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CHAPTER I
INTRODUCTION
General

The detrimental effects to structures caused by the swelling of
~clay soils have been well documented over the years. Published litera-
ture indicate that structural damages have arisen from the swelling of
both undisturbed and remolded clays.. Numerous studies have been con-
ducted in the past, to investigate the swelling characteristics ‘of ex-
pansive soils Qith a view to identify fhose soils which are likely to
possess undesirable expansive characteristics and to facilitate taking
of adequate precautiens in constructions where such soils are encounter-
ed (Holtz and Gibbs, 1956; Bruijin, 1961; Seed, Woodward and Lundgren,
1962 and others).

The swelling of .clay soils is known to affect their engineering
propértieSASuch as strength, .compressibility and permeability, although
the exact nature of‘its influence,is not completely understeod. Advances
in the fields Of colloid and crystal chemistry have greatly improved our
understanding of the)various electricaljfopces.acting between atoms.

It has -been shown that the engineering properties of clay soils such as
strength?.compressibility, swelling and ether phenemena, can be explain-
ed in terms of the physico-chemical, interactions between the finer
fractions. of the soil, although complete theoretiqal formulations of

these processes have not.been successful, owing to the extreme complexity



of the problems involved.

The magnitudes of swelling and swell pressure depend on the com-
position of the clay, initial moisture content, compaction conditions,
soil structure, chemical properties of the pore fluid, confining pres-
sure, fime allowed for swelling, curing period and temperature (Grim,
1959; Lambe, 1960; Seed, Woodward and Lundgren, 1962; Seed and Chan,
1961; Ladd, 1959; Barber, 1956 and others). Further, experience as well
as experimental -data indicate that there is considerable difference in
the behavior of -undisturbed and remolded clays.. Remolding tends to
produce a parallel orientation of the particles which often results in
a marked difference between the undisturbed and remolded engineering
properties (Mitchell, 1956 and Lambe, 1960). The molding water content
and the mode of compaction have an influence on the particle arrange-
ment of the compacted soil (Lambe, 1960). Recent advances 'in the tech-
niques. for studying the soil structure, using the petrographic micro-.
scope, X-ray diffractometer and electron microscope, have greatly con-
tributed to an understanding of the fabric of clays and its relation
to engineering properties (Mitchell, 19563 Pacey, 19563 Tice, 1967 and
others).

Most, of the reported structural damages caused by swelling were
attributed to the vertical component of swelling. However, there were
instances .where the damage was almost certainly caused by the horizental
swelling of soil (Means, 1959). Recent studies show that the rearrange-
ment of particles during compaction produces measurable effects on the
swelling characteristics of soil.. It is reported that the unit swelling
in the horizontal direction of a Permlian clay from Oklahoma invariably

exceeds that in the vertical direction, regardless of the mode of



compaction. The full implications of ‘this observed behavior in terms of
soil structure are not clear. Also the exact relationship between the
vertical and horizontal swelling of compacted soll and its correlation

to the particle arrangement, have not been completely established.

Recent studies have, however, demonstrated the influence of soil struc-.
ture on the engineering characteristics of soil and shown that a clearer
understanding of the physico-chemical interactions assoclated with the
structural anisetropies in soils would eventually lead to new apprais-
als of the factors affecting strength, swelling and other properties
(Mitchell, 19563 Lambe, 1960; Seed and Chan, 1961; Parcher and Liu, 1965;

and others).
Purpose and Scope of Study

This investigation was primarily concerned with the anisotropic
swelling characteristics of compacted .clay and their relationship to
the soil fabric.

The purpose of this study was .two-fold: The first objective was
to investigate the relative magnitudes of swelling of compacted Permian
cléy in two directions, namely parallel and perpendicular to the direc-
tion of .compaction and to examine the relationship between the two, as
a function of .the initial water content and compactive effert. Soil
blecks at different moisture contents were compacted using the Standard
and Modified AASHO procedures and test specimens were cut out of these
so0il blocks at the required orientations. These specimens were tested
in the triaxial swelling apparatus, developed by Fost (1962) under the
direction of Professor James V. Parcher of the Oklahoma State University.

The unit swelling of the specimens in the vertical and horizontal



(radial) directions were determined from the~sWelling test data.
Additional information concering volumetric swelling and water-intake

of the specimens, obtained from the swelling tests, was used to study

the other characteristics associated with the swelling phenomenon. Based
on the experimental .data, the relationship between the magnitudes of unit
swelling, parallel and perpendicular to the direction of compaction, as

a function of the initial moisture content and the compactive effert,

was examined.

The second objective was to study the micro-structure of the
compacted .soil, parallel and perpendicular te the direction of compac-
tioén, in an attempt to correlate the particle orientation with the var-
iations in the measured swelling. To study the particle orientation
in the compacted soil, the X-ray diffractometer.and the scanning elec-
tron microscope were used:. For X-ray diffraction studies, thin sections
were prepared from the compacted -soil blocks, parallel and perpendicular
to the .direction of compaction, using standard impregnation procedures
to keep the soil fabric undisturbed during subsequent sectioning pro-
cess. X-ray diffraction patterns were obtained for the oriented thin
sections. TIrom the peak intensity counts, the degree of preferred
particle orientation was examined.  For the scanning electron micro-.
scope study, soll specimens which were previously impregnated for making
thin sections for X-ray diffraction analysis, were used. Faces parallel
and perpendicular to the.direction of compaction in these Impregnated
soll specimens were shadowed in a vacuum, using a gold-palladium alloy
wire as ionizing material. . Electron micrographs of these coated faces
were made from which a qualitative study of the degree of preferred

particle orientation with respect to the .direction of compaction, was



made; Based on the X-ray diffraction data and the electron micro-
graphs, an attempt was made to correlate the observed swelling of the
compacted .soil parallel and perpendicular to the direction of compac-
tion, with the degree of particle oriéntation in.the corresponding di-

rections.,
Source of Material

The seoil used in this study is the red clay occurring in exﬁen§ive
formations in. Oklahoma and in the western parts of Kansas and Texas.
These formations, comprising intermingled layers of -sandstones and clays,
were deposited during the Permian period in the geological history.

The eastern edge of out-crop of this Permian fermation runs north-south
about thirty miles east of Oklahoma City. The surface soll east of this
boundary consists of the older Pennsylvanian and Mississipian deposits.
The red bed deposits of Permian period occurring on the surface, west

of this boundary grow thicker toward the west until near the west edge
of Oklahoma. Further west, these beds are covered by younger deposits

of Mesozolc age and later periods.

This Permian red bed is a marine clay, formed:on an inland sea-
bed: surrounded by steep mountaing which were subsequently-levelléd off
by erosion., The presence of extensive gypsum and salt deposits in -this
area is believed to substantiate this view. One main feature of these
formations is 'that, unlike other marine clays, they include a good
- amount of coarser fractions, -suggesting -the possibility of a steep and
short drainage path into the area during their formation.

The climatic conditions prevailing in -this area consist of

alternating dry and wet periods. Consequently, the surface clays are



subjected to cycles of desiccatien and saturation, which result in.an-
appreciable variation in their physical properties. Structures erected
on these overconsolidated desiccated clays have suffered extensive dam- e

age because of the expansion of the clays upon increase in water content.



CHAPTER II
LITERATURE REVIEW
Origin, Composition and Structure of Clays

Soils are the products of the natural process of weathering which
involves the disintegration of rocks and decomposition of crganic mat-
ter through the actién of physical or mechanical and chemical agents,
This weathering process. is contrelled by many factors, each of which
has a decisive influence on the nature of the soils fermed. Mechanical
weathering 1s generally considered responsible for the formation of the
coarser fractions of soil. However, the finer fractions of soil are
almost certainly produced by the action of chemical weathering, involv-
ing processes of solution, recombinatien and crystallizatien and hence
these, unlike the products of mechanical weathering, do not 'possess the
crystalline nature of the minerals of the parent reck. These fine par-
ticles are generally called clays and there i; considerable evidence
to show that these exist iIn size ranges less ‘than about 2yu.

Until recently there was no consensus among soil scientists.
concerning the exact nature of the clay materials. Early ideas about
the composition and structure of the clays ranged from a single mineral
-concept to a basic collold complex of amorphous nature and to many"
others (Grim, 1968). Recoegnizing the inconsistencies -involved in_thése

approaches as revealed by the wide structural variations in the finest



fractions, many scientists, by 1920, began t0~think of clay materials.
as essentially composed of extremely small particles of a limited number
of crystalline minerals.. Although this formed the basis for the present
day clay-mineral concept, it lacked positive evidence, and it was only
in 1923 that the first X-ray diffraction data of clay materials confirm-
ed this hypothesis. ' The subsequent investigations intd the optical
properties of clay minerals by Ross and Shannen (1926), Marshall (1930,
1931) and many others corroborated the crystalline nature of. the clay
minerals.

According to this concept, clays are essentially composed of very
small crystalline particles of one or more members of ‘a small group of
minerals, known as clay minerals. - Thegse clay minerals are hydrous alu-
minum.silicates with magnesium or.-iron proxying wholly or in part for
the :aluminum in some minerals and for alkalies and alkaline earths in
others, The fine fraction may alsc include non-clay minerals like
quartz, feldspar, calcite, organic matter and water—soluble‘salts.

There are many minerals which are ordinarily classified as clay
minerals. Grim (1968) has given. an elaborate discussion concerning
their composition and structure,  However three classes of clay miner-
als, namely, Kaolinite, Montmorillonite (belonging to the Smectite
group, according to Grim, 1968) and Illite deserve major consideration.

The nature of clay mineral formed, seems, in general, to depend
on factors other than the chemical nature of the parent material.
Provided the necessary basic minerals are present, kaolinites .tend to
be formed in an acid environment with good drainage conditions while
the development of montmorillonites and illites depends on an -alkalil.

environment with poor drainage conditions. Other conditions favorable



for the formation of clay minerals have also been recognized.

Soils occurring in nature are extremely complex and they vary
widely not only in their composition and. texture but also in their phy-
sical properties. Though they include particles in all size ranges,
only the finer fractions which are primarily composed of clay minerals,
are responsible for many of the foundation problems. In fact it is the
nature and the amount of clay minerals present in a soil that largely
governs 1ts physical and engineering behavior.

Based on the generalizations of Pauling for the .structure of
micas and other layered minerals, the atomic structures of clay minerals
have been investigated in considerable detail by many scientists and
it is mnow known that they are mainly composed of two structural units
(Figure 1). One unit consists of two sheets of closely packed oxygens
or hydroxyls with aluminum, magnesium or iron atoms embedded in an
octahedral coordination, equidistant from the six oxygens or hydroxyls;
The other unit consists of a éilicon atom -surrounded by four equidistant
oxygens arranged in tetrahedral coordination, with three oxygens at the
corners of the base of the .tetrahedron, shared by two silicons of adja-
cent units. These silica tetrahedral sheets are arranged in a hexagonal
network which is repeated indefinitely. Although appreciable distortion
of these units 1s possible, these constitute the . fundamental building
blocks of most of the clay minerals.

Kaolinites consist of repeating layers of a single alumina sheet
and a single silica sheet sharing a layer of oxygen atoms between them
(Figure 2). There is usually very little substitution within the crys-
tal lattice. Variations in the crystal lattice give rise to different

clay minerals with the .same chemical composition. The repeating layers
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(b)
O and (;) = QOxygens O and @ = Silicons

a. A SINGLE SILICA TETRAHEDRON

b. SHEET STRUCTURE OF SILICA TETRAHEDRONS
ARRANGED IN A HEXAGONAL NETWORK

o Aluminums, magnesiums, etc.

c. A SINGLE OCTAHEDRAL UNIT
d. SHEET STRUCTURE OF OCTAHEDRAL UNITS

Figure 1. Schematic Diagram Showing Single Units and
Sheet Structures of Silica Tetrahedron
and Aluminum or -Magnesium Octahedren
(after Grim, 1968).
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are approximately 7 A thick and are held together by hydrogen .bonds.
Although indefinite extension of these sheets is possible, they usually
occur as hexagonal plates. Another commonly occurring mineral, halloy- -
site, differs from kaolinite in that it eccurs in a hydrated .form, with
a ‘layer of water molecules between them and this results in a distorted
lattice in the form of ‘a tube-like particle, with the silica sheet on
the outside.

The montmorillonite minerals are made of repeating layers of an
alumina sheet sandwiched between two silica sheets. Isomorphous sub-
stitutions usually occur in the alumina sheet, with magnesium or iron
substituting for aluminum. The outstanding feature of this mineral is
that the bond between the unit layers is very weak and hence water and
other polar molecules can easily enter between them resulting in the
expansion of the lattice in the directicn of the C-axis. The thickness
of the unit layer is therefore net fixed and it varies from about 9.6 A
when there are no polar molecules between the unit layers to almost
complete separatien of the layers. This explains the marked shrinkage
and swelling characteristics of clays ‘containing an appreciable amount
of montmorillonite mineral. Also the very poor bonding between adjacent
layers causes disintegration into very fine particles.

Illites -are similar to montmorillonites in their structure except
that the silica sheets are joined by a layer of potassium ions, provid-
ing a fairly good bond. The unit layer in illite mineral 1s abeout 10 A
thick. There is considerable substitution for:silicon by aluminum
atoms, in the-silicavsheet and' the resultant charge dificiency is bal-
anced by the potassium icns. The bonds with the nonexchangeable potas-

sium ions are weaker than the hydrogen bonds between the unit layers of
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the kaolinite crystal, but they are much stronger than the ionic bends
in the montmorillenite crystal. Consequently the structural unit layers
of 1llites are fairly.stable and therefore not as susceptible to lattice
expansion as are montmorillonites. However they exhibit more swelling
than kaolinites.

Details of the shape, size, specific surface and the charge on
the clay minerals, are summarized in Table I.

Only a very brief outline of the basic structure of the Important
clay minerals has been presented here. For a more complete information
regarding the structure of clay minerals and their polymorphs, the
reader should refer to standard texts on clay mineralogy (for example.

Grim, 1968).
Physico - Chemical Aspects

Clays are generally composed of plate-like or tabular particles
because the layer-lattice structure results in strong bonding along two
axes but weak bonding between layers.. The particles are usually hydrat-
ed and carry a net negative charge resulting from the substitution of
ene lon for .another in their lattice and incomplete charge compensation
arising from broken bonds at the edges. In an electrolyte selutioen,
this net charge is neutralized by the cations and the ability of the
clay particles to adsorb ions on their surface is known as the Base or
Cation exchange capacity. In soils, a cation adsorbed on the surface
of the soil mineral is exchanged for a cation in .the pore solution and
in.this process the pore solution also undergoes a change in its ion

concentration.



TABLE I

i

DETAILS OF KAOLINITE, MONTMORILLONITE AND ILLITE

(Adapted after Grim, 1968 and Lambe. and Whitman, 1969)

Clay Isomorphous  Bonds Specific - Exchange  Particle
Mineral Substitutions between  Surface  Capacity  Shape and
’ Sheets m?/g (pH 7) Size
me/100g
Kaolinite Al for Si Hydrogen 10-20 3-15 Platy
1 in 400 bond and d=0.3-3
secondary t=0.3-0.1 d
valence -
Montmorill- Mg for Al Secondary 800 80-150 Platy
onite 1 in 6 valence d=0.1-1 y
and ex- t=0.01 d
changeable
ion link-
age
Illite Al for Si Secondary 80-100 10-40 Platy
1 1in 7 valence d=0,1-2 u
Mg, Fe for and potas- t=0.1 d
Al sium link-
Fe, Al for age

Mg




The base exchange capacity of a clay mineral is dependent on
the charge deficiency resulting from substitutions within the clay lat- -
tice and also on the number .of broken bonds on the surface of the par- -
ticle, that is on the size of the clay particle. 1In soils; the predo-
minant exchangeable cations are usually calcium and magnesium. Potas-
sium and sodium are sometimes. found in small quantities. The nature of
exchangeable ions in soils is governed by geological envirenment -and
leaching conditions. . For example, soils deposited in sea water will
have calcium and magnesium as exchangeable ions while scils that have
been subjected to considerable leaching will have aluminum and hydrogen.
The valence of the cation has an important influence on the exchange
capacity. The higher the valence of a cation the greater is its re-
placing power and .generally the harder it.is to replace. It -is known
that, in general, for lons of the same valence, increasing ion size
increases its replacing power. Another factor influencing the replacing
power of ions, is their geometric fit ih the clay mineral structure.
In general, the replacing power of cations is in the following ascend-

ing order:

it < wat < mt o< ko< NH4+ < wgtt < catt <ottt

The theory of .soil swelling based on the physico-chemical inter-
actions in the clay~-water system is based on the diffuse double layer
theory, first given by Gouy and Chapman and which was subsequently
modified by Stern. According to this theory, an electric double layer
forms .at the interface of any phase in contact with a liquid. When a
clay particle is placed in water, the electrical force between negative-

ly charged surface and the positively charged lons attracts the cations
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to the surface, but their thermal energy causes them to diffuse away.
The resultant effect of the Coulomb ferce of attraction and the thermal
diffusion produces 'a diffuse distribution ef cations, with a high con-
centration of cations at the particle surface and descreasing gradually
with distance (Figure 3). The above model gives rise to the Gouy-
Chapman.diffuse double layer concept and this was subsequently modified
by Stern, who postulated a fixed adsorbed ionic layer.

The theoretical distribution of ions at a negatively charged sur-
face was investigated by Gouy and Chapman, based on Polsson-Boltzmann

equations and the resulting equation for cation is given by:

n, = ng (coth 0.16 z/E;-x)z
where.

n+ = number of cations per unit volume at any distance
% from surface,

n, = nuber of cations per unit volume in the pore water
away from the influence of the surface,

z = valence of cations,

co = concentration of cations in moles/liter away from
the influence of the surface, and

x = distance from surface in Angstrom.

The influence of valence on the thickness of diffuse double layer and
the: effect of salt concentration on cation and anion distributien are
shown in Pigure 4. It can.be observed that lower concentration and
valence would result in an extended diffuse layer and greater force of

repulsion.
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If two clay particles in a suspension are considered with their
flat surfaces parallel to each other, then diffuse double layers will
be developed.around each particle'and they will not interfere with each
other if the particles are farther apart than the thickness of the dou-
ble layer. However, if the particles are very close, their diffuse
double layers overlap. And as the ions in . the doublevlayers are of the
same sign, interaction between them gives rise to a repulsive force be-
tween the particles. The swelling of a clay is the cumulative effect
of the interaction between overlaping double layers around the clay
particles and adsorption of water by the clay particles. Theoretical
expression for the distribution of cations between two parallel charged .
plates, neglecting anion concentration, was derived by Langmuir (1938).
Using similar analytical models, Yong.and Warkentin (1966) and van.Olphen
(1963) have investigated the mechanism of swelling and this aspect is
discussed further elsewhere.

