than the original value.

Factor 2 - Permeability and actgvity.

In this factor, the permeability of the untreated

i
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clay soil to water is strongly associated with permeabili-
ties of the treated clay to brine and water. This strong
association suggests high positive“cofrelatiqns between
these variables, as already‘discussed. The permeability
of the untreated samples to water has a weak antipathetic
assoéiation with the activity of the untreated sample.
-This suggests that the permeability of a clay soil is in-
fluenced by its activity. The activity is a function of
the plasticity ana the amount of clay size fraction present
in the soil. Mitcheli (1976) has noted that the higher the
activity of a scil, the more important the influence of the .
clay fraction on its properties. The antipathetic associ-
ation indicates that an increase in activity means a-de-o
crease in permeability of the soil; cthexr fagtors being
i;;;al; The strong sympathetic associations among the
permeabilities also suggest that the permeability of the
treated clay soil to both brine and water can be predicted
from the permeAbility of the untreated soil to water. Et
also implies that a fair idea of the magnitude of the per-
meability of the treated soil to both brine and water can
be obtained from a knowledge of its activity. . Terzaghi
(1936) was the first to indicate that the Atterberg limits
depend precisely on the same physical factors which deter-

mine the permeability of soils, but in a more camplex man-

ner. Such factors, according toc Terzaghi, include shape
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of partiEles, effective size, and uniform;Fy.

Factor 3 - Atterberg limits and surface area.

In this factor liquid limit, alasticity index, and
activity are moderately associated with water adsorption.
The water adsorption represents the amount of water vapour
in milligrams per gram of dry soil.adsorbed by the clay
surface. It is therefdre a measure of the external surface
area of the particles in a clay soil. The'Atterberg limits
are a function of the interparticle forces in the clay
structure. These, in turn, depend on size, shape and the
type of clay particles present. The surface area can be-:
calculated if the size and shape distributions of the par-
ti¢les in a sample are known (Yong and Warkentin, 1975).
The high and significant correlations between Atterberg
limits and adsorptidn calcqlated-in Section 5.4.1.3 show
that the Atterberg limits are dependent on surface area.

The change in the plastic limit of the soil after
treatment can be explained by the change in structure, és
already mentioned. The flocculated structure*is formed as
a %?éu&; oﬁ‘sodium cation ekchange. A élot of the treated
samples oﬁlﬁhe plasticity chart (Fig.v5.19)'show$ that
they’are more "granular" than the original samples. Since
the plasticity has a strong influence on the behaviour of
clay soils, it follows that cation exchange should explain
the geotechnical properties of the soils in a brine en-

vironment.
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Factor 4 - Cation exchange.

d In factor 4 adéﬁrption t ater Gepour after treat-
ment with brine has a moderate antipathetic association
with the ligquidity index before treatment. It is also
weakly associated entipathetically with the permeability
of the untreated sampies to brine. The‘weak_assaciation
of the index with the permeability.indicates that in the
presence of the brine, they bote.increase, although pot
inAd%rect iinear proporticn.

The weak association of the adsorption of the treated
sample with the untreated permeability to brine suggests
that they were both influenced by the same factor-cation
exchange. Due to the high ionic strength of the brine.
solution, excess sodium ions (Naf)"crowd' into the dif-
fuse double layer. They displace any other cation{sf
originally adsorbed on the clay surface. As a result,
the field of influence of the negatively—charged clay
surface is aiminished as shown in Fig. 5.20.

The thickness of the &ouble layer is reduced and Van
der Walls forces of attraction become slgnlflcant. This
leads to, the flocculaticon of the clay particles. A

flocculated clay is porous and_has a higher permeability

than a dlspersed soil at the same void ratio (Lambe and
Whitman, 1969). The lncreased permeablllty of the un-
trea?ed soil in the brine environment . is 'due to the

formation of the flocculated structure.
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In the presence of water vapouf, the adsorbed sodium
ions become hydrated. This is due to electrostatic at-
tractiion between the negatively-charged ends of the watér
dipoie and the positively—cha;ged sodium ions. As a
result, the amount of water adsorbed by the clay par-

o

ticles is high.-

5.4.4 ﬁermeability—time Measurements

. . I
- . Long-term permeability studies were made on both

. treated and untreated samples. The results are tabulated
for six samples in Table 5.9 and presented in Figs. 5.21-
5.26. The 48-hour gap waé the time fequired for equilibrium
to be achie&ed between, changing the permeant from water to
.brine and vice versa? The résults indicate that for almost

all the samples, the permeability of the untreated soil to
water was gppreciabiy constant wiéh only occasional de-

creases. This decrease in beimeability was probably due

toc changes in structure (Lambe, 1954). As fleow through a
.spir.occurs, particles tend to mdQe to positions of

greater stability to seepage forces. If particles are ™
not‘washeq;out of the soil, this particle shiftiﬁg alwéys

results in lower permeability. There was no evidence of
pafticles being washéd out of the éoil durin§ the test.

