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Abstract

PRACTICAL EFFECT OF THE SMALL PARTICLES IN A SOIL
ON ITS COMPACTED STRENGTH

Although in the past century there has been ex-
tensive research and development in the fields of soil
mechanics and soll physics, the engineer who uses soll as
& building material today, still relies on data and tests
which were in use years ago. For the most part, these
tests are expensive and time consuming, because they
are based on the principle that only the combined effect
of all the variable factors must be considered.

Scientists in certain related fields, however, have
studied thelr own problems with more of an analytical
approach, and their contribution to the general study of
soill may be a valuable one. While the engineer has been
mainly concerned with the physical properties of the soil,
the soil scientist has investigated the chemical, thermal,
and electrical properties of that material. Ilany
practical soil problems might be solved by weaving to-
gether the work of the engineer and the soll scientist,

It is possible that out of this attempted solution will




come new data and tests that will benefit civil engineers
seeking the answer to problems of irrigation, flood
control, and highway construction.

The particular problem considered in this study
was: How do the physico-chemical properties of a soil
mass affect its overall strength.

A solution of the major problem was assumed to
depend upon answers to the following:

l. What is the effective size and surface area
of certain artificially mixed combinations of different
size soill particles?

2. What are the physical properties and
strength of each of the articially prepared soils when
mixed with water in the usual manner?

3. How can the effect of the physico-chemical
properties in each soil be nullified?

4, VWhat is the strength of each of the artifi-
cially prepared soils when the effect of the physico-
chemical properties in each s0il has been nullified?

5« What does the difference in test results
indicate concerning the effect of the very small
particles in the soil?

To carry out this investigation, eight soil
systems were prepared by mixing in different proportions
the particle size fractions of one selected sample of

disintegrated granite. The compacted strength of each




soill system was determined in the usual manner by two
separate laboratory testing methods. After these were
completed, each of the eight soll systems were treated,
in a previously investigated menner, to repress the
physico=chemical activity of the small soll particles.
The strength tests were then rerun on each of the treated
soll systems to observe the effect when only particle
size was a variable,

The results of the tests indicated that when
the physico-chemical variables were in effect, the
strength of the soil decreased rapidly as the percentsage
of small particles increased. When this reaction of the
smell particles was effectively nullified, an increase in
the number of small particles in the soil systems resulted
in & slight decrease in strength. The strength of soils
composed almost entirely of small particles was well with-
in the range of values generally observed for excellent,
coarse-grain soils, The physico=-chemical activity of the
small particles appeared to contribute much more to the
loss of this soil's bearing strength and stability than
did the actuel decrease in particle size.

This study indicated thast a simple equation
might be developed to express the strength of this one
particular soil as & function of its effective perticle

size or its specific surfsce srea. In the course of this

investigation it was glso apparent that studies similar




to this one would have to be made on many other different
types of soill 1f the results were to really be of

practical value.
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Chapter I
INTRODUCTION

For centuries men ueing soll as a bullding
material have realized that there are a great number of
factors which determine hovw atrung,thia extremely hetero-
geneous mass will be after it has been dlsturbed from 1ts
natural position and manipulated to sult their desires,
Arts and scliences relating toc the constituents of the
earth's mentle have developed to the point where the ef-
fect of some of Fhass variable factors are quite clear;
in fact, enough 18 known to have materially facilitated
the accomplishment of innumerable feate of engineering
and architecture,

Terzaghl and Peck (22), 1948, contend that for
most practical problems in soll mechanics only the come
bined effects of the veriasble factors need be considered,
and indeed, this practice has had almost univeraal fol=
lowing. The result is a deluge of practical soll tests
neceasarily applied to every type of soil with which the
engineer comes in contact. Although in soil laboratories
many simplifications and organized progedures have been
developed, the pressnt day soll analysls is guite expen-
sive and time consuming. An analytical and aystematic
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approach in the study of soll may be lacking. It is pos=-
gible that an approach similar to that recently undertaken
in hydraulics may be appliczble.

$he problem involved in this study is only one
of the many oroblems that must eventually be undertaken
to determine some systematic method for agcurately eval-
uating soil gtrength by the use of simple and rapld
field tests.

Ihe problem

How do the physico-chemical properties of a

s0il mass affect its oversll strength?

Problem analygig.-~l. What 1s the effective
slze and surfeace area of certein artificially mixed
combinationa of different slze soil particles?

2, ¥Yhat are the physical properties and
strength of each of the artificially prepared soils
when mixed with water in the usual manner?

3. How can the effect of the physico-chemical
properties in easch soil be nullified?

k., What is the strength of each of the arti~
ficially prepared soils when the effect of the
physico-chemical properties in each soil has been
nullified?

5. What does the difference in test results
indicate concerning the physico-chemical effect of
the very smzll particles in the soil?
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Delimitation.~-This investigation 1s limited to
a uniform type of soil found in the vieinity of the conti-
nental divide near Loveland Pags in Colorado, The experi-
ments were performed in the Colorasdo State Highway Soil
Testing Leboratory in Denver. '

The term goll was teken to include all of the
mineral and organic constituents of the earth's mantle in
aggregations up to & diameter of three quarters of an
ineh in size.

Strength of the soll was determined by the
Californis Bearing Ratio Test 2nd the Hveem Stabilometer,
To simulate field rolling, the compaction procedure used
was the medified method preascribed by the American Agsoc-
iation of Btate Highway Officials. Other auxiliary tests
were performed in accordance with the American Assoclation
of State Highway Officials and the American Society for
Testing Materials standards.