The net force acting between two parallel plates .is however the
resultant of the repulsive force which is Coulombic in character and the
Van der Waals - London attractive force existing between molecules
(Figure '5). The repulsion resulting from the interpenetration of double
layers will be greatest with monovalent exchangeable ions and with dis-
tilled water in the pores. The flecculation and dispersion of clay
suspension are the direct censequence of the interactions between the -

double layers (Rose, 1966).
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Theories of Soil Swelling

Expansive soils occur in many parts of the world and the volume
changes associated with such soils have -caused considerable damage to
structures. It i1s not surprising, therefore, that the swelling char-
acteristics of clays have been the subject of considerable investigation
in the past. - As a result, several theories have been advanced to explain
the swelling phenomenon in soils. According to Terzaghi (1931), Katz
was .the first .to recognize the importance .of the physico-chemical factors
in soil swelling. Katz investigated the relationship between swell-
pressure, heat of swelling, relative vapor pressure and volume contrac-
tion and attributed the swelling entirely to physico-chemical factors.
However, Terzaghi, differing from this view, pointed out that, although
the importance of physico-chemical aspects is incréased in fine disperse
systems, purely physical factors like porosity, elasticity, capillary
force, permeability and hydrostatic préessure do have a decisive in-
fluence on the swelling. He concludeé that the swelling is due to
elastic expansion caused by a lowering of the capillary pressure, and
the physico-chemical interactions within the system influence the swell-
ing process eonly .by altering the elastic properties of the system.

Lambe and Whitman. (1958) develeped.physical concepts to explain the
swelling in terms of the effecfive stress. More recently, Tsytovich,
Zaretsky and Ter-Martirosyan (1967) proposed a mathematical selution:
for the linear swelling of an unsaturated clay. They divided the.
wetting process into two étages: the first.stage consisting of the
water intake by the .soil voids. with the development of negative effec-.

tive préessure and the second stage consisting of imbibition by the



- mineral aggregates whose density exceeds the mean density of the soil,
and they attempted to evaluate the linear swelling based on physical
considerations.

Many authors attempted to explain the swelling process based on
Schofield's suction-potential theory. According to this hypothesis,

" g0ll at a certain moisture content has a high capillary potential and

it loses its potential energy as more.water is absorbed. The molsture
intake by the soil resulting from the soil suction was believed to

cause the swelling. However, this theory is found to be inadequate to
explain the swelling process completely since residual swell exists even.
at zero suction, as the water intake continues beyond that point until
the hydration of the ilons and the soil particles is complete (S.N,
Gupta, B.N. Gupta and K.P. Shukla, 1867).

As explained earlien; the Gouy-Chapman double-layer theory at-
tributes the swelling of clays to the osmotic pressure differentials %
between thé‘midplane of adjoining particles and the external solution.
According to.this concept, the electric field of the clay particles
causes the accumulation of ions in the .interparticle spaces and thus
the ion concentration in the diffuse double layer‘exceeds that in the
external solutioen. This di}ference in the ion concentration results
in the diffusion of water which forces the clay particles apart, causing
the .swelling. The pressure required to keep the clay from swelling,
which is the swelling pressure corresponding to a constant volume
condition, is equated to the osmotic pressure as given by van't Hoff's:
equation in physical chemistry (Yong and Warkentin, 1966). The swell-

ing pressure is then given by the equation:
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RT(C, -NC)
where
P .= swelling pressure,
R = gas constant,
T = absolute temperature,
C_ = salt concentration in the pore water, in moles
per liter,
C - = cation concentration midway between two parallel
clay plates, in moles per liter, and
N = number of cations and anions per molecule of

compound.

The above expression is - derived assuming only the .forces of re-
pulsion and a parallel aprangement_of the clay particles., Although the
predicted -swelling pressures based on this theory are in reasonable
aggrement with the measured swelling pressures, there are many limit-
ations to this approach and these are elaborately discussed by Bolt
(1955), Lambe (1960) and Yong and Warkentin (1966).

Recently S. N. Gupta, B. N. Gupta and K. P. Shukla (1967) have
investigated the physico-chemical properties of the balck cotton soils
of India, in relation to their engineering behavior and critically
analysed the validity of the different swell pressure theories, They
observed that none of the existing theories is adequate by itself to
explain the residual swell even at high electrolyte concentrations,
continued hydration at zero suction and the impossibility of expelling
the interparticle and interlayer water by external pressure aleone.

Yong (1967) investigated the effect of elevated temperatures on the
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swelling of a montmorillonite clay and showed that the diffuse double
layer ‘theory needs a correction for dialysate concentration, for pre-
dicting the swelling pressures under elevated temperatures.

In conclusion, it may be observed that the varlious theories ad-
vanced to explain the swelling phenomenon in soils have inherent de-
ficiencies and consequentely they have not been able to explain complete-
ly the actual swelling behavior of .clays. Nevertheless they have
greatly contributed to an understanding of the various factors involved
in the swelling process. The discrepancies between the theoretical
predictions and the actual behavior, only emphasize the fact that many
of the compiex processes involved in swelling are not yet.completely

understood.
Factors Affecting Swelling

The-swelling characteristics of both undisturbed and remolded
clays have been intensively studied in recent years, with a view to.
identify and evaluate the various factors influencing the swelling
process. The results of these studies have demonstrated that the magni-
tudes of swelling and swell pressure are dependent on many factors and
that they are different for undisturbed and remolded scils. In study-
ing the swelling characteristics of expansive soils, it would be nec-
essary, therefore, to recognize those factors which contribute to the

variation in the behavior of undisturbed and remolded states.

Swelling. Characteristics of Remolded Clays

The results of the previous studies indicate that the magnitude

of the swelling and swell pressure of a compacted clay soil are dependent
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on the following important factors:.
1. Composition of the soil
2, Initial moisture content
3. Soil structure
L, Availability and properties of water
5. Confining pressure |
6. Curing period
7. Time permitted for swelling
8. - Temperature

The influence of each of the abeve factors on the swelling char-

acteristics of clay, is briefly discussed below:

1. Composition of the Soi

The type .and amount of the.clay minerals present in a soil large-
ly influence its swelling characteristics. The swelling potential of

clay particles results from the nature of their lattice structure and

their extremely fine size. The composition and structure of the various -

clay minerals have been elaborately discussed by Grim (1968); and
Kerr (1959) has shown that there are approximately fifteen minerals
which are generally classified as clay minerals. The composition and
structure of the three most common clay minerals, namely kaolinite,
mentmorillonite and illite, have been presented earlier.

The clay particles in soils are generally hydrated, that is,
surrounded by layers of water molecules. The thickness of the .adsorbed
water influences the physical and engineering properties of clay soils.
The main force which holds the water molecules to the surface of the
particle is due to hydrogen bond, which decreases with the distance

from surface. Consequently, the water layer next to the surface is



held more strongly than others, and the physical properties of this
water differ significantly from those of free-water. The thickness of
the strongly held wéter is only a few molecules thick, of the order of
10 A. The development of a diffuse double layer around a clay particle
in an electrolyte solution was described in the preceeding section. The
repulsion resulting from the interpenetration of the diffuse double
layers of adjacent particles and from the adsorption of water on the
particle surfaces, 1s responsible for the swelling of a clay on wetting,
Kaolinite consists of repeating layers of one silica and one alumina
sheet which are held together by hydrogen bonds between 02~ and (OH)~
ions. This hydrogen bond is weaker than the ionic and covalent bonds
and consequently the kaolinite crystals tend to break into very thin
sheets. There is usually very little substitution of one cation for
another in the crystal lattice. The elemental sheets are very compact
and stable and fheir inexpandible strueture resists the. intreduction of
water into their lattice. Consequently the physico-chemical interac-
tions between particles arise largely from external. surface features
rather than conditions within their structure. Also water adsorption
and exchange phenomenon are not well pronounced in kaolinite. The mon-
tmorillonite mineral on the other hand, consists of an alumina sheet
between two silica sheets. The bond between successive silica sheets
is very poor and this results in a very unstable lattice. Consequently
in the presence of water, ?pere.is considerable lattice expansion in
the directioén of the C-axis resulting from.the entry of as .much as six
layers of water molecules between the sheets. As water molecules hap-
pen-to be the right size to fit inteo the structure, it requires heating

upto,200% to 300°C to completely remove the water. In illite, although



27

the structure is similar to montmorillonite except for a layer of potas-
sium ions between the silicia sheets, the bonds between the nonexchange-
able potassium ions are weaker than the hydrogen bonds.between the unit
layers of kaolinite, but much stronger than the icnic bonds in the
montmorillonite crystal. Consequently the lattice is much less suscep-
tible to cleavage and exhibits less.swelling than montmorillonite,
although it-expands more than kaolinite.

The differences in the crystal lattice, hydration and exchange
characteristics of the clay minerals result in variations in the swell-
ing behavior of the soils containing these minerals. In general, soils
containing sodium montmorillenite exhibit considerable volume change.
Bolt (1956) and ' S. N. Gupta, B. N. Gupta and K. P. Shukla (1967) have
reported that swelling increases with the montmorillonite content, base
exchange capacity and the specific surface. Holtz and Gibbs (1956)
have made an extensive study of this problem and recommended an empir-
ical method for both identifying and predicting the swelling character-
istics of compacted clays. Seed, Woodward and Lundgren (1962), using
artificial ‘soils, studied the relationship between the clay fraction,
activity of the soll and swelling potential -(defined as the percentage
of swell for a sample compacted at. optimum moisture .content to maximum
dry ‘density by Standard AASHO compaction procedure, under a surcharge

of 1 psi). The empirical relationship proposed by them is of the form:-

sp = K¢*° \
where
SP = swelling potential
C = clay content less than 2u, and
K and = = constants depending on the type of clay.



Their results indicate that the swelling increases with the amount of
clay present in the soil (Figure 6).

Ranganatham and Satyanarayana (1965) conducted similar investiga-
tions using the black cotton soils of India and established .an empirical
relationship (applicable to both natural and artificial soils) between

the swelling potential and shrinkage index, in the form:

sp = g(s1)”

where
SP = swelling potential, and
SI = shrinkage index

1

B and p = constants depending upon the nature of the clay.

They reported that B = 1/256 and p = 2.37 for artificial soils and
B =1/6,3 and p = 1,17 for natural soils. They developed a classi-
fication system based solely on the shrinkage index; for predicting the

degree of swell potential.

2. Initial Moisture Content

The initial moisture content iIs another important factor which

- governs the swelling characteristics of .soil. TFor a given compactive .
effort, the dry density attained depends on the molding water content
at which compaction is done. The relationships between the initial
moisture content, dry density and percentage expansion for 'Porterville
clays' from the Delta-Mendota Canal, were investigated by Holtz and
Gibbs (1956). Ladd (1959) has given an excellent discussion on the
mechanisms caﬁsing swelling and stﬁdied in detail the various factors

affecting the swelling of compacted clays. His important findings are
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given below:

a) The thickness of the double layer is approximately propor-
tional to the molding water content. Assuming all water to be in the
double layer, the average thickness of double layer is equal to the
water content divided by the specific surface area. Therefore, other
things being equal, the lower the molding moisture content, the greater
is the water-intake; to satisfy the double layer deficiency. For a
constant molding water content, an increase in dry density results in
an increase in the amount of swelling.

b) . For samples compacted wet.of optimum moisture content, swell-
ing can be explained-by osmotic repulsive pressures resulting from the
difference in lon concentration in the diffuse.double layer between
clay particles and that in free pore water.

c) TFor samples compacted dry of optimum moisture content, swell-
ing is influenced by factors other than osmotic pressures. These factors
may be: the effect of negative electric -and London - van der Waals
force fields on water, cation hydration and attraction of the particle
surface for water, elastic rebound of particles, a flocculated particle
orientation and the presence of air.

From the results of tests on Boston blue clay, Lambe (1960) found
that the pressure required to prevent the samples, compacted wet and dry
of optimum, from swelling, were 0.12 and 1.01 kg. per &g. cm respective-
ly, although the samples were compacted to the same density using the
same compactive effort. The influence of molding water content on the
swelling of .compacted clays has also been subétantiated by the work of

Seed, Woodward and Lundgren (1962) and Parcher and Liu (1965).
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3. 8Soil Structure

The importance of soil structure in the swelling phenomenon was
first recognized by Terzaghi (1931) and was further elaborated by
Casagrande (1932). Mitchell (1856), using a petrographic microscope,
studied the fabric of fourteen natural .clays of marine and fresh-water
origin and, based on measurements of extinction of thin sections, he
attempted to correlate the soil structure to the engineering properties
such as strength, compressibility aﬁd permeability.

The strucfure of a compacted soil is influenced by the compactive
energy, mode of compaction and the initial moisture content. Using the
optical techniques developed by Mitchell (1956), Pacey (1956) studied
the relationship between the initial moisture content and the particle
arrangement and found that compactien on. the dry side of optimum moisture
content produces a non-parallel or flocculent structure while compaction
on the wet side results in a parallel or dispersed arrangement (Figure 7).
His experimental data also indicate that the degree of particle orienta-
tion increases with increasing compactive effort..

The theory of compaction proposed by Lambe (1960) attempts .to
explain the change in density of compacted soil based on the.variations
in soll structure at different moisture contents during compaction.
According to this concept, soil compacted dry of optimum tends to have
a flocculated structure, owing to the small amount of water which results
in a very high electrolyte concentration and consequent'depression of
the .double layers (Figure 8). An increase in water:content to the optimum
value, increases the electrolyte . concentration and double layers around.

the soil particles. This results in a reduced degree of flocculation



100

PARALLEL ' ! ' prag

75

50

25}

{a)
RANDOM

" PARTICLE ORIENTATION

o
1

94}
{b)

DRY DENSITY, LBS/CU.FT.

i 1 1 1
0 e 14 16 18 20 22 24

1 1

90

MOLDING WATER CONTENT, %
Figure.7. Orientation Versus Water Content

for Boston Blue Clay (after -
Lambe, 1960).

HIGH COMPACTIVE EFFORT

LOW :
COMPACTIVE
.EFFORT

COMPACTED DENSITY —»

[
MOLDING WATER CONTENT —

Figure 8. Effect of Compaction;oni
Soil - Structure -(after
Lambe; 1960).

32



33

which permits a more orderly arrangement of the particles and a higher
density. Further increase of moisture from the.optimum to the wet side
causes_fufther expansion of the double layers and a decrease in the net
attractive forces between particles. Even though this gives rise to a
more. parallel arrangement of the particles, the density is reduced be-
cause the added water tends to reduce the concentration of soil parti-
cleg per unit volume., The same effect was observed in a more pronounced
manner in soils compacted with greater compactive effort. -

The effect of particle arrangement on the swelling and other
characteristics of compacted clays has been studied in considerable de-
tail by Seed and Chan (1961) and their results corroborate the findings-
of Pacey (1956) concerning the influence of molding water content on
particle orientation. Their main conclusions are summarized below:

a) Samples~compactéd dry of .optimum exhibit higher swelling
characteristics and swell to higher water contents than .those compacted
wet of optimum at. the same density. This increased swell might be
construed as a manifestation of . the higher swelling tendency of flo-
cculated: structures than of dispersed structures.

b) Samples compacted dry of optimum (which tend to have more
flocculated structures) exhibifed‘greater swell pressures than those
compacted wet ‘of -optimum (which tend to have more dispersed structures).

c) - For. the same initial moisture content and dry-density,.static
compaction tends to produce a flocculent structure while kneading
compaction results -in a relatively more dispersed structufe% Conée—
quently samples compacted by statié compaction exhibit higher swelling
characteristics.

Clays with an overall orientation of particles, are generally



34

anisotropic with\respecfﬂto shrinkage and swelling. Ward, Samuels and
Butler (1959) have studied the properties of London clay and have re-
ported a greater swelling volume and swelling pressure in the vertical
direction compared to the horizontal. Liu (1964) and Parcher and Liu
(1965) have investigated the swelling characteristics of compacted
Permian -clay, using the triaxial swelling apparatus developed by Fost
(1962). Their experimental results have not only confirmed the findings
of Seed and Chan (1961) but also emphasized the significance of struc-
tural anisctropy on the swelling characteristics of compacted clays.
They have reported that the unit swelling in the horizontal direction
exceeds that in the vertical direction, regardless of how compaction is
accomplished (Figures 9 through 13). Although the full implications of
this observed-behavior are.not clear in . terms of the soil sfructure,
their findings have clearly demonstrated the influence of soil structure
on swelling. More recently the effect of’anisotropy on the swelling

of a montmorillonite clay was studied by Komornik and Livneh (1967).
They have shown that the ameunt of swell parallel .to the direction of -
compaction is greater than that in the perpendicular direction and they
have attributed this to the platy structure of the montmorillonite
(Eigure 14). Their results also indicate that these orientational
differences in lateral swelling pressure and amount of swell are larger

ih tests carried out at vertical pressures less than 1.0 kg. per sq. cm.
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The swelling of a.soil results from an increase in its moisture
content and therefore, availability of water is a requisite for swell-
ing. The chemical properties of the pore fluid have an influence on the
development of the diffuse double layers around the soil particles and
consequently on the swelling characteristics of the soil. As discussed
earlier, a lower.concentration of the pore fluid and a lower valence
of ions would result in an.extended double ldyer and greater force of
repulsion. Increasing either the concentration or the valence would
reduce the double layer (Figure 4). The'influence of the chemical pro-
perties of water on the swelling of .compacted clays has been studied by
Ladd (1959); A. W. Taylor (1959); Low (1959); Seed, Mitchell and
Chan (1961); Ozkol (1965); - S. N. Gupta, B. N. Gupta and K. P. Shukla
(1967) and others.

Ladd (1959) reported that the swelling of a' compacted soil can
Be effectively reduced by the replacement of low valency cations by
higher valency cations, mixing salt with -the compacted~clay or by leach-
ing the compacted soil with salt solutions. He also found that the
initial rate of swelling is practically unaffected by the.salt concen-
tration and this was confirmed by Seed, Mitchell and Chan (1961),. Al-
though the swelling is actually suppressed as. the electrolyte concen-
tration increases, there is considerable evidence to indicate that
swelling is not completely eliminated even at high electrolyte. concen-
trations (Seed, Mitchell and Chan, 1961; S. N. Gupta, B. N. Gupta and

K. P. Shukla, 1967 and others).
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5. Confining Pressure

A soill on wetting will continue to swell until equilibrium is
reached between the confining force and the net repulsive force. The
confining force results from an external loading system while the net
repulsive force is the sum of the double layer repulsive forces (osmotic
pressures) and the London-van der Waals forces of attraction. An in-
crease in the confining force reduces the magnitude of swelling, al-
though (except for a saturated soil) this-dees not necessarily mean
that no water will be imbibed. Consequently heavy buildings constructed
upon .expansive soils are generally subject to less heaving than light
structures with shallow footings (Abelev, Sazhin and Burov, 1967 ‘and
Parcher .and Means, 1968). Seed, Mitchell and Chan (1961) have studied
the influence of confining pressure on the magnitude of swelling and
found that the magnitude of this balancing pressure decreases as swell-
ing progresses. Recently Ho (1967) and De Graft-Johnson, Bhatia and
Gidigasu (1967) have investigated these aspects and their results -in-

dicate that the swell pressure decreases with increasing volume change,

6. Curing Period

Barber (1956) reported that the curing period (which is the time
interval between compaction and swelling tést),has an influence on the
swelling pressure of compacted .soils. A substantial reduction in the
magnitude of swelling pressure was noted by Barber when the curing
period was increased from 5 minutes to. 24 hours. The effect of curing
period on the magnitude of swelling is not known,'althcugﬁ”we might
anticipate a similar influence. Also the curing period required to

preduce maximum. reduction in swelling is not established.
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7. Time Permitted for Swelling

When a compacted soil is allowed to absorb water, it will continue
to swell until .final equilibrium is reached between the internal and ex-
ternal forces. The amount of swelling at ény instant depends on the
quantity of water entering the soil. The time required for the water to
enter into a swelling clay system is a function of the permeability of
soil. It is obvious, therefore, that the rate of swelling is a function
of the coefficient of pébmeabllity as well as the hydraulic gradient of
the porewater. Lambe (1960) has studied the factors affecting the per-
megbility and shown that the Kozeny-Carman equation can be used to
charactérize the tortuosity of flow which, in effect, is a measure of
the soil structure. His results indicate that a soil compacted dry of.
optimum will have a much higher permeability than that compacted wet of
optimum (Figures 15 and 16). From these data, it can be concludea that
the rate of swelling of a soil compacted dry of optimum will be more
than that for a soil compacted wet of optimum. The experimental results
of Liu (1964) and Parcher and Liu (1965) substantiate this conclusion

(Figure.9).