Aany washings would‘probably have been filt;rag by the sand

. P .

layer at the top of the specimen. The reduction in perme-

ability was particularly marked for sample AU-3. No obvious

»
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Sample AU-3
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explanation can be offered for this behaviour exceﬁt that
it would be due to error in the sample preparation.

The permeability of untfeated sampies showed signi-
ficant increase to brine. The increase in permeability
to brine exhibited by all the samples was due to the forma-
tion of dessication cracgs‘(Section 2.6.3). Examples of
the cracks are shown in'Figé. 5.27 and 5.28. In samples
BR-2, HG-4, Ay-3 and-BE-6 and most of the samples tested,
the crack develcopment tend to be fairly rapid after ini-

. tiation. The cracks obsgrvéd during the tests were mostly
horizontal. When the specimens were examined at the end
of the test, however, it was seen that they easily rup-
tured in fhe vertical direction. The formation of the
horizontal cracks was probably due to reorientation of
Fhe clay particles during comgaction. When clay is com-
43 .

"bactgd, the plate-like particles tend to reorient them-

selves horjzontally, that is, parallel to the face cf the
R S . '

compacting hammer. The deséicatioﬁ shrinking of the clay
due to sodium cation exchange is greatest in the verti-
cal direction due to the weak bonding between layexrs. In
the presence éf the brine, ;he cracks, therefore, aevelop .
parallel to the-plates.

The permeability of the treated samplgs to brine did
not change much during the last two days of the test.

Within the first four days, this permeability was irregular
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Fig. 5.27 Photoaraph %howing the formation of cracks
in sample SC-5 during testing of the untreated
sample for its permeability to brine.
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Photographs showing similar
.samples: (a) BR-2, and (b)

cracks in
BE-6.
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for samples AU-3 and SE-7. This irregularity was probably
due to changes in the. density or degree of saturation as

‘a result of the particle shifting mentioned above. TIt-can
be seen from the graphs that the pefmeabiiity of the
treated sample decreased slightly when water-was used as
the pefmeant. A possible explanation for this behaviour-
is that the water molecule becomes strongly attached to
the sodium ion. This is due to electrostatic attraction
betwéen the negative ends of the water dipole and the posi-
£ive-sodium ion. This structural arrangement at the sur- -
faces of the clay particles prevent further entry of water.
As time goes on, however, some of the sodium ions ar; re-
moved by leaching and the permeability begins to incre%se
slightly. Where the leaching was not great, the perme-
ability remained fairly constant. The graphs also show
that the permeability cf the untreated samples to water
and that of the treated samples to brine and waéer were

of the same order of magnitude.



CHAPTER VI

SUMMARY AND CONCLUSIONS:\

6.1 Summazxy

The high correlations obtained in the.regression
analysis indicate that relationship;,exigt between the
Atterberg limits and water adsorption, the Atterberg
limits and clay content, gnd the permeabilities of the
treated soils to brine and t;e untreated to Qater.
Values of the Pearson r obtained for the co;relations
émong the treated characteristics were lower.

It was noted that the Atterberg limits of the soils
were ;educed as;a,result‘of treatment with brine. This
can be explained by the dessication of the clay in the
presence of brine. The dominant c¢lay mineral in'séils
saﬁpled from the same locations és those usgd in this
Qtudy was reported by Guillet (1977) to bé ill;te.
Interlaver éatiéns in clay minerals are qot accessible
éo no;mal.egch;ﬁge reaCtions~(Inglesi 1968). For example,
_the K+ ion in illite has low hydration, large size

+ i o
(compared tq the Na ion) and surface coordination. As

a result, its removal or replacement is very difficult.

In the bripe environment, other cations at the clay sur~- - -

162
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face are, hawever, exchanged for sodium icns due to the i
high'coﬁeentration of the latter. In the process, the

clay loses water; interparticle attractions are increased

" and the liguid limit is xeduced. The plastic limit is

.also,reaudﬁa'but only slightly. Measurements of.water

adsorption of the treated samples reported in the study
Qere.significantly higher than the untreated samples.
This was due to the hydration of the sodiuvm cation.
,The'dessication.of-the clay fed to shrinking and
hence the formation of crafks. This resulted in the very
high permeabilities to bfihe reported for the untreated
saméles. The permeability to brine wds supstdntially
reduced by pretreating and remoulding the sa%ples with
brine. As long as the treated.samples were maintained
in the floecculated conditieh with’the permeation of,bri%g,
the permeability remained significantly low. vWith-the
introduction of ftesh water, however, leaching.teok place

and the permeability was increased.