Chapter II
REVIEW OF LITERATURE

8ince soll is made up of both coarse and fine
particles 1t 1s not surprising to find that it has been
studied from several different points of view. On the
one hand, the coarser fractions are inert and lend them-
gelves well to physical anslysis. The review of litera-
ture along this line will be teken up under the heading
of soil mechanics in engineering, chemieal aspects of
soil studies, and geotechnice. '

The very small soll particles, on the other
hand, differ from the coarser fractions in that they have
physico~chemical properties. As a result of speecisl
gtudies made by members of Chemical and Ceramic Socleties,
many theoretical explanations for the behavior of c¢colloidas
and soluble salte are avallable. Following the preaantg-
tion of these publications is a review of the work of the
newly termed "geotechnician®" who attempts to apply ell
of these principles of mechanics, physical chemistry,
and mineralogy to the problems of soll engineering.

These generalizations provide a summsry of the studles

made in the first two fields of soll investigation.
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Shelnsering

Ag the result of the projects undertsken by
meny engineering sagencies in working out problems in
irrigetion, floocd control, roed bullding, and military
fortifications, considersble information regaerding the
physical character and compacted atrength of soil has
been published. Before the turn of the last century,
Whitney (24), 1892, concluded that physical properties
are better for indicsting the performance of soils than
are chemical properties. Although today's soil scientiat
might request that this statement be qualified in that it
holds true for enly some soils, the feeot remains that man
can and has pushed back a vast curtaln of unknowns in the
behavior of soil, by theoretical and experimental investi-
gationa,

One of the firat serious engineering studies
of soil serving as a foundation for soll mechanigs today,
is that applied to fortifications in France in 1773.
According to Krynine (16), 1947, it was there that
Coulomb published a discussion of earth pressure in which
he dealt with particles of soil as "i1dealized fragmental
megses," and precsented the general equation,

8= ¢t ptanf

in which & is the shearing resistance of the soll, p is
the normel stress on the surfsce of sliding, ¢ is the

constant of cohesion, and @ is the angle of internal
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frietion. 1In accordance with this formula, the shearing
strength of a fragmental mass consists of a variable part
p tan @ and a constant part ¢, although it was not speei-
fied in what proportion this value is taken separately
by friction and by cohesion. Furthermore, there was no
indication of the wey in which small particles develop
thies cohesion.

Rankine (18), 1898, also presented an idealized
pleture of soil and considered that it was made up of
grains of different sizes like sand. He developed a
theory of equilibrium of earth masses and used it to
solve problems involving shear and bearing strength of
80il, but he worked with the varisbles of friction
rather than particle size and grading.

Hazen (10), 1920, was one of the first fo resl-
ize the need for a systematic method of indicating the
size of particles which constitute a particular soil. He
used the term “effeetive size" which is the particle size
Dyp such that 10% of sll the other particles that make
up the soll are smaller. This sine 1a readily determined
from the particle size ascumulation curve,

Ag the result of experiments in concrete
engineering, Talbot (20), 1923, devised the formula

p = (a/p)?
to determine idesl grading for maximum density. In thie
formula p 1is the proportion of weight paasing a given
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screen or sieve opening, 4 is the size of opening, D is
the maximum partiole size, and n is an exponent varying
from 0,24 %o 1,20, %hen n = 1,0, the curve becomes a
straight line, end when n % 0.5 the curve becomes a
parabola., This equation was used to design a series of
particle size curves from which mixtures of different
size particles were combined by weight to give different
graded aggregates for use in tests on concrete. Each
curve on the particle size graph znd each mixture was
identified by the value of the exponent n in his equation.
Hogentogler (12), 1937, experimented with a
well graded sand and a red clay, mixing them together in
such a controlled fashion thet their partiocle size snalye
sis was represented by seven different, though similar
shaped, grain size socumulation curves. The soll cor-
responding to esch curve was compacted in a standard labe
oratory menner to determine the optimum dry density and
moisture content. The sample composed entirely of red
clay developed the lowest optimum density end the highest
optimum molsture content. Soils prepared from the curves
ghowing increasing amounts of sand had correéespondingly
higher densities and lower moistures at optimum condi-
tione., A goill sample prepered from the sand aloae, withe
out 1ts own minus 0,005 millimeter fraction, showed a
denaity or‘5.7 1b. per cubic foot less than that o{ the

well graded sand, The optimum molsture was also lower.
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Ho tests were reported for shear or bearing strength for
these goll specimens.

Yhittaker (25), 1939, studied the properties of
clay on the basis of variable greding, and used his de-
termined value of the spec¢ific surface area of the dif-
ferent gradings of clay to identily each particle size
curve. The physical properties of the clay which he in-
vestigated were the plasticity, absorbed film thickness,
shrinkage, and dry strength. He found that in general
the dry strength increases with decreasing particle size
until a meximum is reached; then dry strength decreases.
He also came %o certain conclusions on the physico-chem-
ical sspects of small clay particles which will be mene
tioned later in this chapter,

Turnbull (23), 1948, not only developed a
method by which optimum molisture content can be determined
by the use of the particle size dlstribution curve, but
he alsgo investigated and compared the shear strength of
thrae.aoila on the bagls of their particle size distribu-
tion curves. In general, the value of the angle of in-
ternal friction, mentioned under the reference to Coulomb,
decreased with greater percentages of fine particles.
Since there was the chance that different types of clay
might be present in each ssmple in the lasgt mentioned
teats, the results could not be compared directly. His

work, however, serves as an 1llustration of an attempt



to analyze soil properties on the basis of particle
sizes and grading.

Taylor (21), 1948, summerized previous findings
én the correlation between density and goll strength by
a gtatement to the effect that for a saturated clay there
is a linear relationship between the logarithm of the
compregsive strength and the vold ratio. With no struce
tural diasturbance this relationship appears to be inde-
vendent of all other variables.

Evidently the idea of analyzing soil on the
baslis of particle size and grading ig not new. However,
several different ways of measuring or expressing the
size and gr=ding have been uso& with the result that it
is difficult to compare results of the authorities.
Terzaghi and Peck (22), 1948, revieﬁad the work of Allen
Hazen with comments to the effect thaet the character of
fine-grain solle depends chlefly on the finest 20 percent,
and that it might be preferable to select Dpp as the
significant quantity.