8, Temperature

Lambe (1960) studied the influence of temperature on the volume
change of Boston blue clay -and found that ‘in.a conseolidation test at.a
constant load, the sample under consolidation swelled as. the temperature
was decreased -and conpgagied with temperature increase, and -he attribut-
ed this to the-effect.of'temperature on the diffuse double layer. Re-

cently Yong (1967) has studied *the effect of elevated temperatures on
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the swelling pressure of a pure sodium-montmorillonite clay and showed
that a correction in terms of the effective dialysate concentration is
required to predict the swelling behavior at elevated temperatures more

correctly, based on the diffuse.double layer theory.

Swelling Characteristics of Undisturbed Clays

According to Holtz (1959), the swelling characteristics of nat-
ural expansive clays are, in general, dependent on the amcunt and type
of clay minerals preseﬁt,.initial density, change in moisture, lecad
conditions, soll structure and time. As the basic mechanism which con-
tributes to the swelling is the same for both undisturbed and remolded
clays, all the various factors which were discussed under remolded clays
are applicable to undisturbed clays also.  However the differences in

the swelling behavior of undisturbed and remolded clays arise largely

P

_from the variations in their soil structure and diagenetic cementation
of particles in the natural state.

In naturally sedimented seils, the particle arrangement will be
influenced by the nature and size of the particles and also by the en-
vironmental conditions prevailing during their deposition. in fresh-
water deposition, the development of repulsive forces between particles
will be maximum.due to the absence of dissolved salts and this would,
intéeneral; result in a semi-oriented structure. However, the presence
of,dissolved salts in a marine environment, effectively depresges the
diffuse double layer between particles and this gives rise to a charac-
feristic flocculated structure. Lambe.(1953); Rosenqvist (1959);
Trollope and Chan, (1960) and others have studied the structure of

clay-water systems and proposed different models to explain their



natural structure. There is considerable evidence to show that the

edges -of clay particles can carry a charge opposite to that.ef the faces:
and the flocculated sediments are not entirely composed of paraliel
particles. Accordingly Lambe (1960) has shown. that two types of floccu-
lation can exist: salt type.with an orlentation approaching paralleélism
and a non-salt type with an orientation appreaching a:perpendicular

array -(Figure 17).

Holtz (1959) found that remolded seils exhibited greater swelling
than undisturbed soils, although their initial water contents and den-
sities were the same.. The-same effect hasg been reported by Liu (1964)
and Parcher and Liu (1965) (Figure 18). This difference in swelling is
due to the change in particle arrangement caused by remolding.
Casagrande (1932) has elaborately discussed the importance of soil
structure in relation ‘to engineering properties. The observed differ-
ence-in the swelling characteristics of normally consolidated clays and
the highly overconsolidated clays, is the direct consequence of the
stpuctural.variations brought, about by stress history. Similarly the
swelling characteristics of a. clay of fresh-water origin will be differ-
ent from those of ‘a clay deposited in a marine environment, because of
the structural variations resulting from the different:environmental
conditions during their formation.

Another important factor that affects the structure of natural
clays 1s the diagenetic cementation by .which particles are cemented to
each ether by iron hydroxides, carbenates -and various organic molecules.
Whether the cementation of particles results in a structural restraint
to swelling or in the alteratien of. the physico-chemical preperties of

the surface, is not.clearly known. However, it is known that -the



LA

(@) SALT FLOCCULATION (b)NON-SALT FLOCCULATION (c) DISPERSION |

Figure 17. Sediment Structures (after Lambe, 1960).

-~

[9)]
T

|6,
T

D
I

N
|

VERTICAL AND HORIZONTAL SWELLING, €, & €, , %
&Y
i

L) | lll’ll' i ) |||'|l' [] V ij'll!l ¥ 1]
INITIAL WATER | DRY DENSITY
SAMPLE T CONTENT(%) | (GRS/CU CM)
//O—
UNDISTURBED|  22.1 1.680 o .
COMPACTED 22.1 1.688 P//EH
/
/ i
/
/
/
/
/
/ 4
/
COMPACTED

TIME, MIN.

Figure 18. Swelling-Time Curves for Undisturbed and Compacted

States, Soil Bl (after Parcher and Liu, 1965).



47

cementation between particles is an important factor limiting the volume
increase of clays.. The reduction of swelling caused by cementing mate-
rials is more for weathered clays subjected to cycles of wetting and
drying. The results of Warkentin and Bozozuk (1961) indicate that the
removal of iron oxides and carbonates resulted in only a small. increase
in swelling in the case of a high-swelling clay and reduced the volume

regain in a low=swelling clay.
Structural Damages Caused by Swelling

Expansive soils occur in many parts of the world and considerable
foundation difficulties are encountered.in constructions invelving these
soils. Damage to structures resulting from the swelling of clay soils -
has been well documented over the years. Published literature indicate
that, although the majority of the damages were attributed to the verti-
cal component of .swelling, there were instances where the damage was .
almost certainly caused by horizental swelling, and in which there was
little evidence of wertical swelling (Means, 1959).

In many areas, the surface clays are subjected to cycles of des-
iccation and saturation due to alternating dry and wet perieds.  Con-
sequently these clays exhibit considerable seasonal volume change -
shrinkage and cracking in summer and swelling in winter. The capillary
forces in the drying clay result in overconsolidation of these clays to
considerable depths. Structures erected on these overconsolidated de-
siccated clays have suffered extensive damage due to expansion of the
clays upon increase in water content. In generél, all clays are sus-
ceptible to volume changes due to seasonal molsture variation although

those containing montmorillonite are affected to a greater degree.
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Moisture variations in soil may arise from climatic conditions, ground
water fluctuations and other envirommental features. These aspects

have been elaborately discussed by Means (1959) and Parcher and Means
(1968). Numerous studies have been done in the past to identify and
evaluate the factors contributing to the volume changes in clays (Ward,
198533 Jennings, 1953; Wooltorton, 1936, 1950; Baracos and Bozozuk, 1857
Morris, 1960 and others). In some cases, structural damages were attrib-
uted to the shrinkage of subsoil, resulting from moisture depletion
caused by nearby vegetation and trees (Ward, 1953; Baracos and Bozozuk,
1957; Salas and Serratosa, 1957; Bozozuk and Burn, 1960).

Jennings (1953) studied the heaving of buildings on desiccated
African clays and concluded that heaving of buildings may be anticipated
in situations involving a clay profile, a low water table and a condition
of desiccation in the soil. Based on the results of experimental and
field observations, he has given practical soluticns for building
foundations on these expansive soils. Tschebotaricff (1953) reported
structural damages sustained by residential buildings founded on the
swelling clays of eastern Cuba, and he attributed the damages to the
upward migration of moisture towards the center of the house and in-
creased lateral pressure caused by the swelling of subsoil. Dawson
(1953) studied the causes for the movement of small houses erected on
an expansive clay soil in central Texas and has reported that these
soils expand, lifting the structures considerably due to the intake
of water. His results alsc indlicate that these soils are subjected to
considerable horizontal movement. Youssef, Sabry and Tewfik (1957)
have reported damage to structures caused by the swelling Aswan clay

and they attributed the damage to the vertical swelling of the subsoil.
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Parcher and Means (1968), from their extensive consulting ex-
perience, have recorded a number of structural damages to buildings -and
other facilities within the Oklahoma State University campus and nearby
areas, caused by the swelling of the highly overconsolidated Permian
clays of Oklahoma. In all these cases, structural damages were mani-
fested in the form of cracking and tilting of walls, heaving of -floors
and differential uplift of lightly loaded‘columns and walls. ' They have,
attributed these damages to both the vertical and horizontal swelling
of the subsoil and have suggested measures for preventing damage from
expanding clays. Methods to prevent the detrimental effects of swell-
ing soils have also. been discussed by Dawson (1959) and McDowell (1959),

Case histories concerning the detrimental effects to structures.
caused by the swelling of clays are numerous and the brief review of
a few cases given above serves only to illustrate the significance of
both vertical and horizontal swelling. The Influence of confining
pressure on the swelling was discussed earlier. An increase in confin-
ing pressure generally results in a decrease in the magnitude of swell-
ing. Consequently, only light buildings on shallow foundations suffer
extensive damage due to the volume changes associated with clays while
heavy multi-storied buildings, if structurally sound otherwise, stand
indefinitely with little or no damage, except to lightly loaded members
like floor slabg on the ground. As structural damage may arise from
both the vertical and horizontal swelling of the subseil, a clear
understanding of the swelling characteristics of clays is essential for

the proper design .of foundations.



CHAPTER III
EXPERIMENTAL PROCEDURES
Physical Properties -

The soil used in this study was the locally abundant Permian red
clay. The bulk of the soil required for the various tests was c¢btained
from the foundation excavations for the math-science building within
the University campus. The natural soil is very stiff :and overconsoli-
dated and exhibits marked volume change characteristics when subjected
to meisture variations.

As part of this investigatien and to facilitate interpretation
of the swelling test results, tests were conducted to determine the
physical preperties of the soil and the results are summarized in Table
II. The various laberatory tests to determine the liquid limit, plastic
limit, specific gravity, and the grain-size distribution .of the soil
were performed as per the standard ASTM procedures for testing soils.
The grain-size distribution of the seoil obtained from tests, is shown
in Figure 19.

Tests were also conducted to establish the moisture-density
relationships corresponding to the Standard and Modified AASHO Compac-
tion procedures.. The compaction tests were performed as per the stand-
ard ASTM procedure. However, in compaction tests, material passing US

sieve No. 40 was used, in order to evaluate the optimum moisture content

50



TABLE II

PHYSICAL PROPERTIES OF PERMIAN CLAY.

51

Liquid limit, percent 42
Plastic limit, percent | 15
Plasticity index 27
Specific gravity 2.
Passing US sieve No. 200, percent 89.
Finer than 0,002 mm., percent 31,
Activity number 1

Compaction Data®

Standard AASHO:

Optimum moisture content, percent 19.

Maximum dry density, pef. 102,

Medified AASHO:

Optimum moisture content, percent 14,

Maximum dry density, pcf. 117.

72 -

50

00

<15

00

00

50

00

*For soll passing US sieve No. 40
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and maximum dry density of the soil fraction used in the triaxial swell-
ing tests. The results of the compaction tests are shown in Figure 20.
The test results indicate that the optimum moisture content and the
maximum dry density of the soil (passing US sieve No. 40) are respec-
tively 19% and 102 pcf for the Standard AASHO compaction and 14.5% and

117 pcf for the Modified AASHO compaction.
Triaxial Swelling Tests .
General

In order to compute the relative magnitudes of swelling parallel
and perpendicular to the direction of compaction, the triaxial swelling
apparatus developed in the School of Civil Engineering, Oklahoma State
University, by Fost (1962) under the direction of Professor James V.
Parcher, was used. This apparatis was extensively used to study the
vertical and horizontal-swelliné characteristics of compacted and un-
disturbed soils and reported to be very satisfactory (Liu, 1964;

Parcher and Liu, 1965). Six triaxial swelling apparatuses, manufactured
by the Research and Development Laboratery of the Oklahoma State Univer-
sity were continuously used in this investigation. A brief description

of the apparatus .is given below.

Description of Apparatus

The special design of this apparatus permits both the magnitudes
of vertical and horizontal (radial) swelling of the soil specimens to
be measured simultaneously during the test. The apparatus is essen-
tially made of Plexiglas and consists of a base plate, chamber and a
top plate (Figures 21 and 22). The chamber rests on .the circular recess

in the base plate and the top plate is placed over the chamber and
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Figure 22. Parts of Triaxial Swelling Apparatus

Figure 23. Test Assembly of Six Triaxial Swelling
Apparatuses.
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securely fixed to the base plate by means of tie rods and wingnut screws.
?he:soil specimen-to be tested is-placed - on the porous stone abeve the
ﬁedestal in the base plate. A hole drilled through the base plate'pef—
mits the entry'of water from the water reservoir into the soil. : Another,
hele.drilled through Ihebésejglate connectSfthe chamber with the horizon-
tal 'saran tube, in which the displacement of the air-water imterface .
records the totai radial swelliﬁg of the specimen. THe ‘s0il specimen

is fixed in place by means of a flénged rubber membrane whose flange is
sandwiched between the top and cover plates. Water-leakage between the
cever.and top plates, toplp;ate and chamber and chémber and base plate,
is prevented by means of rubber O-rings, . Gage-helders and gage-helder
rods permit the attachment of a dial gage for the direct measurement

of ;the vertical swelling. The top poreus stecne and the heles in the

cap. allew free escape of entrapped air during the swelling tests, The
quantity of water .absorbed by the soll during the swelling process is
determined frpm observations ef the .drop in water reservoir level

measured by a micrometer screw (least count 0,001 inﬂ)ﬁ

Preparatien of Test Specimens.

All the laboratory tests in this investigation utilized the -
locally abundant Permian clay, obtained from building excavations within
the university -campus. The raw scil was .air-dried, pulverized and
passed through US sieve No. 40 and the material passing No. 40 sieve
was used in-the»pfeparatien of the test specimens.

As eutlined in.Chapter I, the main aspect of -this investigation
is to study the swelling characteristics of compacted soil and te cor- -

" relate the.observéd.swelling behavicr with the particle erientatioen.
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To achieve this objective, it is necessary to cut separate test speci-
mens in two directions, namely one parallel to the direction of compac-
tion and the other perpendicular to it. Therefore any method of compac-
tion used should not.only yield a remolded soil block of sufficient
size to permit.at least two test specimens to be cut cut of ‘it, but
also be capable of producing variation in the soil fabric by controlling
the compactive effort. These considerations led to the adoption.of
Standard and Modified AASHO compaction procedures for the preparation
of the test specimens.-

Soil blocks of 4 in. diameter and 4.6 in. height (standard Proc-
tor mold size) were compacted using the Standard and Modified AASHO pro-
cedures. During compaction the molding water content was varied to
include both the dry and wet sides of the optimum moisture content.
Immediately after compaction, the soil block was ejected from the Proc-.
tor mold using a hydraulic compression machine. The required test speci-
mens were trimmed out of this soil block as shown in Figure 24, using a
special wire-saw and knives. Use . of a split-Proctor mold with tighten-
ing screws, to held the soil block during the trimming process was found
to greatly assist the specimen preparation besides preventing breaking
of the soil block. During this trimming process extreme precautions
were taken to keep the disturbance of the soil fabric tc a minimum.
Also, special care was taken to mark off accurately the position of the
test specimens at the desired orientation and to index them properly
after trimming (Figure 25). Rectangular prisms of at least 1-5/8 in.

x 2 in'x 3 in. size, in the required crientations were cut from.the
compacted .soil blocks and these were properly indexed, waxed after

wrapping in saran sheet and stored in a humid room until -testing. In
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every compaction series an attempt was made to trim two test specimens-
one parallel and the other perpendicular to the direction of compaction,
although' in many cases, particularly in blocks compacted dry of optimum,
this could not.be done as the block crumbled or cracked during trimming.
However, only those soil prisms which could Be trimmed without any per-
ceptible damage or cracks were saved for the swelling tests. In some
cases it was possible to extract two vertical specimens and one horizon-
tal specimen and all of them were tested so as.to have additiecnal test
data for checking the-accuracy of. the results. In order to distribute
the influence of possible fabric variations within the compacted soil

on the test data, the vertical and horizontal test specimens were cut.
alternately from the top and bottom portions of the soil block. The
molding moisture content of the compacted specimens was determined using
the shavings produced by the trimming process.

A minimum curing period of approximately a week between compaction
and testing was allowed, so that there was sufficient time for uniform
moigsture distribution in the test specimen. In view of the limitations
of test equipment and the longer duration of time reqguired for the swell-
ing tests, it was not possible to test the specimens in the same compac-
tion series at the end of the same curing period. However, recognizing
the  fact that the magnitude of the .swelling is dependent on the curing
period, an accurate record was kept of the curing period allowed before
each test.

All the swelling tests were performed using cylindrical specimens
of about 1.% in. diameter and 2.8 in. height, and the test specimen.of
the required size was prepared-from the rectangular soll prisms stored:

This final trimming to the correct size was made just before each test,



using special manually operated trimming equipment and with the help of
a wire-gsaw and knives. As before, extreme care was taken to see that
the test specimen was disturbed as little as possible, both during trim-
ming and subsequent handling. Also, to prevent the loss of moisture by
evaporation between the final trimming and the start of the test and
consequent development of cracks, the specimen was wrapped in saran
sheet and stored in a closed tare.until the time of final placement in
the test apparatus: In spite of these precautions, as there is a pos-
sibility of moisture loss during the final trimming, a second determina-
tion of moisture content, using the shavings of the final trimming, was
made and thils value was compared with the molding moisture content. It
was found that the two moisture content determinations resulted in
approximately the same values (average variation #0.5%). To allow for
the possible moisture redistribution during the curing period and the
loss of moisture during the final trimming, the average of the two
values was taken as representing the initial conditions of the test

specimen.

Preparation. of Flanged Membranes -

The swelling tests require special flanged rubber membranes and
these were made in the laboratory using liquid Latex, Type 1-V-10,
supplied by Geﬁeral.Latex and Chemical Corporation (of Ohioc), Ashland,
Ohie. Detailed procedures for the preparatién of these flanged membranes
in the laboratory ana the other related information, may be obtained
from the work of Fost (1962). The technique followed in the preparation
of the membranes for this investigatien, was essentially the same as

described by Fost. (1962) and consists of dipping a clean flanged glass



test tube of about 1.4 in., diameter in diluted liquid Latex and dry-
ing it - repeating this process several times until a membrane of the
required thickness is obtained. The final thickness of the membrane is
dependent én'the dilution of .the Latex solution as well as the number
of dippings.. Thicker membranes will be unsuitable for the swelling
tests as they would offer greater restraint to the free.swelling. A
Latex-water mix in the ratio of 7:1 and about seven‘dibgiqg and drying
cycles were found to be satisfactory. The membranes used for the

swelling tests, varied between 0.045 cm. and 0.050 cm. in thickness..