- -
. Z .

SN
- A study of’ somefglac1aftclay soils frif\:::arlo has

shown that their geotechnlcal pfopertles are ered

51gn1flcantly 1n the presence of brlne.' Some conélusions

which are belleved to bg of 1nterest in the storage of

brine in clay liners may e rawn from the. avallable in-

formation:
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1. The Atterberg limits are reduced as a result of

dessication shrinking due to sodium cation exchange. .With
respgct to the‘A—line of the plasticity chart, the majority
of samples treated with brine plot in the z&ne of "cohesion-
léss soils.; The effect of the treatment is tb,reduce the
:plaétiqity of the soilé (that is to move their positions on

the plasticity chart to a lower position along the A-line).

>

2. BAmong the monovalent alkalis the sodium ion has
\ . 4

a reasonably high hydration. Soils treated with brine will
adsorb higher amounts.of water than untreated soils due to

;-
the hydration .of the sodium ion.

3. Dessication shrinking of the soils lead to the
formation of cracks. Consequently, the untreated soil will
be more permeable to-brine than to ﬁ;esh water. - The ratio

y
of the permeabilities obtained was approximately 100:1.

4. In view of the last point, brine ponds désigned
and constructed with specifications applicable to fresh
water will not be able to hold brine.
> . “: b

5. The permeability to Brine can be reduced by pre-
~ .

3o ;réating énd remoulding the soil with brine. The perme-

abilities of .the treated soil to brine and the untreated

soil to water have the same order of magnitude.
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6.3 Recommendations

Clay soils to be used in the construction of brine
pdhds should be pretreatgd with brine before stérage.
This can be done by moulding the soil with brine during
‘compgction or mixing the soil with NaCl crystals -before
cdmpaction. In the latter case, brine shouid still be
used as the moulding fluid. At the optihum compaction,
the treated soil is at its maximum density. More signi-
ficantly, ié is in equilibrium with its own cation;
there is, therefore, very little chanée for any cation
’ gxchange reactions to take place to alter the structure
of the soil.

The results presented are based on only 19 samples;
further investigation is needed, especially in the areas
of the effects of different salt concentrations on
permeability. In-addition, a study of a variety of soil
types would be worthwhile to augment the informatic

. presented in this study. ) 1
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Sample Descriptions and Locations

Sample
Number

KN-1,KN~10

BR-2,BR-11

i

AU-3,2U~12

HG-4,HG-13

SC-5,8C-19

Location and Description

Shallow bank of Little .
Cataraqui Creek in Kingstown
Township. Concession IV, 1 km
west of Country Road 10, 0.8 km
north of Highway 401.

Mottled, blue-grey, highly |
plastic clay. ‘ .

Bank of a pool north of the
Michigan Central Railway track,
located south of Brownsville in
Dereham Township, 13 km west Qf
Tillsonburg. -

2 m of tough stoneless brown
clay mottled with rust and grey,
magsive near the top with fine
wavy laminations near the base.

Banks of the Holland River.
1.6 km east of Aurora.

Stratified buff-brown and vellow
silt and silty clay.

" Abandoned pit belonging to the

former tile vard of Norman
McEachen and Sons. Concession
IV, Orford Township, Kent County,
2 km southeast of Highgate.

« Mottled grey and brown clay,

tough, stoneless and gritty.

Scarberough bluffs about 600 m
west of the mouth of Highland
Creek in Scarbuvrough.

Finely laminated interglacial
clay, sand, and silt.

o
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Location Sample
. Number Number Location and Descripticn

6 . A shallow river bank 1.6 km west
of Beeton in Tecumseh Township,
Simcoe County.

BE-6,BE-14 Grey brown rusty-mottled, pale
grey, stoneless silty clay.

7 Southside of the Bayfield River
in Tuckersmith Township Huron
County, about 5 km southeast of
Seaforth. North end of clay pit
sampled.

SE-7,8E=-15 Coarsely, stratified brown inter-
layered with thin beds of yellow
silt, tough, dense and stoneless.

8 Abandoned brickyard on the farm
of M. L. Jeffrey in Hay Township,
2 km-.southeast of St. Joseph.

SJ-8,5J-16 Mottled grey and brown unstrati-
fied sandy clay.
9 ‘ Abandoned workings of a tile
) vard on the farm of A. E. Durnin
at St. Helen, 8 km south of
Lucknow.