The chemioal sspec
of soil studise

The engineer ususlly deals with soll properties
a8 & system. BSeldom does he bresk down the soll into
fraetions of similar properties to consider esch warieble

geparately. He is chiefly concerned with size and gra-
dation. On the other hsnd, the soil scientist is more

17
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apt to break down his problem and analyze the different
parts.

In addition to the physical properties of the
goil, there are an infinite number of variable factors
which are due in one way or another to the physico-
chemical agtivity of very small particles with liquids.
Thege varisbles come into greater prominence as the soil
is composed of larger amounts of small particles, That
these variasbles should not be overlooked, has bzen illus~
treted in an sJcount by Winterkera (28), 1948. He told
of 2 million dollar airport concrete pavement that is
disintegrating at the present time for the sole reason
thet the engineer in charge negleoted to utilize availaﬁle
information concerning the high sodium and magnesium
content of the underlying soil,

Mogt of the early chemical studiés of soll were
earried on in the interests of agriculture. Hilgard (11),
1911, studied soil ingredients soluble both in water and
acids. He found thot although the initial lesching of
virgin soil extracted a measureable quantity of material, -
subsequent leachings extracted little if any. When the
soil is dried, not only are the soluble materials agsin
drawn to the surfoce, but heating a asoil even to 100° ¢
renders additional amounts of soill ingredients soluble in
water and in acids, Even the very common phenomenon of

heat from the sun after a rain is effective in bringing



certain sazlts into activity which formerly behaved as
inert particles. The effect of these salts was shown by
Johnson and Norton (15), 1941, in their experiments on
ﬁeriaaaulation. They showed that the type of soluble salt
present makes considersble difference as to what chemical
agent should be used in treating soills to desvelop their
best sroperties.

Hoore, Fry, 2nd Hiddleton (17), 1921, undertook
s geries of experiments to determine the active absorbing
component of the soil., They also showed that heating had
a very definite action in destroying this sbsorptive
power, After hesting to B44° C the particles showed wery
little power to abasorb water and the same materisl after
being heated to 1130° C showed practically no power to
absorb water. One of the methods of determining the
abasorption was to note the presence of colloidal particles
in auspenaion.arter waeka-qr séttliﬁg in water.

Hogentogler (12;, 1937, found s slight decrease
in plasticity of soil when heated to 300° €, a still
greater reduction when the temperature was rsised to
Lo0O® C, and plastic properties were entirely destroyed
when & temperature of 500° C was reached. He 2lso de-
scribed a method used in Australia for actually heating
goll in place and converting it into a brick-like material.

Berkelmamer (3), 1934, described a method of
clagsifying oclays by the use of heat in dehydration and



rehydration of the particles. His experiments showed
thet o dehydration loss of 8.3 = 13.0% from 300° C %o
600° C end a rehydration gain of 0,1 = 7.6% from 300° C
to 65° C indlcated a clay of the kaolinite $ype. A4 loss
of sbout 4.4% and e gain of about 14.2% in the same de-
hydration and rehydrefion temperature ranges 1ndieataﬁ an
11lite type of clay, and a loss of 2.6 - 5.5% and a gain
of 9.3 = ?.2% on dehydration and rehydrstion in thege
temperature renges indicated a montmorillonite type of
clay.

In regard to the heat of wetting, Hogentogler
(12}, 1937, presented a formula for its determination at
that date and expressed the opinion of other asuthors that
its value might be the heat of absorption of vapors at
their saturation pressure.

Certain scientists have underteken the study
of variables other than heat. Barker and Truog (1), 1938,
for instance, investigated absorbed molsture and compres-
sive strength on the basis of the pH value of the clay.
They showed that by the control of the pH of the c¢clay,
certain physicel properties of the clay can be improved.
They also brought into consideration the factors of solu-
bility of salts and base exchange capsclity of the e¢lays
which they investizated.

Grim (7), 1939, was particularly interested

in the base exchange properties of clays. Through his
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efforts the reason for the breskup of certain clay parti-
clea into e;tremely minute flakes was determined. He
concluded thaet due to the high base exchange capacity of
‘montmorillonite clays its mechanical an&lysia 1s little
more than a meseure of the degree of disaggregation.
Agcording to Grim, there may be no relation between the
glze dlstribution determined and the size dietribution of
the natural clay.

Harman and Fraulini (8), 1940, showed that the
base ezchsnge capacity of like materiasls is propertional
to surface srea only, For ksolinite, shrinkege and heat
of wetting are linear functions of the base exchange
capacity. :

Ascording to the studies made by Whittaker (25),
1939, the plasticity of a soll is incrassed when hydrogen
is the sbsorbed cation. Also, in the gase of kaolinite,
the removal of exchangeable bases increases the water
required to form a plastic mix of kaolinite.

Baver (2), 1940, observed that the sorption of
non-polar ligquids by soil is very limited, and that it
increases with the dlelectric constant of the liquid. He
agsumed that such non-polar liquide as benzene and carbon
tetrachloride do not cause significant swelling and, cone-
gequently may be uged to measure the pore aspace of the
system. A pon~polar liquid would only 41l the pore

gpage whereas a polar liquid not only fills the pore



spaces but 1t also is oriented on the surface of the
particles to produce the phenomenon of swelling. The
difference between the sorption of the water and the non-
polar liquid, therefore, reprceents the amount of water
that 1s taken up in the swelling proceas, but it does not
exzetly represent the totzl volume incresse of the elay
because of certain econtraction effects. Thege studiles
aye eépeciaily helpful in understanding the effect of
small particles on the strength of soil, for sorotion
charccteristics appear to be quite different for large
and small pa:tielesg

; Heuser (9), 1941, reoffirmed the often suggested
belliel thet sorotion is a necessary prelude to reactions
of emsll perticles with liguids. _

Enother varisble factor controlling the behavior
of smell particles and therefore the effect of these small
perticles on & soll system is the electrioczl charge which
not only surrounds amall_partlales but which is also
capable of moving thesge amail particles under certain
conditions. Coughenour and Utter (&), 1944, applied
formulas developed earlier for migration speed, elec~
tronie charge, snd charge dengity %o experimental results
in showing that the rate of migration, whioh is directly
proportionsl to ihe zeéta potential, decreases with ine
ereasing particle size. Other scientists have obtained

gimilar resuits.