Apparatus Factors

The triaxial 'swelling apparatus 1s made essentially of Plexiglas.
One eof the important characteristics of Plexiglas is its water absorp-
tivity, and Liu (1964) has reported that it can be as much as 0.6 per-
cent by weight. This water absorptivity of Plexiglas, although small,
will ‘have an influence on the measured horizontal swelling.

To study the water absorption characteristics of Plexiglas,
several tests were cenducted, as part of this investigation, using
Plexiglas units of different size, shape and surface roughness charac-
teristics. These were kept immersed in water and the quantity of water
absorbed was determined at different intervals of time, by directly
weighing them, taking care to wipe the surface free of water. The re-
sults of these tests are shown in Figure 26. Plexiglas with smooth
and rough surfaces in the ratio of about 10:1, was found to have a water
absorptivity of . approximately 0.3 percent on a weight basis. The re-

sults. shown in Figure 26, indicate that the rate of water absorption of



CUMULATIVE WATER ABSORPTION, GM x 10~ 2

6]
O

H
@)

W
@)

n
o

o

T b“llll]l{ H T lll]lll 1 l'lllli]!

PLATE NO. 1 Ag= 6.3660in2 , Ar= 0
2 As = 6.3660 in2 , Ar= O
3 Ag= 17.6944 in2 , Ar = 2.5250in2
4 As=404300 in2 , Ar= 4.2480 in?

As - AREA OF SMOOTH AND POLISHED SURFACE
Ar- AREA OF ROUGH SURFACE

I

{ |
 marwwent n 7 M | T

i ll|ll||

I J- 1_4111]

| — 10 — 100 1000
| ELAPSED TIME, MIN.

Figure 26. Water Absorptivity Curves for Plexiglas With Smooth and

10,000

Reugh Surfaces



(o}
o1

Plexiglas varies with time - the rate of water absorption being maximum
initially and .tending to zero after considerable duration of time.
Also, 1f the Plexiglas that has been subjected to wetting is allowed to
dry, it loses water at a fast rate initially, the rate gradually de-
creasing with time (Figure 27). The triaxial ‘swelling apparatus has
about 4857 -sq.in. of smooth surface and 3.41 sq. in. of rough surface
exposed to water and the resulting water absorption would have an in-
fluence on the saran tube readings.
To eliminate the effect of water absorptivity of Plexiglas on
the test results, Liu (1964) conducted a series of calibration tests
for the. triaxial swelling apparatus and applied a correction factor to
the measured saran tube readings,. taking into account the time and dura-
tion of the tests. As the rate and quantity of water absorption is a
function of time, it is essential to consider the duratien of each test
as well as the time lag between tests - that is the time during which
the apparatus is kept idle as it represents the drying cycle. 'Also the
correction factor based on the calibration curves has to be applied for
all the saran.tube readings of each test. This procedure is obvieously
time consuming and therefore was not adopted in the present study.
Instead, all the compenents of the apparatus were kept immersed
in water for several days before the start of the tests, thus permitting
complete saturation of the Plexiglas, and the swelling tests were start-
ed after this initial soaking. As the rate of water absorption virtually
ceases after pralonged soaking, there will be practically no further
. water absorption :during the test and consequenfly the measured swelling
data will not require any correction. The same is true for all the sub-

sequent tests alsc, as the absorbing surfaces are centinuously in
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contact with water. To avoid the pessibility of watér loss by drying
during the idle period between successive tests, the components of the
apparatus were kept immersed. in water until the start of the next test.
This test procedure, besides eliminating the possible influence of water
absorptivity of Plexiglas on the test results, greatly facilitated the

main test program and subsequent data analysis.

Although plastics, which are commonly used in the construction of
laboratory equipment, can.be considered as practically Impervious to
water movement, recent published experimental data indicate that the
loss through them by diffusion may be significant, particularly in tests
involving considerable duration of time (Willis, Nielsen and Biggar,
1965). They have reported an average diffusion ceefficient of 8 x 10_6
cm?/sec for water through 0.053, 0.129 and 0.250 inch thick acrylic
plastics. However in the present investigation, this aspect was not

considered.as the loss of water .by diffusion, if any, would be insig-

nificant for the test duration normally adopted.

Restralnts Lo _free Swelllng

The restraints to the free swelling of the specimen in the tri-
axial sweiling apparatus are shown in the Figure 28. These are:
1) A constant vertical downward force at the top of the specimen due
to the dial gage and the weight of the top porous. stone and cap.
2) - A lateral restraint due to the rubber membrane which may vary along

the length of the specimen owing to its fixity at the ends.
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3) A nonuniform lateral hydrostatic pressure varying linearly with the
height of the specimen.
4) A nonuniform hydrostatic upward pressure at the bottom of the speci-
men due to the water column in the water reservoir, whose height de-
creases with the elapsed time from the start of the test.

Consegquently the testsvperformed using this apparatus are not
strictly free swelling tests, although they are in this study referred
as such. The influence of these restraints on the swelling are not
known. However Parcher and Liu (1965) have reported that the resistance
due to the dial gage 1s approximately equal to that of the lateral hydro-
static pressure. In view of the fact that perfectly idealized cenditions
for .the free swelling tests cannot be simulated in the laboratory, these
restraints should be considered as inherent in the testing procedure in-
volved. In any case, the restraints probably do not exceed a maximum

value of about 10 g/cm?.

Test Procedure

During the swelling tests, the magnitudes of both the vertical
and horizontal .swelling were simultaneously determined. The vertical
swelling was measured directly by a dial gage while the horizontal
swelling was ceomputed from the horizontal .volumetric displacement of -
the soll as reflected by the movement of air-water interface iIn the
saran tube. As water Is used in.the chamber as a medium for recording
the volumetric displacement, it is essential to de-air the apparatus
before the test, as otherwise,-the saran tube readings would be affected
by the air entrapped in the connections. Complete instructions for de-

airing the apparatus and other detailed procedures for this test, were
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originally suggested by Professor Parcher and these were described by
Fost (1962) and Liu (1964),

The procedure followed in all the swelling tests was essentially
the same as given by Liu (1964). The saran tube, used to measure the
water displacement was of regular laboratory polyvynyl tubing. Each
plece of equipment was. initially calibrated to evaluate the apparatus
constants such as water reservoir radius and saran tube.capacity. As
discussed earlier, in order to eliminate the influence of water absorp-
tivity of Plexiglas components of the apparatus on the test results, all
the,coﬁponents of the apparatus were soaked -in water before starting the
test for the first time and in between successive tests. Also to reduce
water absorption by the porous stones which will intrcduce an error in
the estimated water intake, the porous stones were initially kept im-
mersed in distilled-de-aired water . and were wiped.clean before use.

Only distilled-de-aired water was used in the water reservoir so as *o
dissolve at least part of the air in the soil pores, as the soill absorbs
water during swelling. - De-airing of the water was done by applying
vacuum to-the container for at least 10 minutes, by means of a vacuum
pump. As de-aired water would absorb air readily upon exposure and on
prolonged storage, enly the water needed for each test was de-aired at
one time.

The test assembly used in.this .study is shown.in Figure 23. 1In
order to facilitate the de-airing of the equipment before the test and
to prevent movement of the saran. tube during the test, the saran tube
and the attached scale were kept fixed on the wall with wire clips, in-
stead of fixing one end to the apparatus and supporting the other end

by independent supports. However, care was.taken to see that the saran
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tube was at about the same elevation .as the top of the water chamber.
of the equipment as assembled, so that the test specimen will not be
subjected to any additional lateral hydrostatic pressure due tobthe
elevation of the saran tube.

The use of filter strips along the sides of a test specimen, to
accelerate  the rate of swelling, was suggested.by Parcher and Liu (1965)
and their experimental data indicate that the specimen with filter strips
swelled at a much faster rate than the one without filter strips - the
magnitude of the ultimate swelling remaining approximately the same for
both (Figure 29). Most of the tests in this study were, therefore, done
using filter strips to speed up the rate of swelling and to reduce the
testing time. Strips of about 1 cm. wide cut out of large size circular
filter papers or the commercially availablé chromotography paper strips
were found to be satisfactory feor this purpose. Some tests were, how-
ever, done without filter strips in connection with the .study of mois-
ture variation along the test specimen.

During the final trimming of the test specimens, it was not al-
ways possible to maintain a constant diameter for all the specimens.
bTherefore the diameter of the samples were accurately détermined at
three places (top, middle and bottom) with a vernier caliper (least
count: 1/128 in.) and the mean value was taken. A similar procedure
was used in finding the final diameter -of the sampléds although accurate
determination was not possible owing to the very moist condition of the
specimen after swelling.

Final moisture content determinations were made by extracting
samples from the top and bottom of the swollen samples.. The two values

did not differ much in tests with filter strips although an appreciable
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difference was noticed in tests without filter strips. This is believed
to be due to the enhanced drainage conditions obtained with the use of
filter strips as compared to the other case. However, the average of
the two values was taken for the final analysis of the swelling test
data.

Determination of the weight of the rubber membrane used, before
and aftef each test revealed that the water absorption by the membrane
was negligible.

The various.observational data recorded during the swelling tests
included the following:

1. Details of test specimen

Methed of compaction, specimen orientaticn with respect to
the direction of compaction, curing period, molding, initial
and final moisture contents and size and weight of specimen
before and after test.

2., * Details of apparatus

Saran tube capacity; diameter of water reservoir and initial
and final weight of rubber membrane.

3. Test observations

Time, dial reading, movement of the air - water interface in.
the saran tube and the drop in water level in the water re-

servolr at different time intervals.

Data and Discussion

From the experimental results, the various physical gquantities
characterizing the swelling behavior of compacted specimens were computed

using the expressions summarized in Table III. The derivations for
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TABLE III

DEFINITIONS RELATING TO TRIAXIAL SWELLING TEST

PHYSICAL QUANTITY SYMBOL DEFINITION
AH
UNIT VERTICAL SWELLING €, £
ACCURATE
| C-OR
| J“ TeR(LE
UNIT HORIZONTAL SWELLING €, |APPROXIMATE: :
(LIU,1964; PARCHER AND LIU,1965) ‘
_C'AR
2mZH(1+ 8y)
VOLUME INCREASE AV 7e2H [8y + 8, (1+8,) (2+8y) ]
VOLUMETRIC SWELLING 8, + B, (1+6,) (2+8)

- SWELL-INTAKE RATIO

r2H -
RZAa

[8V + &, (1+8,) (Z*th

13

SWELLING RATIO

FOR_VERTICAL SPECIMENS:
(LIU, 1964; PARCHER AND LIU, 1965)

8V
€h

FOR COMPACTED SOIL:

Eo
€90

(COMPUTATION BASED ON TEST DATA OF
ORIENTED SPECIMENS HAS LIMITATIONS)
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these expressions are presented in Appendix A. The entire data analysis
was done with the aid of IBM-360 computer avallable in the Oklahoma
State University Computer Center.

As described-earlier, cylindrical test specimens of approximately
1.4 in. diameter and 2.8 in. height were used in the swelliﬂg tests.
The average initial moisture éontent and dry density of ‘the test speci-
mefls as well as their final moisture contents are given in Tables IV
and V. For each test specimen, the magnitudes of the unit vertical
swelling, €0 and the unit horizontal swelling, ah, were computed at
different time intervals.:  Typical swelling - time curves developed for
the oriented test specimens ‘are presented 'in Figures 30 through 35.
In Figure 30 are shown the swelling - time curves for two specimens
compacted by Standard AASHO procedure - one cut parallel to the direction
of ‘compaction -and the other perpendicular te it. Similar curves for
specimens compacted by Modified AASHO procedure are given in Figure 31,
These figures ‘illustrate the variations of the unit -vertical and hori-
zontal swelling with time. The swelling process is time - dependent
and the time period required for swelling is.a function of the physico-
chemical interactions within the system as well as the permeability.
THe results in Figures 30 and 31 indicate that the rate of swelling is .
high during the initial ‘stages of tests and that it decreases rapidly
with time. After considerable lapse of time the rate of swelling de-
creases and becomes . practically zero,

The structure of compacted soil. is dependent on the method of
compaction, the compactive energy and the molding water content. . Pre-
vious studies have demonstrated the effect of particle arrangement on

the swelling characteristics of compacted soils (e.g., Seed and Chan,



TABLE IV

DETAILS OF TEST SPECIMENS-STANDARD AASHO COMPACTION

Initial Conditions

Final

Specimen Orientation Av§rage Dry Mol stupe
Number Degrees Moisture Density .
- Content : Content

5 g/ce 3
A1-0-1 - 0 i0074' 1.683 35,@1
A3-80~2 90 13.57 - 1.679 30,80
AL-0-1 0 i4.79 1.661 29.59 -
Ai-0-2 0 14.60 1.638 30.34 -
A4-90~1 30 14.83 1.668 28,10
Al1-0-1 0 : 17.63 1.684 29,57
A11-0-2 v 0 17.70 1.697 29.80
A11-80-1 90 17.55 1.759 30,11
Alh-0-1 0 20,30 1.697 30.08
Al4-30-1 90 19.90 1.704 31.09
A15-0-1 0 23.69 1.605 29.88
A15-90-1 30 23.50 1.585 30,84
Ai6-0-1 0 25,56 1.539 30.88
A16-90-1 30 . 25. 44 1.577 31.11
Al7-0-1" 0 18,30 1.652 33.78
A17-90~1 90 18.39 1,708 31.24 -

A20-0-1 0 15.71 1.728 33.26



A20-0-2

A20-90-1

A21-0-1

A21-0-2

A21-90-1

A22-0-1

A22-0-2

A22-90-1

A23-0-1

A24-0-1

A24-0-2

A24-90~1

30

. 90

TABLE IV (continued)

15.
15,

18,

18

18.

18.

17.

17.

20.

120,

20.

18,

18.

18,

82

51

07

<25

01

oL -

96

96

a5

86

71 -

Bl

73

63 -

1.697

1.556

1.720

1.718

1.600

1.676

1.654

1.645
1.658
1.645
1.655
1.673
1.628

1.538

34,32

41.49

32.02

31.25

33.98

32.22

29,50

34,55

30.66

31.52

30. 89

32.21

33.02 -

34.67

77




TABLE V

DETAILS OF TEST SPECIMENS-MODIFIED AASHO COMPACTION

Initial Conditions

Final
Specimen Orientation  Average - Dry Moisture
Number Degrees Moisture Density Content
Confent g/cc . %
%
B1-0-2 0 17.20 1.680 25070'
B1-90-1 90 16,53 1,707 25,50
B2-0-1 0 14,1y 1.858 24,76
B2-0-2 0. '14532 1.906 23,71
B2-90-1 90 14,48 - 1.838 23.19
B3-0-1 0 11.75 1.815 22.23
B3-0-2 0 11.73 1.817 214,149
By-0-1 0 14,39 1.846 22.83
B6=0~1 0 14.16 1.877 22.06
B6-90~1 30 13.41 - 1.948 23 b4
B8~0-1 0 15,10 1.727 2L, 61
B8~0~2 0] 15.59 1.803 22,89
B8-90-1 90 15.48 - 1.801 24,46
B9—O~i 0 15.04 1.724 22,87
B9~-0~2 0 15.22 - '1.827 24,66
B9-90-1 90 14,57 1.964 24,63
B10-0-1 0 13.79 1,912 30.62



B10-90-1
B11-0-1
B11-90-1
B12-0-1
B12-90-1
B13-0-1
B13-90-1
BiL-0-1
B14-90-1
B15-0-1
B15-90-1
B16~0~1
B16-90-1

B17-0-1

- B17-90-1

B25-0-1

B25-0-2

B25-90-1

B26-0-1

B26~-0-2

B26-90~1

B27-0~-1

B27-0-2

B27-90-1

90

90

90

90

90

90

90

90

90

TABLE V (continued)

13.94
16.73
16.37
18.45
18.46
17.66
17.41
15.26
15.21
16°§4'
16.60
19,25
19.07
19.89
20.63
15.84 -
16.16
15,86
17.99
17.67
17.52
138,51
19.52

19.21

1.899
1.818
1.782
1.796
1.723
1.757
1.815
1.891
1.871
1.853
1.849

1.743

1.745-

1.723
1.702
1.843
1.848
1.872
1.777
1.780
1.792
1.726
1.721

1.740

28.77

27.30

26,97

24,96

26,34

25.46

25,32 -

28.77

28.81 -

26.62

26,46

27.88

27.84

. 26.71

28,50

28,50

28.13

29,44 -

27.63

30,52

28.42
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1961; and Parcher and Liu, 1965). Figures 30 through 35 illustrate the
influence of structural anisotropy on.the swelling characteristics of
compacted goils. It can be observed that the magnitudes of the unit
vertical and horizontal swelling vary considerably for. specimens cut at
different orientations with respect to the direction of compaction.

The unit vertical swelling of a vertically oriented specimeny
(EV)O, corresponds to swelling parallel to .the direction of compaction,
€55 while the horizontal or radial swelling, (sh)o, represents the swell-
ing perpendicular to the direction of  compaction, €30 (Figure 42). How-
ever, if we consider a horizentally oriented specimen, the values of

the unit horizontal and vertical swelling, (eh)go

and (ev)go, would
correspond respectively to the swelling parallel and perpendicular to
the direction gf compaction (eo and 'gp)o Consequently one might
anticipate that the unit vertical and_horizontal swelling of the
vertically cut specimen would be equal respectively to the unit horizon-
tal and vertical swelling of the horizontally cut specimen. However

the test results shown in Figure.30 through 35 indicate that this is

not generally true. It is seen that there is an appreciable difference
between the (ev)o and (eh)go values as also between (gh)o and (Ev)90°
Similar anomaly was noticed in all the swelling tests in this investi-
gation (Tables VI and VII). The reason for the observed difference in
the swelling values of the oriented'speciméns may be due to variations
in the soil structure and/or experimental errors. These aspects are
discussed in detall elsewhere.