SH-9 ,SH~17 Mottled, brown, rusty yellow silty
L. clay, weakly stratified, grades
into grey silt and sand at the
base. )

*
10 Former tile vard of W. W. Sadler
located on the south side of the
Bayfield River in Hibbert Town-
ship, Perth County, 3 km south
cf Dublin. Upper part of river
sampled. '

DU-18 . Massive, .tough, dark brown .
stoneless clay, loamy at the top.

o
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APPENDIX D

Correlation and Regression Analysis
and Comparison of Variances and means.



210

LY
Table D.1
Correlation and Regression Analysis

Sample Corralation Student's Probability
Figuras Variablas Size Coafficiant t=value (Confidenca)
s ' X, ¥ N r Lavel) .

5.1 Liquid limit

{untreated} 18 90,9774 18.49 0.0001
Plasticity index

{untreatad)

5.4 Liquid limited
(treated} 18 _0.3771 7.0 0,0001
Plasticity index
{traated}

5.5 Clay fraction
(<0.002 mu) 18 0.8301 5.96 0.0001
plasticity tndex
{untroated)

. 5.6 Clay fraction 18 0.5748 2,81 0.0500
{«0.005 mm)
Plasticity index
{untreated) .

5.7 Water adsorption )
{untreaated) . 18 0.9496 12,12
Liquid limited
(untreated}

.

0.0001

5.8 water adsorption 18 0.9514 12,135 0.0001
(untreatad)
Plaaticity indax
{untreated)

5.9 Water adsorption 18 0.8265 5.87 0.0001L
funtroated)

Plastic limit
{untraated)

5.10 Water adsorption 18 T 0.7424 4.43 - 0.0005
{treataed)
Liquid limit
(treated)

.11 Watar adsorptiaon 18 0.76135 4.7 0.00053
{treatad)
Plasticity index
(traated)

5.12 Warar adsorption 18 0,31658 2.13 .5000
(treatod)
Plastic limit
(traated)

. 5,13 Clay fractian 19 0.8469 6.57 0.000t
. {(<0.002 mm)
Water adaorption
{untreated)

5.14 Optimum moisture 19 0.9186 3,58 0.0001
content (untreated)
Optimum moisture
contant (treated)

5.15 Max. dry density 19 0.9696 15.34 0.0001
(untreated) -
Max. dry denasity
[treated)

5.16 Log perm., to water 18 0.80%3 5.51 0.000L
{untreated}

5.17 Log perm. to water 18 0.7507 3.55 . a.0005
' {untreated)
Log perm. to water
(treated)

5.18 Log parm, to water 18 0.5685 2.76 0.0050
{untroated)

Log perm. tc brine
{untreated)

“16,0.01 = 2.921; ©16,0.05 = 2.120: ©16,0.3 = 0.690; ©17,0.01 = 2.898;
£17,0,05 = 2.110; ©17,0.5 = 0.689

Probabilities are two-tailed., Perm. = Permoability.
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Testing the Difference of Variances and Means

A. Testing the equality of ﬁgriancés //"\_\\

Given: Standard deviations of two sample distributions
to test whether the populations from which the samples were

drawn have the same variances, set up the hypothesis:

. 2 _ 2
mﬂl.l%. Ul —02
Altérhate- H.: 2 L4 2
: 17 99 o,
The FP-test then is
3 2
_ 1
F=-—
Sy
where S = standard deviation [‘:::>
Decision rule: /
812
REJECt HO if F = S_—2—-> FVl’ \)2’ o
2

where vl = Nl—l; v2=N2—1, the number of degrees of freedom,
and ¢ is the level of significance or probability of re-
jecting H if it is true.

P

area of rié?ction

o




213

If F = 512 > Fv it foll that 2 # 0-2
= g—z- l'\)ztu 1 oOws Ol : 2 .
2

That is, there is statistical evidence to suggest that

the variances are different.

B. Testing the difference of means

Set up Null Ho: My T Wy
Alternate Hy: ) #uz
2

2 r

calculate a: 'pooled variance' defined by

Since Sl2 #= S from the result of the F-test above,

2 . 2
s 2. viS1 4+ V2 5
P Vi + V2
where
vy = Nl-l
v, = Nz—l
N is the sample size - ' -

t-statistic to be used is then given by




P ( <t Xl -'X2
Voo s I 1 °
g Y= + =
Ponp Ny
Decision rule:'
- X, - X
Accept H_ if | 1 2
© s ¥ l + _T
LS

otherwise reject Hy
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