Winterkorn (26), 1947, gave evidence which
indicated that there is a apecial form of electrical-
cemoals known as thermo-osmosis. Although the complete
runﬂtion of thie newly introduced veriable ig not yet
understood, the fact that 1t is a variable factor and
that 1t is a consequence of film vater on fine grains of
goll is resson %o pveeent-iz at this tiame.

Fustis 2nd Shoekley (5), 1948, reported the
laborstory and field tests made on solids treated with
certein commercisl, reeinous water repellenta. The ex=
perimenta showed that by the use of from 0.5% to 2.0%
repelient by dry weight of the soil, esnd-clays, sand-
clay graﬁels, and similsr base courss solls having rela-
tively high plastleity indexes can be treated to develop
better strength and atability.

Geotechnioal sumnary

Huech of the valuable knowledge uricovered in the
fields of pure soll mechanics and sclentific research is
scattered throughout technieal perodicala and olagsiocal
publieations. Xrynine (16), 1947, stated that o study
of Ameriocsn engineering litersture for the last half
century shows that sbout 211 of the outstanding achieve-
ments in soil science wers actually known yearé ago, I%
wes necessary to put together and appiy the information
on ghesr resistance, particle sgize, and other factors

involving strength of compacted soil. For the most part
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this has been accomplished since 1920.

Out of the scientiflc studies and discoveries
goncerning the role of soluble salts has come a general
understanding of cementation, The engineer is prone to
deal with 2 multitude of variables under this one heading
because of the high degree of correlation that exists
between the aggregation of small particles and the amounts
of cementing agents presgent. Dehydrated oxides of iron
and alumina, ¢olloldal clay, organic matter, and inorganic
selts are cementing agents according to Baver (2), 1940,
end are often lumped together as a single veriable factor.
Winterkorn (27), 1948, cited the setting up of & graded
mixture of siliceous aggregate and lateritic clay as one
example and the cementation resulting from the mixture of
limestone ageregate with podaolié elay as another.
Terzseghi snd Peck (22), 1948, stated that Coulomb's
formula (presented earlier in this chapter) can be used
in the case of cementation of sandg--the cohesglon depend«
ing only on the strength of the bond between the sand
particles. This cohesion was determined from o 4in the .
equation:

s=oc¢ptany
They also pointed out that sands with the same void ratio,
whether in a cementéd or cohesionless state, have approxi-
mately the game angle of internsal friction.

Although the variable factors governing the
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behavior of clays are numerable and of vital significance
in certain cases, the geotechnician has been able to
simplify their over-all effects, somewhat. Johnson and
Davidson (14), 1947, pointed out that until there is
enough olay to cecat the non-glay particles and exert ap-
preéigbla bonding strength, faetors other than cchesion,
such as internal friction and surface tension are most
effective. In this casge the glay is eimply a cementing
agent and the formula just mentioned holde true; that is,
oohesion because of 1ts relative unimportance c¢an be gon-
sldered a constant. They also sald that if the clay
content ies incressed beyond the amount necegsary to socat
all non-slaf minersl surfaces, the cohesion is not 2 con-
aﬁant but on the coantrary, it increases up to a certain
point with consolidation. In this case of high clay
content the particles mey be so consolidated that only
the waterfilms separate the individual flakelike clay
particles, It is at this point according to these two
authors, that the multitude of physieo-chemical variables
take effect. If the engineer or geotechnicisn is aware
of thie possibility he still may have the choice of sevy~
ersl courses of sction; he may add ¢oarse particles to
the soll system or he may investigate the possibility
that elthough these small particles of clay are present,
they are not normally in the dispersed atate, but in an

agoregated gondition, Winterkorn (27), 1948, pointed
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out that in most soils the calculated internsl surface of
the clay 1s a potentiasl ratheér then an actusl surface
because elay is normally not in s dlspersed but in an
aggregated condition. |

It thus becomes apparent that the size of the
pértialea making up & goil system is not only a physiocal
factor but 2 chemieal variesble as well, To the geotech=
nician 1t is an extremely algnificant factor, and a better
understanding of 1ts function in the ¢ontrol of shear and
bearing strength would be of value $0 the engineer. As
an engineering aid, Terzaghl and Peck (22), 1948, divided
soll index properties into two classes; séil grain pr¢p~
erties and soll aggregate properties. If the soll grain
properties include the veriszble factors of &ize, shape,
specific gravity, and gradation, then all of the remain-
ing verisbles are included under the hesding of aggregate
properties.

- In meking this study of the effect of small
particles on soil strength, the intentiou ie to observe
how the shear strength varies as the soil grain proper~
ties are varied and the soil aggregste properties are
held constant, 8Since the problem is undertaken on only
ong particular type of soil, other types of soil with
different aggregate properties will have fto be investi-
gated to obtain a knowledge of the effect of variable

ageregate properties on seil strength. Also in this



initial problem of the study, only the variables of size
and gradation within the fector of soll grain properties
will be varied.



Chapter III
METHODS AND MATERIALS

The practicality of an attempt to determine
the physlco-chemical effects oan the strength of 2 soil
system depends almost entirely on the materials and test-
ing methods employed. This particular study involved
determination of the genersl soll chsracteristics,
geparation of the soil fractions, preperation of the
goll systems, elimination of the physico-chemical effects,
and the methods of testing for soll strength.