The effect of the initial moisture content on the rate and

amount of -swelling of compacted soil specimens, is illustrated in



TABLE VI

SUMMARY OF SWELLING TEST DATA-STANDARD AASHO COMPACTION

Specimen Orientation : Unit Vertical Unit Herizontal

Number ' Degrees Swelling, €, Swelling, €y
% %
Al-0-1 0 L,.863 4.373
A3-90-~2 90 2.968 : 4,266
A4-0-1 0 L.666 2.994
Ab-0-2 0 44.888 2.8689
Ab-30-1 90 ' 3.146 4,306
A11-0-1 0 3.679 5,128
Al11-0~2 0 3.697. 5,394
A11-90-1 30 3.297 7.550
Ali-0-1 0 3.161 L.929
Al4-90-1 S0 2,724 6.018
A15=Omi 0 | 1.802 2.987
Al15-90-1 30 1.7u48 3.458
A16-0-1 0 1.713 1.713
A16-380-1 90 1.362 2,743
A17-0-1 0 4,780 L.566
Al17-90-1 30 2,953 5.552
A20-0-1 0 5.871 6.265

A20-0-~2 0 5,009 7.899



A20-90-1

A21-0-1

A21-0-2

A21-90-1

A22-0-1-

A22-0-2

A22-90-1

A23~-0~1

A23-0-2

A23-90-1

A24-0-1

A24-0-2

A24-90-1

390

90

TABLE VI (continued)

4,262
4,302
3.887
3.178
4,226
3.922
3.608
2.800
3.221
2.367
4,122
3.028

2.378

7.468

7.868

6.394

5.324

6,954

4.627

6.988

3.578

3.858

4,770

7.067

4,740

5.650
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TABLE VII-

SUMMARY OF SWELLING TEST DATA-MODIFIED AASHO COMPACTION

Specimen Urientation © Unit Vertical Unit - Herizental

Number Degrees Swelling, e, Swelling, Sh
% %
Bi-0-2 0 2.031 2.248
B1-90-1 90 1.076 3,479
B2-0-1 0 2;578 1.951
B2-0-2 0 2.785 1.815
B2-90-1 ’ 90 2,174 3.336
B3-0-1 ° 0 3,951 2,097
B3-0-2 0 3.643 2.020
B4-0-1 0 2,796 2,098
B6-0-1 0 2,149 4,162
B6-90~-1 90 3.586 7.556
B8-0-1 0 3.643 4,553
B8-0-2 0 3.672 3.553
B8-90~-1 90 2,771 » 5.239
B9-0-1 0 3.568 2.425
Bg-0-2 0 2,674 . 2.779
B9-90~-1 90 2,256 2,891
B10~0-1 0 7.054 8,964

B10-906-1 90 5.024 3.059



B11-0-1
B11-90-1
B12-0-1
B12-90-1
B13-0-1
B13-90~-1
B14-0-1
B14-90~1
B15~0~1
B15-90-1
B16-0-1
B16-30~1
B17-0-1
B17-90-1
B25-0~1
B25-0-2
B25-90~1
R26-0-1
B26-0-2
B26-90-1
B27-0-1
B27-0-2

B27-30-1

90

30

30

90

30

90 .

90

TABLE VII (continued)

4,291
3.193
2.800
2.442

3.668

N
°

o
[e2}
o

2.231
4,473
4,273
3.1454
3.908
2.567
3.901
2.281.
6.679
6.450
4.1405
i, 723
4.891
2.86L
.48l
3.600

2.510

6.110

3.135

2.589

4.501

3,115

3,148

7.658

8.366

4,976

5.858

4,378

5.918

3.179

5,083

7.947

7.629

9.277

5,455

6.395

6,394

4,652

L.451

7,022

30
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Figures 32 through 35. ' In Figure 32 are shown typical swelling - time
cﬁrves for:two vertically oriented speqimens;‘cempaé§éd by the Standard
AASHO prdcédure at different'moiéture contents. Similar curves for the
horizontally eriented specimens‘arg given in Figure 33. Swelling-time
curves for the oriented specimens compacted by the Modified AASHO pro-
cedure at different moisture contents, are presented in Figures 34 and
35. These results indicate that specimens whose melding meoisture con-
tents were less swelled more and .at a faster rate than those compacted
at higher water contents, and this was true for samplés compacted by
both Standard and Modified AASHO compaction procedures. Barring th%
anomaly in:the ﬁnit swelling values of the oriented specimens, the in-
fluence of the initial meisture content on .the magnitude of swelling,
is clearly seen in the results shown in-Figuresv32 through 35.

The water intake of specimens during swelling was determined from
observations of the drop in the level of water in the reservoir. The
total volume increase and the volumetric-swelling of test specimens were

computed -from .the measured values of €, and e,_. The relationship be-

h
tween the total volume increase and .the water intake of test specimens
is shown in Figure 36, .The water intake determined from the,drop-iﬁ»the
water reservoir level was found.te be slightly greater than the value
computed from the initial and final weights .of test specimens. The
observed difference is believed to be due to the‘slight.acéumulatiqn-of
free water on the top of specimen - between the top porous étone‘and
cap, possibly due to the enhanced drainage conditions through the fﬁlter
strips. . Conseguently the curves. shown in-Figure 36 would tend to be

shiftted slightly towards the 1:1 slope line.. Nevertheless, the resuylts

indicate that the total volume increase is alwdys less than the water
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intake for specimens compacted by both the Standard and Modified
AASHO procedures. For a constant water intake, specimens compacted by
Modified AASHO procedure swelled more and registered a greater total
volume increase than those compacted by Standard AASHO procedure. This .
increased swelling tendency of Modified AASHO specimens is obviously due
to the greater compactive effort which results in a cleser packing of
particles and consequent greater double layer repulsion. Further, the
higher the initial water content of -a specimen, the smaller is the
difference between the total volume increase and the water intake. The
difference between the total volume increase and the water intake is
dependent on-the initial and final degrees of saturation. The relation-
- ship between the initial and final degree of saturation as a function of
the initial moisture content, is shown in Figures 37 and 38. It can be-
observed that although the initial degree of satyration varies with the
molding water content, the final degree.of saturation -attained after
swelling is not very much dependent on the initial water content. In-
other words, specimens with less initial degree of saturation swell
more.than those with high initial degree of saturation, although the
final degree of saturation attained is approximately the same for both.
Generally the final degree of saturation is found to be less than 100
percent. The initial degree of saturation for specimens compacted by
Modified AASHO procedure. 1is greater than that of Standard AASHO com-.
paction specimens. However.the final -degree of saturation attained
by both follows the general.trend indicated above.

In Figure 39 is shown the effect of compactive energy on.the
final moisture content after swelling. The results indicate that for -a

constant initial meisture content, Standard AASHO compaction specimens
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reached a higher final moisture content after siwelling than those
compacted by Modified ‘AASHO procedure and this is evidently due to the
lower initial degree of saturation and higher initial void ratio of
Standard AASHO cempaction specimens. For both Standard and Modified
AASHO compaction, the difference between the initial and final moisture
contents is greater for specimens with initial moisture contents less
than optimum and this difference practically becomes zero for specimens
compacted very much on the wet 'side of optimum. Also fer both the
Standard and Modified AASHO compaction specimens, the final moisture
contents are approximately the same for molding meisture contents very
much wet -of -optimum,

The volumetric swelling is a function of the unit vertical and
horizontal swelling. Using the (EV)O and (av)90 values, the volumetric
swelling was cemputed and the results, as a funetion of the initial
moisture content, are shown in Figure 40. It is seen.that the volume-
tric-swelling generally shows an increasing tendency with decreasing
initial moisture content, both for Standard and Modified AASHO cempac-
tion. However, for Modified AASHO compaction there is wide scatter of
points near the optimum moisture content (14.5%), probably due.to wide
variations.in the soil structure.

The majority of the swelling tests in this research were per-
formed with :filter strips, to accelerate the rate of swelling. Some
tests were, however, done without filter strips in connection with the
study of moisture variation aleng the length of the test specimen.
Accurate determinationl ef the moisture contents at ten points along the
length of swcllen specimens with and without filter strips was made and

the results are shown in Figure 41.: It -is seen that there is an
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appreciable difference between the moisture contents at the top and bot-
tom of the sample in tests without filter strips while this difference
tends to be small in tests with filter strips. For example, the mois-
ture~éontent at the top of the sample (A22-0-2) compacted by Standard
AASHO procedure and tested without filter strips, was.about 82% of that
at the bottom while in the specimen (A22-0-1) tested with Filter strips
it was 97% of that at the bottom. Thus the use of filtér strips along
the sides of specimen tends to equalize the moisture centent along the
specimen. However, even with the use of filter strips, the water con-
tent at the middle of the sample differed significantly from that at
either the bottom or .top. A similar effect was observed with Modified
AASHO compaction samples also. The relatively greater uniform distri-
bution -of moistufe in the samples with filter strips is believed to be
due to the enhanced drainage conditions obtained as compared to tests
witheut filter strips.

The orientations of test specimens relative to the direction of
compactien,.as well as the computed 2 and € values, are summarized in
Tables VI and VII. As illustrated in Pigure 42, if we denote the unit.
swelling of the compacted soil parallel to the direction of compaction

by £y? and that perpendicular to it by e

90° then it is obvieus that €0

(ev)o and (e, ). correspond to the vertical direction while

. (-
h’ 90 €900 (Fplg

and (EV)QO correspond to the horizontal direction. However, the exper-
imental results presented in Figures 30 through 35 and in Tableg VI

and VII indicate that there is an appreciable difference between the.
unit swelling values of the oriented specimens even corresponding to the

same direction,. The reascn for this anomaly may be due to fabric varia-

tions in the test specimens and/or experimental errors in the measure-



101

DIRECTION OF

COMPACTION _
S VERTICALLY CUT
- SPECIMEN
R R ) _ .
T o R ? . HORIZONTALLY CUT
3 SPECIMEN
= ' .
Lo | _
1
e e
) | ,
%0 Lo i
-===" , .
L".".—_;‘--l : . -
COMPACTED SOIL . (Engo
'BLOCK - , : : o
1. (En)y
| . (eh‘)so
€ _ .
SWELLING RATIO, Eﬂ— gp——
90 1
| (y),
| @ (Eulgg
| @ (eh)so
» &)

Figure 42. Definition Diagram for Swelling Ratlo of Compacted Soil.



102

ment of & and e values.
' \4 h
In an ideal disperse system such as the one illustrated in
Figure 43, the particles would tend to have a parallel arrangement nor-
mal to the direction of compaction. In such a model, (EV)O weuld re-
present the swelling due to face-to-face repulsion of particles while
<Ek)o and (ev)go would correspond to the swelling resulting from edge-
, .

to-edge repulsion. However, (Eh) would represent the swelling result-

90
ing from a combination of face-to-face and edge-to-edge repulsion.
Although such an idealized model would not represent the actual case, a
similar effect might be anticipated in compacted soils.

As explained earlier the vertical swelling of specimens was mea- .
sured directly by a sensitive dial gage and therefore it can reasonably
be assumed that the measured €, values are free from any experimental
errors. The unit horizontal swelling, €5 On the other hand, was com-
puted from the apparent volumetric displacement of the chamber water -as
vefiectad by the .movement of the air-water interface in the saran tube.
It is in the measurement of the saran tube readings that some difficul-
ties were experienced by the author. In-s?ite of adequate precautions
to prevent water loss by leakage through the connections, absorption
by the Plexiglas components and temperature variations, and to complete-
ly de-air the equipment prior to testing, in some tests there was ac-
cumulaticn of air as swelling progressed and the water meniscus in the
saran tube showed erratic movements for some inexplicable reasons. It
is believed that the saran tube readings are susceptible to errors re-
sulting from the air entrapped in the apparatus, vibrations and other
causes. In view of these considerations, the e, values obtained from

h

the swelling tests may not be as reliable as the £, values obtained
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from dial gage readings.

To study the influence of structural anisotropy on the swelling
characteristics of compacted soils, it would be expedient, therefore,
to'tacitly consider only the (ev)O and (ev)90 values obtained directly
from dial gage readings. ' The relationships between the average initial
moisture content and the unit swelling parallei and perpendicular to
the direction of compaction for Standard AASHO samples are shown in
Figure 44. Similar relationships fer Modified AASHO éamples‘are given
in Figure 45. The results indicate that the unit swelling (eo) parallel
to the direction of compaction is generally greater than the unit swell-
ing (590) perpendicular to it. For samples cempacted dry of eptimum,
the difference between the €, and €90 values tend to be greater than
for those compacted wet of optimum. For Modified AASHO compaction the
wide scatter of peints at or near optimum.is probably due to the non-
uniform nature of the soil structure asseociated.with different trials,
all of which preduce a flocculent structure in which the particle ar-
rangement is unique for each trial.

The swelling ratio as defined in this study is the ratio of the

unit swelling parallel to the direction of cempaction to the unit

swelling perpendicular to it. Expressed symbolically:

m

o
€90

Swelling Ratio =

As illustrated in Figure 42, it would be possible to arrive at four
different values for the swelling ratio, based on the measured unit
swelling values of the oriented specimens. These computed values are
sunmarized in Tables VIII and IX. TIrem the previous discussiens it is

obvieus that, of the feur pessible values for the swelling ratio,
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TABLE VIII

SWELLING RATIOS FOR COMPACTED SOIL -

STANDARD AASHO COMPACTION

107

_ Swelling Ratio®

Compaction i
Series (2,0, (eh)go (EV)O (Eh)go
(e, )5 (e )0 ()0 (e,)
Al 1.112 oo coe oo
A3 coo 1.438 oo oo
Al 1.559 1.369 1,483 1.438
1.818 1.553 1.601
1.688 1.518 1.520
A11 0,717 2.290 1.116 1,472
0.685 1,121 1.400
0,701 “1.119 . 1,436
Aty 0.6541 2.209 1,160 1.221
A15 0.603 1.978 1.031 1.158
A16 1,000 2.013 1.257 1.601.
A17 1.047 1.880 1,619 1.216
A20 0.937 1.753 1.378 1,192
0.63u 1.175 0:946
0.786 1,276 1,069
A21 0.623 1.675 1,542 0.677
0.608 1.223 0.833
0.615 1.382 0.755
A22 0,608 1.937 1.171 1.005
0,848 1.087 1,510
0.728 1.129 1.258
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TABLE VIII (continued)

A23 0.810 2,015 1.225 1.333
0.835 1.361 1.236
0.823 1.293 1.285
A24 0.583 2.376 1.734 0.799
0.639 1,274 1.192
0,611 . 1.504 0.996

Underlined data represent mean values.
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TABLE IX

SWELLING RATIOS FOR COMPACTED SOIL -
MODIFIED AASHO COMPACTION

Compaction . Swelling Ratio®
Series (e, s (en)gg (y)g {=p)gg
CRE (e)g0 (Engok e,
Bl ‘ 0.903 3.233 1.887 ’ 1.548
B2 1.321 1.534% 1.186 1.710
1.534% ‘ 1.281 1.838
1.428 1.234% 1.774
B3 1.884 oo oo oo
1.804
1.84y
B4 1.333 0w oo NN
B6 © 0,516 2,107 0.599 1.815
Bg 0.800 1.891 1,315 1.151
1.034 1.325 1.475
0.917 1.320 1.313
BYg 1.4%72 1.281 1.582 1.192
0,962 1.185 1:040
1.217 1.384 1.116
B10 0,787 1.803 1.404 1.011
Bil 0.702 0.982 1.344 0.513
B12 1.081 1.843 1,146 1.738
B13 1.178 - 1.230 1.433 1.011
Bi4 0.291 1.870 0,499 . 1.092

B15 0.859 1.696 1.237 1.177




TABLE IX (continued)
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B16 0,892 2,305 1.522 1.351
B17 1.227 2,228 1.710 1.599
B25 0,840 1.5186 1.167
0.845 l.u464 1.216

0,843 1,490 1.192

. B26 0.866 2.233 1.649 1.172
0.765 1,708 1.000

0,815 1.679 1.086

B27 0.964 2,798 1.786 1.509
0.809 1.434 1.577

0.886 1.610 1.543

Underlined data represent mean values.
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the ratio, (ev)o/(ev)go, should be considered as most reliably rgprem

senting the true swelling ratio (eo/ego) of the compacted soil block.

This ratio is therefore used to study the anisotropic swelling charac-
teristics of compacted soil. The relatienship between the swelling

ratio, eo/ and the average initial moisture content for the Standard

30
and Modified AASHO compaction samples are presented in Figures 46 and
47. The apprecilable scatter of peints in these plets appears to be due
to the variations in the structure of the oriented samples. As these
plots are based on the test results of independent oriented specimens,
it would be more realistic to study the relationship from statisfical
congiderations. Linear regression analysis of the test data has shown
that the relation between the swelling ratio and the initial moisture

content of the compacted soll can be characterized by the following

equations:

Standard AASHO compaction: (14.74% <X < 25.50%)
Y = - 0.02437 X + 1.76675
Modified AASHO compaction: (13.54% < X < 20.38%)

Y = + 0.09266 X - 0.21268

where

Cx
I

Initial moisture content, percent, and

<
it

Swelling ratio, eo/ggo.

The results shown in Figure 46 indicate that the swelling ratio

of soil compacted by Standard AASHO procedure 1s greater than unity-and

that it tends to decrease slightly with increasing moisture content.
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This tendency is probably due to soil disturbance caused by repeated
penetrations of the hammer during compaction at higher moisture con-
tents. The data for Modified AASHO compac{ion shown in Figure 47 in-
dicate that the swelling ratio has a definite increasing tendency with
increasing initial moisture contents. Although disturbance by hammer
panetration during compaction at higher moisture contents is pessible
in this case also, the increased compactive effort seems to have a more.
proneunced effect in increasing the swelling ratio at higher water
centents.

The experimental results presented herein have indicated that
structural anisotropy has an influence on the swelling characteristics
of compacted soil. In the preceeding analysis twe-dimensional swelling
isotropy is assumed on planes normal te the direction of compaction.
Even in an ideal disperse gystem with parallel particle arrangement,
swelling anisotropy on planes parallel to the particle faces might exist
in limitea regions owing to edge effects resulting from the configura-
tion of particles, although from statistical considerations, 1t would
seem that swelling parallel to pafticle faces would be isotropic., If
this is indeed the case, then this might explain some of the cbserved
discrepancies in the magnitudes eof the measured swelling of oriented
specimens. In an attempt to investigate this aspect, expressions for.
three-dimensional anisctrepic swelling were derived which are applicable
to tests using the triaxial swelling apparatus and these are given in
Appendix B. In this approach, the unit swelling values in any twe
coordinate directions are expressed in terms of the measured unit
swelling in the other coordinate directien and the saran tube readings

corresponding to three oriented specimens parallel te the three



115

coordinate axes. In this study an . attempt was made to compute the unit
swelling values parallel and perpendicular to the direction of compac-
tion using these expressions. However, only in.a few cases did the
values obtained from these expressions agree with the experimental ob-
servations. Discrepancies probably arise from errors assoclated with
the saran tube readings and the orientational inconsistency of the test
specimens extracted from the cylindrical Proctor mold. Nevertheless,
it is believed that this approach, with proper instrumentation for the
accurate measurement of the apparent radial volumetric swelling of test
specimens in the triaxial swelling apparatus, would be able to detect

three-dimensional swelling anisotropy in soils.
Soil Fabric Analysis
General

In soils, the individual components consisting of skeleton grains,
soil matrix, and pores (intrapedal voids) are arranged in a centinuous
system.which igs commonly referred to as structural or fabric pattern,
There are two aspects of fabric analysis: (1) Spatial distributicn which
refers to the distribution and orientation of skeleton grainsg, treating
them as individuals or with reference %o other individual features or
patterns, and (2) Spatial orientation which is concerned with an assess-
ment of the kind and degree of preferred orientation of the individual
compoenents either basically referred, or related to other features. In
many instances these features can be observed microscopically.

Numerous fabric studies have been made based on microscopic obser-
vations of thin secticns and these essentially involve the direct

measurement of the apparent long axes of grains, grain selection by
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point count techniques and observatiens in randomly chosen fields
(Dapples and Rominger, 1945; Potter and Mast, 1963 and others), These
methods are generally best suited to megascopic individuals which can
be directly énd accurately measured. However, the matrix in soil mat-
erials which consist of very fine clay and colloid fractiens, occur in
cempound units or domains and so are recognizable only at high magnifica-
tions. Maﬁy indirect methods for studying the soil fabric have been
employed. Methods involving the detection of dielectric, sonic and
thermal anisotroples and inductive conductivity anamclies in the mat-
erials te infer fabric orientation have also been reported. In the
simplest microscopic technique, the extinction phenomenon in thin sec-
tien under crossed nichols is interpreted, based on the eptical pro-
perties of the mineral species involved. The majority of the minerals
in the matrix, exhibiting preferred orientation, have a layer lattice
structure and an elongated or platy form. - Most clay crystals are bire-
fringent and if they are arranged with a preferred orientation, the
aggregate will also exhibit birefringence. Increasing parallelism of
platy crystals will correspond with increasing aggregate birefringence.
Based on these principles, the microstructure of clays has been studied
by many investigators (Kerr, 1937; Williamson 1847 and others). Mit-
chell (1956) studied the illumination and extinction stages of oriented
thin sections using a petrographic microscope and determined qualita-
tively the degree of preferved orientation and c@frelateaitﬁeﬁparticle
‘ arrangement with the engineering properties. Ffollowing a similar tech-
nique, Pacey (1956) studied the structure of compacted soils and found
that compaction dry of optimuﬁ produces a flecculent structure while

compaction wet of optimum results in a parallel particle arrangement.
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Morgenstern and Tchalenke (1967) proposed a model distribution fumction
for the spatial orientation of the particles to predict the birefringent
behavior of the aggregate and studied the microstructure of conselidated
kaolin using a petrographic microscope. They used a very stable light
source and measured the refracted intensities with a photometer. The
measured intensities were used to obtain an orientatien ratie for
characterizing quantitatively the soil fabric.

X-ray diffraction techniques have heen successfully used in recent
years, 1n the identification and quantitative determinatien -of mineral
constituents in clays. In additien, this method has preved very use-
ful in the determination of the lattice structures of many complex mat-
erials and in the study of mixed-layer minerals. Most of the clay min-
erals occur in flake-shaped units and consequently any aggregate orien-
tatien of the flakes results in enhanced basal reflectiocns in the dif-
fraction pattern. Brindley (1953) intreoduced an X-ray diffraction tech-
nique for quantitatively expressing the orientation of micaceous minerals
in shales and clays and this method formed fhe basis for many subsequent
studies concerning the orientation of undisturbed clays (Silverman and
Bates, 13960; O'Brien, 1964 and others). Using Mitchell's (1956) method
of sample preparation and a modified version of Brindley's (1953) X-ray
technique, Martin (1962, 1965) studied the fabric of consolidated kao-
linite and propesed the peak ratio technigue for quantitizing clay
fabric. This peak ratie technique Was successively applied in soil
fabric studies by many investigators (Quigley and Thompson, 1966 and
Campagna, 1967). Tice (1967) studied the fabric of compacted kaclinite
by cemparing the peak intensities of oriented thin sections and shewed

that the degree of domain orientatieon perpendicular tc the cempacting
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direction increases with increase in molding water content.

The development of the electren microscope has permitted the pre-
cise determination of the shape of the particles of the various clay
minerals. With this equipment, magnifications as high as 250,000 X
can be cbtained. With the most moedern equipment, combining electron
microscopy, electron -diffraction and electron prebe microanalysis,
chemical, structural and morphelogical data can be obtained from in-
dividual grains as small as 0.5 u. Slean and Kell (1965) used the
electron microscope to study the fabric of kaclinite compacted by knead-
ing, static and impact compaction. Their results generally cenfirmed
Pacey's (1956) data and showed that all compaction methads produce
random fabric dry of optimum, while on the wet of optimum they produce
a more oriented fabric.

Another recent develcpment is the scanning electron microscope
which differs from the conventional transmission electron microscope
both in regard to its principles and applications. Thié instrument has
found extensive applications in diverse fields. The high magnification
and depth of field eobtainable with a scanning electron microscope make
it especially suited in studies concerning soll fabric and ether related
aspeats.

The two methods used in this research for studying the fabric of
compacted soil are the X-ray diffraction-method and scanning electron
microscopy. In the X-ray diffraction methed, diffraction patterns for
the oriented thin sectieons were prepared and the peak intensity counts
corresponding to predominant X-ray reflections were made. In the scan-
ning electreon microscope study, faces at the required orientations in

the impregnated specimens were shadowed and micrographs of the faces
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were prepared, for studying the degree of preferred particle orienta-

tion relative to the direction of compaction.

X-ray Diffraction Study

Introduction

It was in 1923 that the X-ray diffraction technique was first ap-
plied to the study of clay minerals and since then advances in X-ray
ingtrumentation, sample preparation methods and identification proce-
dures have greatly contributed to mineralogical characterization and
lattice structure determination of many complex and mixed-layer minerals.

Crystalline structures are characterized by a systematic and per-
iodic arrangement of atoms or iens in a three-dimensional array and
consequently they contain atomic planes separated by a constant dis-
tance. X-rays are electromagnetic radiations of short wavelength (of
the order of 0.01 to 100 A). The phenomenon of diffraction 'involves
the scattering of X-rays by the atoms of a crystal and the reinforcement
of scattered rays in definite directions away from. the crystal. The
condition for in-phase scattering by a set of regularly spaced parallel

planes in a crystal is given‘'by Bragg's equation:

where
A = wavelength of reflected X-radiation,
d.= gpacing of reflecting planes, and
8 = angle of reflection.

If n = 1, there is first order diffraction.. Other positive integral

values for n give rise to successively higher orders of diffraction.
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Since no two minerals have exactly the same interatemic distances in
three-dimensions, the angles at which diffraction occurs will be dis-
tinctive for a particular mineral. The Interatomic distances within a
crystal result in a unique diffractien pattern which serves to identify
the mineral. For a detailed discussion of the principles of ¥X-ray dif-
fraction and X-ray crystallography, the reader should refer to standard
texts on the subject (for example. Cullity, 1956; Nuffield, 1966; and
Azaroff, 1968),

The crystalline nature.of clay minerals was discussed earlier.
When a beam of X-rays is made to impinge on a clay sample-either a
powder Sample‘or thin section; the resulting diffraction pattern will
depict intensity peaks characteristic ¢f its mineral constituents as
well as their atomic structures. In general, the intensity of an X-ray
beam diffracted by a system of anisotropic crystals is dependent, inter
alia, on their size, orientation and concentration in the bulk mass.
Owing to the effect of extinction, the average intensity is found to be
smaller for the larger crystal sizes. For constant particle concen-
tration, greater particle orientation with flat surfaces parallel to
the surface results in strong reflections from planes parallel to the
flat surfaces of crystalss Conversely planes approximately at right
angles to the surface will produce very weak reflections (Klug and
_Alexander, 1954). The other factors which have an influence on the
diffraction intensity are chemical composition, crystal imperfections,
presence of amorphous substances, variations in relative humidity and
temperature, fluctuations in the power to measuring and recording in-

struments and errors in.machine alignment.
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X-ray diffraction techniques have been successively applied in
studies concerning the quantitative determination of the fabric of clays
(Brindley, 1953; Martin, 1962, 1965; O'Brien, 1964; and others). The
peak ratio (defined-as the ratio of the measured diffraction intensities
corresponding to chosen planes in a crystal) obtained. from thé X-ray -
diffraction patterns, is reported to be a reliable measure to guanti-
tize the clay fabric (Martin, 1962). Tice (1967) computed .the peak
ratic corresponding to (002) and (020) reflections, in oriented thin
sections and studied the fabric of compaéted kaolinite. His results
indicate that the degree of domain orientation normal to the direction
of compaction increases with increase in molding moisture content.

In this research, oriented thin sections parallel, perpendicular
and at 45 and 135 degrees to the direction of compactieon were prepared
from soil blocks compacted by Standard and Meaified AASHO procedures,
and these were analysed in. the X-ray diffractometer. Based on the
intensity counts corresponding to predominant reflectiens, an attempt
was made to study the degree of particle orientation on planes inclined

at different angles with the direction of compaction.

Preparation of -Thin Sections
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The thin sections required for X-ray diffraction study were pre-
pared from the soil blecks compacted by Standard-and Modifled AASHO
procedures. As discussed earlier, oriented test specimens required for
the triaxial  swelling tests were cut out of the compacted scil blocks.
During this phase, additional small soil blocks, about 1'"x1"x1.5" size,
were carefully trimmed from the compacted :soil block and these were

immediately ﬁaxed and stored in a humid.room, until the time of thin
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section preparation. In order to facilitate the preparation of thin
sections at the proper orientations relative to the direction of -.compac-
tion, an accurate record was kept of the .orientation of the small seoil
blocks. = Generally the soil blocks were cut vertically, that is, with
their longitudinal axeg parallel to the diregtion;of-cempaction% Two
thin sectionsg were prepared out of each soil block - one parallel and -
the other perpendicular to the longitudinal axis, and this, in effect,
resulted in thin sections parallel and perpendicular to the direction
of cempaction. " For the purpose of studying the soll structure in the
compacted soil along planes other than the vertical and horizontal
planes, two soil blocks (cne using Standard -AASHO compaction and the
other using Modified AASHO compéction) with their longitudinal axes
inclined at 45 degrees. to the direction of compaction, were also cut
and, as before, %wo thin sections were prepared from each. This re-
sulted in thin sections inclined at 45 and 135 degrees to the directién
of ‘compactien.

All the thin sections required for :this study, were prepared
using standard impregnationvprogedureso Epoxy plastic was used for
impregnating the samples pricr to thin sectioning. Thin sections re-
quired for this study were prepared by the Gary Sectien Service, Tulsa,

Oklahoma.

Test Procedure

The XRD - 6 diffractometer (manufactured by the General Electric
Cempany), ‘available -in the Agronomy Department at Oklahoma State Univ-
ersity, was ‘used -in this study. Diffraction patterns for the oriented

thin sectioms were obtained for a 20 range of 3 to 30 degrees. To

i



determine the diffraction intenstiy, the goniemeter was set at the 26
value corresponding to the predominant reflections and intensity counts
were made for a constant time interﬁal‘of 10 seccrds. Using a similar
procedure, the background intensity was measured by setting the gonio-
meter on either side of the péak and -the mean background intensity was
substracted from the total intensity to obtain the net intensity of re-
flection. The net peak intensity coqnts were used to study the degree of
particle orientation on different planes within the cempacted soil

mass.

Data and Discussion

The  purpose of this phase of investigationwas to study the degree
of particle orientaticn in thin secions cut at different angles with
respect ‘te the direction of compaction. To achieve this objective, 18
oriented thin sections were analysed in the X-ray diffractometer.. Ty-
pical diffraction patterns for two Standard AASHO thin sections - one
parallel and'the other perpendicular te the direction of compaction,
are shown in Figures 48 and 49. GSimilar diffraction patterns for two
Modified AASHO thin sections are given in Figures 50 and 51. These
figures indicate only two predominant reflections - one at 26 = 2Oe80O

(d = 4.27 A) and the other at 26=26.60° (d=3.35-A),

It is reported that the Permian clays contaln approximately 40%
montumorillonite, 30-35% illite and 25-30% unidentified material, believed
to be quartz, kaolinite and iron oxide (Greco, 1964). No attempt was
made in this investigation teo determine quantitatively the relative
propertions of the various minerals present in the.soil. However, to

identify the important minerals present in the soil, several powder
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samples and sampies prepared by air drving & thin scil slurry on glass
slides were studied in the diffractometer. Diffraction patterns for a-
typical minus 40 powder sample and a sample prepared by the slurry meth-
od are given in Figures 52 and 53. The desirable fraction to use. in
powder samples is that passing 300 mesh and retained on 500 mesh. How-
ever, since the degree of preferred particle orientatlon in.oriented
thin sections is under study, diffraction pattern of a typical minus 40
powder sample is given in Figure 52 for the purpose of comparison with
the diffraction data of oriented thin sections. Sample preparation by
the slurry technique 1s not generally desirable as it is highly conduzc-~
ive to preferred orientation and surface imperfections besides the pos-
sibility of reduced diffraction intensity. Nevertheless its diffraction
pattern would approximately indicate the reflections characteristic of
the minerals present im the .soil. The diffraction data shown in Figure.
53 ihdicate the presence of interstratified layer silicates, disorder-
ed kaolinite or partially dehydrated halloysite, mica, montmorillenite
or chlorite, quartz and gypsum.

As mentioned earlier, the oriented thin sections for this study
were made from compacted soil (passing US sieve Nonluo) and consequent-
1y they included coarser fractions like silt and sand.. The presence
of coarsé.fractions in the thin sections is believed to be responsible
for the suppression of the predeminant basal reflections of clay minerals
which were noticed in Figure 53. The reflection at about 20.8 degrees
{d =.u4.27 A) may be dﬁe either to quartz (100), or muscovite (ii1) or
gypsum {(127). The reflection at about 26.60 degrees {(d = 3.35 A) ap-
pears to be due either to quértz (101) or kaolinite although the strong

nature of the peak suggests that quartz is more probable. In view of
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their platy nature, the ciay particles would tend te be oriented more
during compaction and consequéntly diffraction intensities corresponding
te the basal reflections of the clay particles would be more realistic
in the characterization of the particle orientation and its cerrelation
to the swelling characteristics. Such a procedure could net.be used in
the present study in view of the reasons given earlier. However, it

is believed that the observed variations in the diffraction intensities-
are indicative of the degree of particle orientation.

It was indicated earlier that; all other facters remaining the
same, the observed diffraction intemsity is a function of the particle
orientation. The net intensity correéponding ﬁo the 20.80 and 26.60
degree reflections In the powder sample were respeétively 415 and 2268
counts per 10 seconds: The diffraction intensities of oriented thin
sections shown in Figures %8 through 51 are appreciably gresater than
those of a powder sample, in which the particle orientation may be
assumed to be random (Figure 52). This indicates that there is a certain
degree of particle orientation in the oriented thin sectien as cempared
to the powder sample. The results presented in Figures 48 through 51.
indicate that the observed diffraction intensity for the thin sections
A 16-0-1-90 and B 17~0-1-90 (which are oriented perpendicular to .the
direction of compaction) are greater than those of A 16-0-1-0 and
B 17-0-1-0 {(which are oriented parallel to the direction of. compaction).
The increased diffraction intensity for the thin sections normal to the
direction of compaction is believed to be due to the increased degree
of particle orientation en planes normal to the direction of compaction.

The observed net intensity counts for the 20.8 and 26.60 degree

reflections, for all the thin sections analysed, and also the



orlentation of the thin sections relativé to the direction of cempaction
are summarized in Tables X and XI. Tﬁe‘relationship betwéen the initial
moisture content of the soil blocks from which the thin sectiens were‘
prepared and the ratio of the observed net diffrsction intensities of
corresponding oriented thin sections, for beth Standard and Modified
AASHO compaction are sheown in Figure 54%. The peak Intensity ratio Iis

defined . in this study as follows:

I
Peak Intensity Rgtio = fﬁ o
‘ (0-807)
where

Ia = net intensity for a particglar 26 reflection in an
oriented thin séCtion whose plane is inclined at an
angle o with the direction of compactien, and

I(Gfgoo) = net intensity for the same 29 reflectionlin-an‘prient~

‘ed thin section in¢lined at an angle (a-9oo) with the

direction of compaction.

In Figure. 54 is shown the relationship between Igo/Io and the Initial
moisture content for the thin sections anélysed° It can be observed
that for the 20.8 degree reflection the ratio, 190/109 increases with
increasing meisture content, for both Standard and Modified AASHO com-
paction procedures. For the 26.80 degree reflecticn, the peak intensity
ratio increases with moisture.content fer Modified AASHO compaction but
it shows a decreasing tendency fer Standard AASHO compaction, Although
the meager test data do net permit any generalization concerning the .
exact relationship between.the peak intensity ratle and the initial

" moisture content, the increasing tendency of IQO/IQ ratiec with
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TABLE X

X-RAY DIFFRACTION PEAK INTENSITY RATIOS -
STANDARD AASHO COMPACTION

(Cuke Radiation, KVP:40, MA:20, T.C: 1.0, CPS:1000)

Sample Orientation . Bragg Diffraction Intensity  Peak
Number Degrees Angle counts/10 sec. Intensity
28 e Ratio
Degrees - Peak Mean Net
Back-
gound
A1l4-0-1-0 0 20.80 1272 509 763
' . . - - . 0.6920
Al4-0-1-90 390 20.80 1024 496 - 528
A14-0-1-0 . 0 26,60 _ 3062 452" \2610 0.9164
Al4~-0-1-90- 90 26.60 2851 459 2392
A15-0-1-0 0 20.80» 1048 483 565 0.8000
A15-0-1-90 90 20,80 316 Ley 452
AiS—O—i—O 0 26.60 2916 452 246& 0.8571
A15-0-1-90 90 26.60 2553 Lyt 2112
A16-0-1-0 0 20.80 974 430 L8y 1.1983
A16-0-1-90 90 20.80 1068 4g8g . 580
A16~0-~1~0 0 | ) .26e60_ | 3445 &60 ‘2985 0.7102
A16-+0-~1-90 30 26.60 2567 Ly7 2120
A17-45-1-45 45 20,80 1036 499 537
- - : 0.8770
A17-45-1-135 135 20,80 1023 552 471
A17-45-1-45 45 26,60 3207 431 2776
— : - — ‘ L 0,7460

A17-45-1-135 135 26.60 2511 440 2071




{CuKo Radiation, KVP:40, MA:20. T.C:1.0, CPS:1000)

TABLE XI

¥~RAY DIFFRACTICON PEAK INTENSITY RATIOS -
MODIFIED AASHO COMPACTION

134

Peak

Sample Orientation  Bragg Diffraction Intensity
Number Degrees Angle counts/10 sec. Intensity
26 Ratio
Degrees Peak Mean Net
Back-
ground
B11-0-2-0 0 20.80 382 478 404
- 1.5767
B11-0-2-390 90 20.80 1147 480 637
B11-0-2-0 0 26.60 3037 uelL 2573
- 0.9560
B11-0-2~-90 90 26.60 2896 436 2460
Bl4-45-1-45 45 20.80 1181 480 701
, : 0.6262
Biy-45-1-135 135 20.80 898 459 439
Bla-45-1-45 L5 26,60 3084 430 2654
o - 1.0388
Bii-45-1-135 135 26,60 3172 415 2757
B15-0-1-0 0 20,80 1109 502 607
‘ R 0.6738
B15-0-1-90 30 20,80 886 L77 Log
B15-0-1-0 0 26.60 3423 L24 2939
: _ : 0.7229
B15-0-1-90 390 26.60 2632 LBk 2168
B16-0-1-0 0 20,80 1031 482 549
- - 0.8214
B16-0-1-90 30 20,80 - 1006 555 451
B16-0-1-0 0 26,60 2807 520 2387
: . 0,9074
B16-0-1-90 90 2611 Lus

26.60

2166




TABLE XI (continued)

[e}]

(2]

B17-0-1-0 0 20.80 1014 511 503
- - - — - ‘ 2.3797
B17-0-1-90 Q0 20.80 1696 499 1197
© B17-0-1-0 0 26.60 2768 428 2342
— : e 1.9086
B17-0-1-80 80 26.60 4939 469 4470
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inereasing initial moisture content iz nevertheless evident Iin Figure
54, .It can be observed that this effect is more pronounced in Modified
AASHO compaction in view of the greater compactive effort which tends
to produce a more parallel particle orientation as.compared .to that in‘
Standard AASHO compaction. For the oriented thin sectioné inclined at
45 and 135 degrees fo the direction of compaction, the peak intensity
/

ratio was computed and this is also shewn in Figure 54 against

I .
135 145
the corresponding initial moisture content., It is seen that the ratio .