Cenersal soll

About 200 pounds of one particular type of soil

were required to supply the soll particles which composed
the artifically prevared systems. '
-Origin.--The material selected for use in these
testes was taken from the region where U.S. Highway o, 6
erossés the continental divide at Loveland Pass. Dise
integrated granite appeared to be the parent materiel.
Bamples of the soll were taken at two to three hundred
foot intervals for sbout one thousand feet along the
highway from the surface to a depth of about three feet.

Claggification tests.~--3tandard soll clagsifi-
cation tests of the Colorado State Highway Department
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-

laboratory included a particle size analysis, liquid
1limit, plastic limit, visual mineral identification, and
2cild test for carbonates. In general, the material con-
sisted of about 7% clay, 20% silt, 50% sand and gravel,
and about 23% of particles larger than the mesh of a No.
i sieve. The liquid limit was about 29% moisture, and
the plagtiec index was less than 6% moisture. Orthoclase,
feldaspar, and blotite mica were the predominent minerals,
although quartz particles were also present. There was
hardly any resction between the soil and 0.1 normal solu-
tion of hydrochloric scld indlecating that there was very
little carbonate present.

The glgx'ggggﬁigﬂ.m-SpEAIal tests, including &
chemical analysis, dehydration--rehydration test, and pH
determination were made on the clay fraction (0.005 mm
particles and smaller) to identify the clay more
thoroughly.

About 50 grams of clay were taken from a re-
presentative sample of the minus No. 200 material by a
process of dispersion and elutriation. A chemical analy-

gis of this clay showed the following:

Insoluble residue 71.77%
Sulfates 0.52
Fep0q ¢ Alp04 9.94
Cal 1.80
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Loss on ignition 10.03
Undetermined 5.01
The dehydration--rehydration test presented by

Berkelhamer (3), 1943, indicated » mixture of illite and
kaolinite. The llﬁits given by Berkelhamer and the re~-
sults of the test on the clay used in this experiment are
shown below. Empty containers were heated at the same
time to meke corrections for container loss and gein. A
sample of fuller's earth tested the ssme way and at the
game time showed true montmomllonite values,

Hineral % loss on dehydration % ga2in on rehydration
from 300° C to 600° ¢ from 300° ¢ to 65° C

after two hours after two hours
Kaolinite 8.35-13.0% 0.1~7.6%
I1lite about 4.4% ebout 14.2%
Montomoril-
lonite 2.6-5,5% 9,3+27.2%
Cley tested 5.6% 5. 7%

A pH velue was oleo determined on the clay
fraption. The clay was mized with distilled water having
& pH of 7.0 in the amount equal to about 167 solids by
weight. The pH wvelue indicated by the Beckman CGlass
Electrode meter was 743

8 £ 8o
fgﬁﬁzéilaa.a,,gall

After classification tegts were run on the

virgin soil, its particles were separsted into certain
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gize groups by the use of sleves. A particle size analy-
sls by the hydrometer method was algo made in order %o
determine the percentages of different size perticles
gmaller than the No. 200 sieve (0,074 mm.).

Separation of particles by sieving.--The soil
wzg first mixed and washed with wﬁter over a lo. 200
gleve, ©OSpecial attantioh wes given to see thet all ag-
gregations of clay particles were broken down enough to
pags that sileve., Porticles washed through the sieve
either settled or were suspended in the wash water. All
of this water wss evaporated at temperatures not exceed-
ing 140 F, To bresk up the crusts and aggregsations of
this dried minus No. 200 material, it was wnrkea'thr@ugh
smaller and emaller sieves until it fiaally passed the
No. 200 pieve in the dry condltion. Cosrse matericl that
was retained on the No., 200 sieve was also dried at 140 é
and, by the use of sieves, divided into fractions. The
following sieves were used; 73/4 inch, No. 4(0,187 in.),
No. 10(2 mm.), No. 40().420 mm.), and No. 200(0.0?74 mm.).

Size snalygis by hydrometer method.-~A repre-
sentative sample of the minus No. 200 materiazl was anal-
yzed for particle size by the hydrometer method. In so
doing, the deflocculation agent (20 ml of a 3 degree
Beume solution of sodium silicate made from meta silicate
erystels) was added to 50 grams of the dry material.
About 1/2 pint water was added to this mixture and the
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suspension digpersed for one minute by the use of a malt
mixer. The analysis was made according to the standards
of the American Association of State Highway Officiale.

A copy of the worksheet is included in Appendix B.

Prevaerstion of Z)
g,

The fractions obtained from the originasl soll
were mixed in different proportions to form eight soil
systems each welghing 10 pounds. The proportions used
in mixing ecch system were determined from particle size
curves., Clzgsification tests and void dsta were deter-
mined for each soll system to serve as =n aid in
‘identification.

' Selecting the particle size gurves.--The eight
particle size curves chosen are shown in Figure 1. They
were chosen arbitrarily as curves typlcal of well-graded
solls found in Colorado, The spacing between curves was
Judged to cover the interval from the curve for a well-
graded coarse-grain soil to a2 curve for a very fine-grain
soll, GSpacing of the curves was originally planned for
geven soll systems, but test data indicated thet another
soil systém was needed.

In order to extend the particle size curves
beyond the size 1limit of the lHo., 200 sieve, the informa=
tion obtained from the particle size analyasis of the

minus Yo. 200 material was used, Percentages of particles
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smaller than this sieve were calculated from the percent-
age of minus Ho. 200 materizl mixed in each soll system
and the results plotted on the particle size curve,

The soil frection larger than the 3/h-inch
square sieve was discarded since laboratory tests for
shear and bearing strength are not ordinarily run on
material this large. In go doing, the partlulé size
curve for the soll system with the lsrgest amount of
coarse material necessarily showed 100% of the particles
pagsing the 3/L-inch sieve,

Classification tests.~-~To aid in identifying
each soll system, claseification tests were run and void
data caleulated for each soll system. The tests run were
the liguid 1imit, plastic limit, specific gravity, =nd
the compaction test for optimum density and molature.

All tests were made according to the standards of the
American Assoclation of State Highway Officials except
the compaction test whioh was a modified type. AABHO
standards were followed in this particular test except
that the compactive effort was ineresged in order %o
match more closely the compaction of very heavy sheepse
foot rollers which have recently come into use, The
laboratory compaction was by the use of a 10 pound rammer
dropping a distance of 18 inches, 25 times on each of
five layers of soll in a 4-inch dlameter mold having a
volume of 1/30 th cubie foot.



From the clagsification tests 1t was possible
to determine theoretical void data for each system and
thus obtain snother means of classifying the artificially
prepared soils. The percentsge of air voilds by volume
was based on 100% compaction at optimum moisture. The
vold ratio and the molisture at saturation, however, were
baged on 95% of the optimum dry density since soil 1is
usually compacted with shespsfoot rollers in field work
to only that degree. Table 1 shows the results of the
classification tests and the calculated void data.

Formulas used were:

D
% alr voids = 100( 1% *5;)

molature at saturation = 100(5%53% ‘13)
void ratio = ;gggngé

0,950
%8 = 3.
where G = Specific Gravity of the soil system
W = Optimmn molsture content
D = Optimum dry density
D, = Dry density with zero air voids
%g = Percent so0lid materisl

The eight soil systems prepared and classified
as just described were identified by the point where
their particle size curve crossed the ordinate at 20%--

commonly designated as Dpg. The particle size in



*vqEP DJOA % £380% UOTRROTITIUGDT JO Azeuwming -- *1 OTqElL

D20 & |Atterberg Limits | Compaction Results Specifid % alr |At 95%¢ compaction
Surraoo volds

A:g Opt. mois- | Opt. dry kravity | by [Theoretical RVold

/em ture. Per- | density volume [Sat. Mols-
1L PL | PI |ecent by dry | 1b./cubie ture % of ratio
weight foot dry weight

:_l mm,.

(262]) - 25.8| 20.8 (5.0 4.3 139.0 2.606 4.0 9.6 «271
0.246

14559 25.6 | 21.6 |4.0 7.3 136.5 2,69 2.6 10,9 294
0.130

(608) 7.7 133.7 2.69 3.9 11.9 +O81
0,074

(832) 33.1 | 24.8 |B.3 8.3 132.8 24,70 3.8 12,7 « 42
0.007

{1402) 34.0| 24.8 9.2 9.0 130.9 2.71 3.5 13.2 +« 359
0.0025 )

(2414) 35.5 | 24.9 [10.6 10.9 125.0 2.72 4.5 15.7 -428
0.0018

(3410) | 43.7 | 30.1 |13.6 13.7 118.1 2,73 4.7 18.9 517
0.0013

(3836) 46.4 | 31.5 |14.9 16,1 113.6 2.73 4,0 21.2 + 975

9¢
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millimeters indicated by this point was called the effect-
ive size Tollowing the suggzested revision of the Allen
Hazen method by Terzaghi =nd Peek (22) 1948,

Elimination of physico-
chemical effects

In the analysis of the main problem a statement
was made that the effect of amall particles on the strength
of the soil could be obsgerved beat if a comparison was
shown between the gtrength of the soll when the effect of
the small particles was aullified and the strength of
"the soll when the small particles exhibited their usual
physico-chemical agtivity with water. An attempt, there-
fore, wag made to treat each of the soil systems in such
a menner thait physico-chemical reactions would be at
lenst repressed and perhaps nullified. A review of 1it-
eratufe indicated that the methods most sultsble for use
were those employing a non-polar liquid as the wetting
agent, the use of hest, and the use of watersroofing
agents,

Use of 2 non-polar liguid.--Baver (2), 1940,
polnted out that non-polar liguids, particularly those
with low dieleotric constants, showed practically no re=-
action with small narticles. Kerosene appeasred to be the
most sultable liguid for this experiment since other
gommon non-polar liquids such as benzéne and carbon tetra-

chloride evaporate go rapldly that 1% would be hard to



control the amount mixed with the soil.

After strength tests were run on three of the
ertificlielly prepared soll asystems, the material wss
dried and mixed with kerosene. As zn indication of how
little activity between the soll =nd the kerosene took
place 1t should be stated that puddles of kerosene in the
soll were not discolored to any extent and the soil ap-
peared to have no plsaticity.

Use of heet.-~According to Hauser (9), 1941,
another method of preventing the resction of elay parti-
cles, with water ie¢ to prevent the sorption processes.
In the review of literature, were listed authors who
found that heating scile was an effective way of prevent-
ing sorption. Three of the soil systems were heated.

One soil system was heated for eight hours %o
approximately 400° C, cooled and esgein mixed with the
previously determined optimum moisture. Another of the
artificially prepered soll systems was heated to 1000° C
for one hour. Certein aggregations in this aystem were
obaerved to have fused, giving them = brick-like appear-
ance, asnd the percentage of materisal pageing the No. 200
sieve was reduced from 82% to 52.3% for that soill system
se a result of the prolonged heat treatment. To prevent
fusion of the particles, the minus No. 200 fraction of
the last soil system was given the heat treatment %o
1000° C for only 20 minutes. Little if any fusion took
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plage in this case as was svidenced by the particle size
analysis recorded in Appendix A,

Uge of s waterproofing agend.--Another method of
preventing sorption wss attempted by the use of a water-
proofing agenﬁ,‘&luminum stearate, This compound hasg
been used in the paint industry =nd 1te satlon was re-
ported by Gardner (6) 1937. It is soluble in only a few
liquids and then %o & limited extent. The method employed
in this experiment wag %o add sluminum stesrate powder to
mineral spirite in such quantities that no more would
diessolve asnd the solution hocame milky; Xylol wag then
added to the solutlon and stirred until the resulting
mixture of liquids Just became clear. A% this point it
was agsumed tha% the liquid had dissolved all of the alu-
minum gtearate posaible. Thiz eolution was then very
thoroughly mixed with the dry soll to be treated. The
mineral spirits and xylol were evaporated from the soll
at o temperature of 140° F and optimum molsture wes added
in the amount determined previocusly when the reguler
compection test was run.