/I is approximately equal to unity for moisture contents at or
PP y eq

I135 us

near optimum for Standard and Modified AASHO thin sections and this
- suggests that the overall soil fabric is approximately the same on planes
inclined at 45 and 135\degrees.with'the'directibn of compactien - a con-
ditien that is likely to result when the particles are either vandomly
distributed inside the compacted soil block eor arranged in a parallel -
orientation normal to the compaction direction. However furthef-study
ratio at dif-

is vequired to investigate the variation of the IiSS/IuS

ferent initial moisture contents.

Scanning Electron Microscepe Study

The Scanning Electron Microscope is a relatively new instrument,
-quite different from.the conventional Transmission Electron Microscope
both in regard tc its principles and applications.  Since its intreduc-
tion in 1965, it has found extensive applications inbthg,diverse tields
of geology; clay mineralogy, metallurgy, semiconducter technology,

biology and other areas involving surface studies.



Ih the scanhing electron microscope, the sample under study is
‘bombarded with a fine probe of electrons, on an area 100 A or less in
diameter. The .electreon source is usually a heated‘hairpin tungsten
filament. As the probe strikes only one point on the specimen at a
time, data is accumulated from many points to build up a representation
of an area of the sample. This is achieved by scanning the eleciron
‘probe over an area.of the sample in a raster pattern. A cathode ray
tube is also scanned in synchronization with the electron beam and the
intensity of the cathode ray tube i1s modulated in preportion to the
intensity of one or another types of information generated by the Im-
pingement of the electron probe on the sample, and this results in a
representative image of the area of the sample. The .cathode ray tube
display is generally recorded. photographically, although it is alse
possible to record it on videotape or to directly coemputer-process it.
The operating parameters such as the speed of scan, number of lines
scanned . etc., are selected to optimize the resulting image.

The squipment incorporates a sample stage, permitting tilt,
rotation and translation of the sample to facilitate examination of the
sample surface. Unlike the transmission micrbscope, changing magnifi-
cation or specimen orientation in. the scanning electron microscope
does not require any change.in focus. One of the most Important features
of the scanning electron microscope is its capability of providing a
high magnification and depth of field, far exceeding theose of an optical
microscope. For the examination of;rough surféées, the»scanning electron
microscope is a powerful fooln The ‘specimen préparation invelves a
shadowing technique in which the surface is ceoated with a thin fiim

(100 -~ 500 A) of a heavy metal,; to provide conductivity en an insulating
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surface. When this coated surfdce is examined in the scanning electron
microscope, the varying shadow film thickness causes differential scat-
tering of electrons and reveals the gradatien of the surface. Kimoto
and Russ (1969) have provided a good introduction to scanning electron

micrescopy and discussed its wide applications in different fields. .

In the scanning electron microscope the specimen is exposed to
high vacuum, heating effects from electron absorptien and chérge effects
from absorptien and secondary emissien of-electrons; Instability of the
Specimenvmay, therefore, affect the final interpretation. Generally,
soil fabric studies using the electron microscope will require dry speci-
mens as there is a possibility of fabric disturbance in a moist specimen
when it is subjected to a high vacuum prior to shadowing. Therefore,
the method choesen for the preparatien of test speéimens should be one
producing the least change in the conditiens of the sample. Drying the
specimen elther at room temperature.or in.an oven is not desirable as
the consequent shrinkage would result in fabric disturbance and the.
development of cracks.. In view of these considerétions, soll specimens
in which the fabric has been preserved by some preliminary treatment
‘appear to be best suited in studies concerning soil structure. .

In this reséarch, oriented test specimens which had previously
been impregnated using standard impregnation procedures, were used. The
impregnating material used (Epoxy plastic) might reduce the image con-
trast to some extent, HoWever, it was believed that the electron micro-
graphs would provide‘enough contrast to permit:the study of the particle

arrangement in the test specimens. To facilitate cemparisen of the



electron micrographs with the correspording X-ray diffrsction data,
oriented -test specimens belonging to the same compaction series as
those used in diffraction analysis, were ﬁsed in. the scanning electron
microscope studys.

The orientatien of the faces to be studied were accurately
marked in these specimens and a record of thelr orientations relative
to the direction of compaction was maintained. Fresh surfaces at the
required orientafions were fractured by tamping gently with a sharp
edge. Great care was.taken te see that the sharp edge did not.pass
through the fractured,sﬁrface and alter the soil fabric. Two small sell
cubes of about one centiméter side, were cut out of each of the test
specimens. - One cube contained a freshly fractured surface parallel to
the direction of -compaction and other contained a freshly fractured sur-
face perpendicular‘fo the direction of compactiéno These soil cubes
were mounted in the high vacuum-evaporator {(Model: JEOLCO-JEE-4C of
the main unit) and subjected to a high vacuum. The required vacuum was
obtained in about 12 minutes, after‘which_the;freshly fractured sur-
faces were shadowed using a gold—palladiumvalloy wire as loenizing mat-
erial. This shadowing permits greater contrast and three-dimensicnal
effect bn the particle surface of the sampieo

In this investigaticn, 6 samples were prepared out of three
oriented test specimens and all these samples were shadowed and studied
in the scanning electron microscope. The test specimens for this study

were cut from soil blocks compacted by Modified AASHO procedure.

Test Procedure.

The scanning electron microscope, model. JSM-2 (manufactured by
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JEQOLCO-Japan Electron Optics Laboratsry Co,, Ltd.,), avallable in the
Geology Department of the University of Oklahoma, Norman campus, was
used in this investigation. .The shadowed samples were mounted in the
sample stage of the equipment and the.coated surfaces were studied at
different magnifications. The entire area of the surface was scanned

by rotating the sample stage, and the surface features were studied from
observations of the representative images formed on the fluorescent
screen., Micrographs of the shadewed faces in fields which provided
maximum contrast and relief effects of the surface features, were
photographed at different magnifications, using the spécial camera at-

tachment. These micrographs were used for further detailed study.

Data and Discussion -

The scanning electron micrographs of faces parallel, perpendicu-~
lar and at an inclination of 135 degrees to the direction of cempactien,
in the test specimens are shown in Figures 55 through 57,

Clays are essentlally hydrous aluminum silicates and these have
a layer lattice or sheet structure.  Because of the variation in struc-
ture, composition and degree of order in the clay mineral groups, the
merphological characteristics of the various mineral species vary widely.
Electron micrographs of well érystallized kaolinite show well developed
hexagonal flakes, frequently elongated in one direction. The edges are
usually beveled and the flakes appear to be twinned. However in poorly
crystallized kaolinites, the hexagonai boundary is not well developed,
appearing crude and generally in associlation with smaller particles,
Electron micrographs of mentmorillenite exhibit broad undulating mosaic

sheets., Often they appear as irregular flake-shaped aggregates,
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(b)

Figure 55. Electron Micrograph for Face Inclined at 135 Degrees
to Compaction Direction in Specimen B 1u4- 45- 1:
(a) 600X; (b) 1800X.



(b)

Figure 56. Electron Micrograph for Specimen B 15- 0- 1:
(a) Face Parallel to Compaction Direction,
540X; (b) Face Perpendicular to Compaction
Direction, 1440X.

143
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(b)

Figure 57. Electron Micrograph for Specimen B 17- 0- 1:
(a) Face Parallel to Compaction Direction,
1800X; (b) Face Perpendicular to Compaction
Direction, 1200X.
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sometimes. with curled edges. The individual particles are teo small to
reveal clear boundaries, and they are seen generally as plate-like ag-
gregates with a fuzzy appearance. Electron micrographs of illite show
generally small, poorly defined flakes grouped together in irregular
aggregates., Generally, electron micrographé of 11lite resemble those
of montmerillonites except that they show larger and better defined
edges,

As mentioned‘earlier, only impregnated samples were used in this
studys; The effect of the impregnating material, epoxy plastic, on the
obseérved fabric .pattern is nof known. Hoewever it is believed that the
plastic would tend to mask only the individual particles and reduce the
contrast, without affecting the soil fabric. The electron micrographs
in Figures 55 through 57, show predominantly irregular plate-like ag-
gregates with curved outlines.. The characteristic sheet-like pattern
with fuzzy and undulating trend which persists in Figures .55 and 57,
suggests the presence of montmorillenite mineral., Small, poorly defined
and irregular aggregates might indicate illite. The electron micro-
graphs do not generally shew clear and well-developed hexagonal flakes
of kaolinite although in some places (Figures 55 and 56) very poerly
developed hexagonal flakes can be neticed. This is probably due to the
presence of very peoorly crystallized kaclinite mineral in the soil.

Thé object of this~stﬁdy was to investigate the degree of pre-

' ferred particle orientation relative to the direction of compaction.

As discussed in Chapter II, the,degree of particle orientation attained
during compaction is dependent on the molding moisture ceontent, the mode
of compaction and the compactive effort (Lambe, 1960). The average mold-

ing moisture contents of the specimens B 14-45-1, B 15-0-1 and B 17-0-1
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are vrespectively 15.23%, 16.99% and 20.38%. The -optimum moisture con-

tent for the soil using Modified AASHO

compaction procedure, is 1i.5%,

Therefore specimen.B 14-45-1 represents a compaction state very near

the optimum while specimen B 17-0-1 corresponds to a condition very

much wet of optimum. Specimen B 15-0-1, also represents a compaction

condition wet of optimum but it is intermediate between the two states

represented by specimens B 14-45-1 and

B-17-0-1.,

The electron micrographs of specimen B 17-0-1 indicate that

there is a very pronounced parallel particle arrangement in the face

perpendicular te the compaction direction as compared to that for the

face parallel to the direction of compaction (Figure 57). The slightly

dipping edges of the stacked-up sheets
indicate that the plate-like particles
tatien with their plate faces at right
paction. As the water content of this

opti here is increase i o)
optimum; there is increased dispersien

seen in the micrographs, also
are arranged. in a parallel orien-

angles to the direction of com-

specimen is much greater than

of the particles which is re-

flected by a pronounced parallel particle arrangement.

The electron micrographs of specimen B 15-0-1 indicate features.

gimilar to these of specimen B 17-0-1,

except that in this .case the

degree of parallel arrangement of particles is relatively less pro-

nounced. Nevertheless parallel sheet configuration is clearly seen in-

iselated areas (Figure 56). The molding moisture content of specimen

B 15-0-1 1s less than that of B 17-0-1, and consequently specimen .

B 15-0-1 represents -a less dispersed system compared teo the specimen

B 17-0-1. And this is reflected in the lesser degree of particle ori-

entation .in specimen B 15-0-1 compared to that in specimen B 17-0-1.
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The electron micrographs of specimen B 14-45-1 shown in Figure
55, show the soil fabric along plane inclined at 135 degrees with the
direction of compaction. A parallel sheet-like arrangement of particles
is clearly seen in Figuﬁe 55, although it is somewhat less pronsunced
as compared to that in Figure 57. The characteristic b5-degree. stria-
tions indicate stacked-up sheets intersecting the surface at an anlge
of about 45-degree and this cerresponds to a parallel particle orienta-
tion normal to the direction of compaction. However the degree of par-
ticle orientation in specimen B 14-45-1 appears fo be less than that of
either specimen B 17-0-1 or B 15-0-1. As the water content of specimen
B 14-45-1 1s nearer to optimum and is less than that of B 15-0-1 and
B 17-0-1, the observed low degree of parti?le orientatien is probably |
due to an increased tendency towards a fleocculent structure.

Previous studies have indicated that compaction tends te pro-
duce a parallel arrangement of the particles and that the degree of
particle orientation is a function of the molding moisture content and
compactive effort.(Pacey, 1956., Lambe, 1960, and others). The results:

-of this study are substantially in agreement with the established ;on=
cepts of soil structure of compacted clays. However one interesting
feature revealed in this study 1s that although compaction tends to
produce a parallel orientation of particles, this orientational effect
is evident only in isolated pockets or domains particularly with melding
molsture content near optimum (and probably on. the dry side of optimum‘
also). The experimental data further indicate that the degree of
particle crientation Increases with an increase in the molding water

content,



CHAPTER 1V
GENERAL ANALYSIS
Introduction

As stated earlier the purpose of this study was to investigate
the anisotropic swelling characteristics of cempacted Permian clay and
to correlate the observed swelling behavior with the soil fabric. To
achieve these objectives, swelling tests were performed usihg the tri-
axial swelling apparatus, and the particle orientaticon in the compacted
soil was studied using X-ray diffraction techniques and scanning elec-
tron microscopy. The experimental results and detailed discussions
were presented in Chapter III. An attempt will be made here to review
briefly and correlate the results of the different phases of this

investigation.
Swelling Characteristics

The magnitudes of the unit swelling of compacted soil, parallel
and perpendicular -to the direction of compaction weré determined using
oriented test specimens. The test data have indicated that the magni-
tudes of the unit. vertical and horizental swelling vary considerably
for specimens cut at different orientations relative to the direction
of compaction (Figures 30 through 35 and Tables VI and VII). Specimens

whose meolding water content was less swelled more and at-a faster rate,

than those ceompacted at higher water contents. In general, the water
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intake of specimens during swelling was found invariably to exceed the
total volume increase; and, for a constant water intake, Modified AASHO
samples registered a greater total volume increase than Standard AASHO
samples (Figure 36). Specimens with less initial degree of saturation
swelled more than those with high initial degree of saturation although
the final degree of saturation attained was approximately the same for
both. - The same effect was observed both for Standard and Medified AASHO
samples.

The compactive energy has an influence on the swelling character-
istics of compacted soil. In general Modified AASHO samples swelled
more than Standard AASHO samples although Standard AASHO samples reached
a higher final moisture content after swelling (Figures 39 and 40). The
discrepancy between. the measured unit swelling values of oriented speci-
mens even correspending to the same direction is clearly seen in the
experimental results presented in Figure 30 through 35 and in Tables VI
and VII. The reasons for this observed anomaly were discussed in
Chapter IIT. It was shown that, in view of .the possible structural
variations in the oriented samples and experimental errors associated

with the ¢, values, the € values measured with dial gage, should be

h
considered as most reliably representing the true swelling values. The
relationships developed én‘this basis have shown that the unit swelling,
€. parallel to the direction of compaction is generally greater than
the unit swelling, €90° perpendicular to .it, both for Standard and
Modified AASHO samples (Figures 44 and 45). The difference between -
the €, and 590 values was ‘greater for specimens compacted at water con-

tents less than optimum than feor those compacted wet, of optimum.

Statistical analysis of the relationship between the swelling ratio
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(Eo/ego) and the initial molsture content has revealed that the so/ego
value is generally greater than unity both for the Standard and Modified
AASHO compaction in the range of the meisture contents.tested (Figures
46 and 47). Also it is seen that 60/690 has-a slightly decreasing tend-
ency with ‘increasing moisture content in the case of Standard AASHO com-~

paction, while it indicates a definite increasing tendency with increas-

ing initial moisture content fer Modified AASHO compactioen.
Soeil Structure

The ‘structure of compacted soils was studied using X-ray dif-
fraction technique and scanning electron microscopy. The diffraction
patterns of oriented thin sections have revealed that the observed net-
diffraction intensities at 20.80 and 26.60 degree reflections are great-
er than these for a powder sample and this indicates preferred orienta-
tion of particles in the thin sections. Also the diffraction intensities
for the thin section normél to the compaction direction were greater -
than those for the thin section parallel to the compaction direction,
particularly for water contents very much wet of eptimum {(Figures 48
through 51). The experimental data presented in Figure 5S4 and Tables X
and XI, have shown that the peak intensity ratio, IgO/IO, corresponding
to the 20,80 degree reflection shows generally an Increasing trend with
increasing moisture content of the soil from which the thin sections
were made - the effect being more pronounced in the case of Modified
AASHO compactien. A similar effect was noticed for the Modified AASHO
compaction for the 26.60 degree reflection alse, although it tends to
decrease slightly with iIncreasing moisture content for the Standard

AASHO compaction. There is considerable evidence to indicate that
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compaction tends to produce a parallel particle orientation normal to
compaction direction and the degree of orilentation Iincreases with
increase in molding water content and compactive effort (Pacey, 19586;
Lambe, 1960 and others). The observed increase in the value of the peak
intensity ratio with increasing molding water content should, therefore,
be construed as a ﬁénifestation of the greater degree of particle ori-
entation at higher water contents.

The limited diffraction data for the thin sections eoriented at
45 and 135 degrees to the direction of compaction indicate that the
/

magnitude of the peak intensity ratio, I s 1s approximately equal

135 IHS

to unity for water conténts at or near optimumn This probably indicates
that the overall fabric on the 45 and 135 degree planes is approximately
similar,

The scanning electron micregraphs of faces in the compacted seoil,
parallel, perpendicular and at an angle of 135 degrees to compaction
direction, indicate that there i1s a very pronounced parallel particle
arrangement normal.to compaction direction in samples compacted very
much wet of optimum meisture content (Figure 57), For lower moisture
contents this orientational effect was not only less preonounced but also
was evident only in isolated pockets or domains, particularly in samples

compacted at or near the optimum.,
Effect of Soil Structure on Swelling

In order te study the effect of soil structure on the swelling
characteristics of compacted soil, it is necessary to correlate the re-
sults of the swelling tests with the data obtained from fabric studies.

The -scanning electron micrographs indicate qualitatively.the parallel
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orientatien of particles normal to. compaction direction at meisture con-
tents wet of optimum.:. In an attempt te correlate quantitatively the
observed swelling behavior with the particle orientation, the relatien-
ship between the swelling rafio and the peak infensity ratio was .studied
énd the resuits:are shown.in-Pigure‘SS. In,tﬁis figure the swelling

ratio,,eo/e » of the -compacted seil is plotted against the peak. inten-

90

sity ratie, Igo/Io (corresponding to the 20.80 and 26.60 degree reflec-
tions) of the oriented thin sections belonging te the .same compactien -
series, As the degree.of particle eorientatien is thought te be directly
related to the-compéctivegenergy and as theﬁpeak intensity ratio is di-
rectly proportiocnal to the degree’of particle o;ientation, it is cbvicus
that the peak intensity ratio reflects the effects of different_cémpac—
tion energy levels, Consequently ne attempt-was made in Figure 58 to
differentiate the two compactien precedures .used. It can be.observed
that -the swelling ratie increases with increasing peak intensity ratio.