“'*-i.ﬁz : for

Celifornie Bearine Ratio Test.--Before and
after treatment the Californis Bearing Ratic Test and the

stabilometer test were performed on eagh goll systenm.

The Cslifornis Besring Ratic Test has been extensively
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used by highway departments in California and other states,
ag well as by irrigation and flood sontrol agenclies, to
test the relative bearing value of base, sub-base, and
sub-grade material, When used as a design test CBR values
can be uged with molasture, froaet, and load indices %o ine-
dicate the amount of ballast necessary %o supoort the
pavement or surfacing. Since CBR values are only compa=
rable when tests are performed in an identical manner,

the method used ia thia experiment will be dﬁscribe&
briefly,

The amount of soll and wateér necessary to com-
pagt the goil specimen in a 6-inch diameter oylinder to
a helght of 4.73 inches at 95% of the optimum density was
firet osloulated. Bince the test 1s quite sensitive to
moisture content, hygroscopic moisture in the soil was
considered, Reguler Denver tap water waes mixed with the
8011, The soil was compacted ln the 6-~inch cylinder by
agtatic loading et the rate of 0.05 inches per minute, and
& record was kept of the load anecessary to secure the
proper c¢ompaction. A 6~inch dlameter filter paper was
then placed over each end of the soll specimen in the
eylinder. The base plate, the 12 1{2 1b. surcharge, and
the tripod containing Ames dial were set in place %o
mes sure the eswell. The eylinder was set to goek in a
water tank with the level of the water approximetely
L 1/2 inches sbove the Sop of the sample. After soaking



41

four days, the swell was read to the nearest thousandth
of an inch and the e¢ylinder containing the soll specimen
wag removed from the water. The tripod and surcharge
were removed and water was poured out of the cylinder.,
The soll speocimen wzs then left in the eylinder to drain
in the alr for 15 minutes after which the test was begun.
Surcharge welght during penetration was 12 1/2
pounds. The standard penstration piston (three sauare
inches in area) was forced into the specimen at the rate
‘of 0.05 inches per minute for s distance of 0.5 inches.
The stress was recorded at the end of every 0,1 inch of
penetration, and a bearing ratio based on the accented
standard resistance of ecrushed rock was determined. The
average of all bearing values except the first 0.1 inch
penetration wae tsken as the CBR walues for the particular
soil. A typleal work sheet for the test is in Appendix B.
Stabilometer test.-~The stabllometer is a
device for determining the intermediste or minor principal
streseses when the major prineipal stress 1s known. A
reslstance value wes determined by dividing the horizon-
tel pressure indicated on the gage of the stabilometer by
the applied vertical pressure and then subtracting this
guotient from unity. This expression is directly pro-
portional %o the rstio of the maximum shearing stress to
the major principsl stress, z2nd has been found by corre-

lation of fleld data and experimental data to be a
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function of the thickness of cover required over the soil
according to Hveem and Cermany (13) 1949.

The resistance velue 1s slso affected by the
molsture content, After ruaning the CBR test, the speci-
men was removed from the cylinder and the sgoll recompacted
in a 4=inech cylinder using the same compactive effort as
wes used in the compaction test, The L-inch dlameter
specimen was then cut off snd trimmed to & 2 1/2 inch
height, wrapped in a thin sheet of paper, and placed in
the stabilometer. In sc doing, however, it was probable
that the soll was nelther exactly at optimum or gaturation
moisture content during fhe test because of the effect of
permeability of the soil specimen during the 4-day soake
ing period., An initisl horizontal preasure of five
poundsg per square inech was.éat cn the specimen %o insure
cloge fitting of the rubber disphragm. Loading was at
the rate of 0.05 inches per minute a2nd readings were
taken at 40, 80, 120, and 160 pel vertiesl load. The
recdings used to determine the resigtence value corre--
apend to a wvertieal losd of 120 pounds per asquare inch.

A mample workeheet for the atabilometer test and the
CBR test 1s listed in appenﬁlx. B.
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Chepter IV
ANALYSIS OF DATA

In this attempt to determine how the physico~
chemical properties of a soll mass affect its overall
strength, data were obtained by calculating the specific
surface area of each of the soll systems, and by making
strength tests on each of the soll systems both before
and after the treatment to nullify the physico-chemical
properties. The data, analyzed in this chapter under
headings similar to those used when the problem wae
analyzed, are presented as: determination of surface
area, strength of the untreated soll systems, strength of

the treated soll systems, and comparative strength.

Surface area

An arbitrarily determined value of the surface
area was calculated for each soll system based on pere
centages of the different-sized particles which composed
that soil. The percentagea of each different-sized
particle group, the size limits for each particle group,
and the contrihution to the total specifle surface area
by each group is shown in Table 2,

Compogition of the goil.--The percentages of
each group of different-sized particles for each soil
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Table 2.-=kethod of caleulating the specific surface area.
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system were obtained from the particle size curves of
Figure 1. They show that c¢coarse grain éoils contain high
percentages of large size perticles and that fine grain
solls contain large percentages of very small particles.
Coarse grain soils are indicated by the high effective
sizes; Doy = 1 mm corresponds to the coarsest grained
soil system, and the four finest grained soils contain no
gravel since all of the particles which compose them
passed the No. 10 (1.981 mm.) sieve.

Calculation of the speeifig surfece area.-~The
specific area was calculsted on the theoretical assumption
that 211 particles larger than 0,005 mm are spheres snd
2ll particles smaller than that gize are disc-shaped.