. The wide scatter -of polnts near about Iéo/Ié = 1, is probably due to the:
lesser degree .of particle erientation associated with lewer.molding
moisture contents (cf. Figures 55 and 56). It was shown earlier that
the magnitudes of the unit-swélling, parallel and perpendicular to the

‘direction of compactien, decrease with increasing melding moistufe‘con—.’
tents (Figures 44 and 45). HeweVer, the swelling.natio.(eo/ego) appears
to incréase with increasing initial water-conténts for Medified AASHO
compaction while for Standard AASHO cempactien it-shows a.slightly.

decreasing tendency-(Figures 46, and 47).
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

The anisotropic swelling characteristics of compacted clay were
studied in the triaxial swelling apparatus and the particle arrangement
in the compacted soil was investigated using the X-ray diffractometer
and the scanning electron microscope. Based on the experimental data,
it is possible to arrive at the following conclusions:

1) The magnitude and the rate of swelling of compacted soil
are dependent on the initial moisture content and the ceompactive effort.
Samples whose molding water contents are less swell more and at a faster
rate than those cempacted at higher water contents, and this is true for
samples compacted by both Standard and Modified AASHO procedures.
Samples compacted -by Modified AASHO procedure swell more than.those esom-
‘ pacted by Standard AASHO procedure.

‘ 2) - The watef intake by the seoil during the swelling process
invariably exceeds the total volume increase, for both Standard and
Modified AASHO compaction., VFor a constant water intake, the samples
éompacted by Modified AASHO procedure swelled mere and registered a
greater volume Increase than those compacted by Standard AASHO procedure.

3) Samples with a low initial degree of saturation swell mcre
than those with high initial degree of saturation although the final

degree of saturation attained is about the same for both. The final.
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degree of saturation is¢generélly_less than 100%. Also, samples com-
pacted by Standard AASHO procedure reach a higher final moisture content
after swelling than those compacted by Modified AASHO procedure;

4) Compacted soils are, in general, anisotropic with respect
to swelling. The magnitude of unit swelling parallel te the direction
of compaction (eo) is greater .than the unit swelling perpendicular to

), both for Standard and Medified AASHO

the direction of compaction (ego

compaction. For samples .compacted dry of the optimum meisture content,

the difference between- the Eo and € values tends to be'greater than

90
for those compacted wet of the optimum. -

5) There is an appreciable difference between the unit swelling
values of oriented specimens even corresponding to the same direction.
The unit horizontal swelling of a vertically cut sample differs from the
unit vertical swelling of a horizontally cut sample. A similar anomaly
is noticed between the unit vertical swelling of a vertically cut sample
and the unit horizontal swelling of a horizontally cut sample. The
reasons for the observed differences are believed to be due to individ-
ual structural variations in the oriented specimens and possible exper-
imental errors assoclated with the measured horizental unit swelling
values.

&) The swelling ratio, eo/e of the compacted soil is, in

90
general, found te be greater than unity, for the range of moisture
contents tested. The relaticnship between the swelling ratio and the .

initial meisture content of the compacted soil can be characterized by

the following regression equatiens:



Standard AASHO compaction: (iu4.74% < X < 25.50%)
Y = —Oﬁ02437 X + 1,76675
Modified AASHO compaction: (13.54% < X < 20,38%)

Y= + 0.09266 X - 0.21268

where
X = Initial moisture content, percent, and
Y =

| Swelling ratio,-eo/sgoﬂ

7) TFor.Standard AASHO compaction, the swelling ratie tends to
decrease slightly with increasing initial meisture. content, probably
due to soil disturbance caused by repeated penetrations of the hammer
during cempactien at higher water contents. However, in the case of
Modified AASHO compaction, the swelling ratio shows a definite increas-
ing trend with increasing initial moisture content and this is believed
to be due to thé greater degree of particle orientation resulting from
the increased compactive effort used.

8) The peak intensity ratio, IQO/IO’ corresponding to the 20.80
and 26.60 degree reflections increases with Increasing Initial molsture
content of the compacted soil from which the oriented thin sections were
extracted. . The‘iﬁcreased,peak intensity ratio appears to be duezfo the
greater degree of orientation normal to the compaction direction at
higher water contents. The peak intensity ratio, IiSS/IHS’ of thin
sections at 45 and 135 degrees to the compaction direction, is found to
be approximately equal to unity for initial moisture contents at or
near the optimum..

8) The scanning electron micrographs of oriented faces in the

compacted seil indicate that there is a pronounced parallel particle

orientation mormal.to the compaction direction in specimens compacted
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very much wet of the optimum moisture content.. The degree of particle
ocrientation is less in samples compacted at.or near the optimum. Also
this orientétional effect is evident only in isolated pockets or- domains,
particularly with molding water contents at or near the optimum.

10) The swelling ratio,»ao/e increases with increasing peak

S0
intensity ratio, IQO/IOE As the peak intensity ratio increases with
increasing initial moisture. content, it appears that the swelling ratio
would, in general, increase with increasing initial moisture content
(¢fe item 7).

11) The use of filter strips along the sides of the test speci-
men in triaxial swelling tests tends to equalize the moisture distribu-
tion along its length.. However even with the use of filter strips com-
plete equalization of moisture centent was not achievedu

12) The triaxial swelling apparatus is found to be satisfactory
in studies concerning the swelling characteristics of soil. However,
in view of the observed aneomaly between the unit swelling values of
oriented specimens and the experimental difficulties encountered in the

measurement of the £y values from the saran tube readings, some modifi-

cations of the apparatus appear necessary.
Recommendations for Further Research

In this investivation an attempt has been made to study the
anisotropic. swelling characteristiés of compacted -Permian clay and to
correlate the observed swelling behavior with the particle orientation.
The experimental results have established the swelling and structural
anisotropy of compacted soils and have indicated the influence of par-

ticle orientation on the swelling characteristics. However, much



additiocnal research is necessary to gain a compiete understanding of the
anisotropic swelling behavior and its relation to soil structure. The
following are some suggestions which might prove useful in future
research:

1) 1Investigation of the anisotropic swelling characteristics -
of remolded soils using other methods of compaction . .and
pure clay minerals.

2) Quantitative evaluation of the fabric variations in com=-
pacted soil on planes at different orientations relative
to the direction of. compaction.

3) Correlation of the swelling anisotropy With the structural
aniseotropy for soils compacted by different compaction
procedures.,

4) Development of instrumentation for investigating three-

dimensional swelling anisotropy in soils.
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INTRODUCTION

All the swelling tests in this investigation were performed.

using the triaxial swelling apparatus. Cylindrical soil specimens cut

in different orientation, out of seoil blocks compacted by Standard and

Modified AASHO procedures were used. The observational data during the

swelling tests included the. vertical swelling recorded by dial gage,:

the linear displacement of the air-water interface in the saran tube

corresponding to the velumetric displacement of chamber water due to

the radial swelling, and the amount of water absorbed by the soil as

recorded by the drop in water level of the reservoir and which was.

measured with a sensitive micrometer screw. The derivation of the var-

ious expressions that were used in the .analysis of the swelling test

data, are given below.

ASSUMPTIONS

The :swelling in the horizontal or radial direction .is uni~-
form and is constant along the length of the specimen. That
is, the cross section of the specimen after swelling is per-
fectly circular and has.the same area along its length.
There is no loss of water due to absorption by Plexiglas.
components of the apparatus, saran tube and through the var-
ious connections.

The physical properties of the chamber fluid remain constant
during the duration of -test,

Idealized conditlions exist during the test for the free

swelling of the specimen.



DERIVATION OF EXPRESSIONS

Unit Swelling in the Vertical Direction :

As the dial gage registers directly the swelling in the vertical
direction, the unit swelling in the wvertical direction (ev), is given

by:
Y (1)

or, expressing e, as a percentage,

e =284 100 (2)
v T H

where AH

Swelling in the vertical direction, and

H

Initial height of the specimen.

Unit Swelling in the Horizontal or Radial Direction -

A soil specimen, when allowed to absorb water, will continue to
swell until equilibrium is reached between the pore water pressure. and
the repulsive and other attractive forces in the electric double layer
arocund the clay particles.,

At any instant during the swelling process, if AH and Ar-are
respectively the magnitudes of swelling in the vertical and radial dir-
ections of a cylindrical specimen (Figure 59), then the total volume

increase (AV) can be written .as:
AV = m{p+Ar)? (H+AH) -mr? H (3)

However, in the triaxial swelling test, only the velume increase

contributed by the swelling in the radial direction, is measured by the
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Figure 59, Swelling of a Cylindrical Soil Specimen. »
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saran tube, because the design of the apparatus prevents the total vol-
ume increase from being registered. Considering only this apparent

volume Iincrease (AV') (shown shaded in Figure 59), we have:

AV! ='2W(r+é§) Ar (H+AH) =.C.AR

Where C = Capacity per unit length of the saran tube, and .

AR

Linear displacement of .water in the saran tube..

i.e. w(H+AH)(Ar)2 + 27r(H+AH)(Ar) - C.AR = -0

But
€ = éﬂ and- € = AI:.
v H h o
' C.AR
- 2 - i =
. WH(1+€V)€h + 2ﬂH(1+aV)€h - 0
2 _ _C.AR. -
e T2 & TrH(L e )

Selving this quadratic -equation, we obtain:

_ . C.R
h —///1 * wr2H21+€V54 1 (1)

This is the required expression for the horizontal swelling, ex-
pressed as a ratio.

If»av and €, are expressed as percentaées, then:

— ’ anR . S
ey = 100 //{+ TrPH(I0.01 € (5)
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Expanding the term under the radical sign, as a Binomial series:

_ 1 C.AR .1 C.AR N2
n 100 1+ 2 mr4H(1+0.01 ev) 8 ( Wr‘H(1+On01-ev)) ool 1]
If we neglect all the higher powers of
C.AR
(rr?H)(1+0.01 ¢ )
we can write: .
- —CEK % 100 (8)

®h T 2wrZH(1+0.01 )

It can be observed that the equation (6) is exactly the same
approximate expression given by Parcher and Liu (1965).

This approximate expression overestimates the value of =N by less
than 3 percent (Parcher and Liu, 1965). However, it is considered de-
sirable in this investigation to use the accurate expression for €y a8

given by equations (4) and (5).

Volumetric Swelling

The total volume increase (AV) which the specimen undergoes during

swelling is, by equation (3):

AV = m(p+Ar)?(H+AH) - 7mr2H

mr2AH + (271 + TAr) Ar (H+AH)

Incorporating the unit swelling €, and € s We get:

€
h
-2 2 2
AV = mrH €, + 27mr<H (1+ 2)eh(1+sv)
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= p2 .. _
AV = qr2H [ e, * Eh.(1+€v)(2+€h) J

Therefore the volumetric swelling (n), which is defined as the
ratio of the tetal velume increase to the initial volume .of the specimen,

is given by: °

n=e + = (1+€V)(2+sh) (7)

Expressing €y and € and n as percentages,-

n=e * 2 € (1+0,01 ev)(1+0.005 eh) (8)

Swell-Intake Ratio

The triaxial swelling apparatus permits the accurate measurement
of the quantity ef water absorbed by the soil specimen during the swell-
ing process and this is accdmplished by observing the pesition qf water
level in the reservoir by means of a micrometer screw.

If (Aa) is the drep in the water level of the reserveir, then the

water intake of the specimen = chz(Aa) where
Rc = Radius. of the reserveoir,

It has been established that the total volume increase which a seil
undergoes during swelling is always less than the actual water intake.-
To serve as a check.on the accuracy of the swelling tests and as well
as to investigate ;he swelling and water intake characteristics, the
swell-intake ratio, wﬁich is defined.as the ratio of the total volume
increase to the water intake, is computed for all the tests, using the

following relationship:
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Tr2H [Ev + eh(1+av)(2+€h)] 1

Swell-Intake Ratio = - RCZ (3a)

(9)

Expressing €, and €, as percentages

r?H e, + ey (1+0.01e )(2+0.01e, )]
100 T RCZ (ba) ' (10)

Swelling Ratioc

One of the main objectives of this investigation is to study.the
relationship between the measured swelling parallel and perpendicular
to the direction of compaction. Teo accomplish this, a series of swell-
ing tests were conducted using specimens cut vertically -and herizontally
out of - the Prector mold.

The swelling ratio; as defined .in this study, is the ratio of the
unit swelling parallel to the direction of compaction to the unit swell-
ing in the perpendicular .direction (Figure 42).

Stated symboligally,

(11)

€y !
Swelling Ratio = -

90
This expression,represehts the swelling ratio for the compacted
soil block, as obtained in the Prector mold during laboratory cempaction.
However, when.the test specimens are considered individually, the
ratio of the unit vertical éwelling (ev) to the unit horizontal or .
radial swelling (eh)'has significance only with reference to their
orientations. . For example, (ev/eh) ratio for a vertically-cut specimen.

(denoted as (ev)o/(eh)o ) will be different from the_(ev/eh) ratio of a
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horizentally-cut specimen (denoted.as,(sv)go/(eh)90 ).
Considering the orientations of test specimens with reference to

the direction of compaction, one might antidipate that the ratios:
(e ) /(e 5 (eplgo/ledgy s (e,) /(e gy and (e )gq/ (g )

computed from the swelling test data of specimens cut at right angles
to each other, essentially represent the swelling ratio,.(ao/sgo) of
the compacted soll block (Figure 42).

This will not be generally true in view of the variations in the
particlevarrangement produced by the compactive effort used. This

aspect is considered in detail in Chapter III.



APPENDIX B

EXPRESSIONS FOR THREE-DIMENSIONAL

ANISOTROPIC SWELLING

175



176-

PROBLEM

To derive expressions for the swelling ratios in the case of three-

dimensilenal anisotropic swelling of seil, -
DERIVATION

Consider a rectangular prism of seil whose dimensiens in the .
direction of the three coordinate axes are respectively x, y, and z
(Figure 60). Let Ax, Ay, and Az be respectively the amount. of swelling
aleng %, y, and z axes.

Then the total volume increase, AV, can be written as:
AV = xyz[(1+ex)(1+ey)(1+ez)—1] (1)

where €. ey, and,eZ are respectively the unit swelling along x, ¥,
and z axes.
The volumetric swelling, n, which is the ratio of the total volume

increase to the initial veolume, is given by:

n = é% = (1+gx)(1+€y)(1+ez)—1 . (2)

This expression will be useful to evaluate the value of n, provided
€5 €o5 and e, are known or directly measurable. Alternatelyy we can
compute. the unit swelling in any one direction, if the values of the
unit swelling in the other two directioens and the volumetric swelling:
are determined experimentally. However, as .in the case of triaxial
swelling test, if the unit swelling in one direction and the volume

increase contributed by the swelling in the plane perpendicular to it .

are measured, then equation (1) requires modification as follows:
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Figure 60, Schematic Representatlon of Three- Dlmen51onal
Anisetropic Swelling of Seil.
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Considering the volume increase in the xy-plane only, we can write:

(AV)xy = Xyz (1+€x)(1+ey)(1+ez) - xyz(1+ez)

or-
(av),

= N/
(1+ez)(ex+syfexey) vz K1 (3)

where Ki can be considered as a constant.

By similar reasening, considering the volume increases in the yz

and zx-planes, we have:

\'D)
- Z
(1+ex>(ey+;z+eyez> = _x_y-‘zi- = X, W)
wnd o
(Av)zx
(1+ey)(sz+ax+ezex) = .xyz = K8 (5)

Dencting sx/ez and ey/sz as o and B respectively, equations

(3) through (5) beceme:

2 —
(1+€Z)(a€Z+BsZ+aBeZ ) = K1

i
-~

(1+ae )(Be +e_+Be 2)
Z zZ 2 b4

2
(1+B€Z}(ez+asz+asz )

"
-~

Rearranging and solving for o and B ; we obtain:

(K, - K.)
0 =1 + —2 2 (6)
€
Z
(K, - K.)
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10 K2 and K3 are the apparent volume-

tric swelling corresponding to the swelling in the xy, yz, and zx-planes

and they can be determined from the experimentally found values of

volume increase and the initial volume of the soil specimen.

If three specimens are cut parallel to the three coordinate axes

and are tested independenfiy in the triaxial swelling apparatus, then,

knowing the value of‘ez, which is measured directly by dial gage, and

the values of (AV)__, (AV)__ and (AV) _ which are found by the displace-
Xy vz ZX .

ment of water in the saran tube, one can, using the: equations (6) and

(7), evaluate the ratios o and B . For cylindrical specimens:
_ €. 1 C‘(AR)xy c'(AR)yz
%= E_-z 1.t €. | ™o, 2H. “mr,2H (8)
z z] ™1 T2 2|
e, ;e C.(aR)_ ]
B S ez ] 4+ = - 'Z - - VA (9)
€, €, _ﬂrl H1 Trg H3 J

where

C = Capacity of saran tube, per unit length,

Tys Py, Py = -Radii of specimens,

H, = Heights of specimens, and

B 2° 73

1°? i
(AR)Xy, (AR)yz’ (AR)ZX = Displacements. of air-water

interface in the saran tube corresponding to the

swelling in the xy, yz, and zx-planes.

As €. ey, and €, are directly measured during the swelling tests,

these can be compared with the values of the unit swelling obtained by

equation (8) and (9) which involve the saran: tube-rreadings-ard thus,

the accuracy of the testing procedure can be checked.
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The swelling ratios, in the case of three-dimensienal aniso-

tropic swelling, are defined as:

Szx = 1/a and Szy =1/8

Therefore from equatioens (8) and (8), we can write:

2 2
§ , = —= ’ (10)
zx e, e ¥ (K1 - K2)
€2 2
S = e— T . (11)
zy e, € + (K1 K9
where
C.(AR)X
K =
1 Ty H1
c.(AR)y ,
K., = T 5 and
2 ., H2
. - C.(AR)_
R e i
3 ﬂr3 H3
Corollary
1) If it is assumed that the unit swelling.the xy-plane is the same

in all directions and is equal to €y then for a cylindrical specimen of

radius r and height H , we can, from equation (3), write:

‘ (AV)
2y = xy C.AR
(1+€z)(€h+€h+€h ) Xyz  Tr‘H
-C.
.2 +2 ¢ LR 0

h h T (ﬁf?ﬁ)(1+ez)‘=
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Solving this quadratic equation for &y s We have:

Y SR S
h ~ (ﬂrzH)(1+eZ) :

This is the same accurate expressiocn derived for the conditions

assumed in the triaxial swelling test (Appendix A).

Also, neglecting the second order term of ¢ we get:

h’

C.AR

h - onrZH(1+e )
2

where

[v]
il

unit horizontal or radial swelling, and

unit vertical swelling along z-axis

m
1]

(equal to ev)n

It may be noted that the above expression is exactly the same

approximate relation given by Liu. (1964) and Parcher and Liu (1965).

2. Also, if
K1> K2,.€z/ax< 1 SZX< 1
K1< K2, az/ax> 1 SZX> 1
K1= K2, Ez/€x=”1 Szx=-1

The samé results follow for SZy alsos

3. If K, = K,= K, , then it follows € = g = ¢ and' this corresponds °
1 2 3 Xy z.

to the perfectly isotropic case.. Therefore SZX= S_.=-1.
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