The formuls used to determine the surface area of a unit

weight of uniform spheres was!

p2 b W
Surface area * ~——43— X § 5
where D = dlameter of the particle and G = gpeecific

gravity.
The formuls used to determine the surface ares

of a unit weight of uniform dlscs was:
Specific surface = (% + 2 hrh) é-

where h = diameter and G = gpecific gravity.
Table 2 shows the composition of the scil and

the method of ecaleculating the epecific surracé area.
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%m of untreated
Bystems

The results of the California Bearing Ratio
Test and the Stabilometer test for each soil system afe
listed in Taeble 3. In Figure 2, these values were also
plotted using strength values on an arithmetic scsale as
the ordinate and specific surface area values on an arith-
metic scale as the abecissa.

The generel trend to be noted is that the
strength of the coarsest grained, well graded soil is
highest, and, when the goll systems are arranged in the
order of inecreasing amounts of small particles they are
also arrenged in the order of decreasing soll strength.
Also to be noted is the fact that the strength values
indlcated by both the California Bearing Ratioc test and
the Stabilometer (R) test decrease at about the same rate.
Stabilometer tests were not made on the coarsest soil
gystem because of the damage which coarse, angular
particles do to the rubber walls of the stabilometer,

From Teble 3 it 1s also evident that the per-
centage of swell and the percentage of molsture in the
goll system at the end of a four day soaking period in-
cresses when the soil systems are arranged in the order
of increasing péercenbtages of small particles.

From Table 3, it should alsc be noted that, in

generel, the static losd necegsary to compact the soil
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D20 | swell loist.by dry wt. Stasic CBR values| ®R" |Eind of ifter
(Spe {Bsfore (Before Treatment) [Before Tr) (Before v} (Before] |Treatment given
face H{After (After Treatment) _ [(After Tr){after Tx)| (After] |soll systemessecss
Area) Tre) Top of Bottom of
Specimen | Specimen o
rosene used in-
1 mm. 0.01% 7.06 5.71 56,040 153.0 cwemeee Stead of water for
262 08 & | ===m - 56,040 164.0 e g and soaking.
o246 0.3% 9.17 9.17 22,550 42.2 59.0 aterproofed with
455 0.0% 2.51 11,36 31,700 55.0 73.8 uvminum stearate.
- No.200 fraction
0.130 0.5% 10.86 9.17 13,6800 21.6 45.0 cated at 1000 C
608 0.3% 11.86 10.83 56,040 92,1 82.5 r 20 minutes.
' 1 soil system
«074 0.9% | 1312 10.81 9,450 15.1 9.0 sated at 400 C
832 0.9% 13.12 10.86 20,000 24.8 52.5 T 8 hours.
rosene used Iine-
«007 1.1% 14 .42 12.11 9,700 1l.4 29,0 tead of water for
1402 094§ T V- 5&’,0‘4@ 036 90*0 xing and Mﬂns,
terproofed with
. 0025 2.5% 17.656 14.94 10,850 7 <4 85.0 um Stearate.
2414 1.1% | 1414 12,11 16,400 2l.1 48.8
L0018 | 3.5% 21.95 17 .65 9,600 5e2 2l.2 tel soil system
3410 1.04 22 .88 20.77 56,040 1l4.2 88.8 ted at 1000 C,
rosene used in-
+0013 Se.4% 25,00 21.07 6,650 4.8 21.0 tead of water for
3836 0.4% = o e ——— 56,040 94.3 88.1 xing and sosking.
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is less for soll systems with large amounts of small
particles than it is for soll systems with small amounts.

8t £ treat
_E£§£zﬁﬂfg_.£§s._zséﬁﬂﬂ

Results of the two different typsa of strength
tests on the treated soll systems are given in Table 3
directly under the entries for the results of the tests
on the untreated soil. Certain CBR values are also
plotted in Figure 2. To be noted are the high strength
velues of certain very fine grain goils which have been
treated. The strength values ﬁf the soll systems having
effective sizees of 0.130 mm, 0.007 mm, snd 0.0013 mm, for
example, have nearly the same high walue.

It should alsc be noted that treated solls
showed very little swell, but in general the percent of
maisture'iﬁ the soll after sosking was greater for fine-
grain soils than for coarse-grained soils.

The statiec load necessary for compaction of
the soil was very high for all except three soll systems,
'A total load of 56,040 pounds corresponds to spproxi-

mately 2,000 pounds per square inch.

Comparative strength

A comparleon of the strength data of treated
soils with that of the untreated solls shows that in

every case the treatment to nullify the physico-chemical
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effects resulted in increased strength of the soil system.
The amount which the strength was increased is different
for different types of treatment, and in general the soil
gystems showing greatest increase in strength are the
soils which were treated with kerosene and those which
were heated to 1000° C. 1In almost every case, the soil
system swelled less and required a greater static load
for compaction after 1t was treated.

In the case of every soil system inveatigated,
the treatment appeared to have made 1little or no change
in the percentage of moisture in the soil after the four

day soaking period.
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Chapter V
DISCUSSION

The datas presented in Chapter IV indicate that
as the percentage of small particles increases in the
untrezsted soil-water system, the compacted strength de-
ereases, In the treated systems, however, the small
particles caused no appreciasble reduction in strength,

In discussing the prgblem undertaken in this study certain
other results of the tests come to light regarding the
effeoct of small perticles on the strength of soil. These
results will be discussed under the same general hoadinga_'
and in the order that was used when the problem was
analyzed in the introduction of this etudy.

Surfage sres

The effective size and the surface area were
values determined to sssist in identification, since
each soll system could have only one effective size and
one arbitrarily celculated specific surface area.

Effective size.-~The effective size was chosen
aa Dpp, instead of Dyg, as was used by Hazen (10), 1921,
and others. The particle size curves on Figure 1 meke

1% poasible to obtein the Djp value for each soil
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gystem 1f desired.

Surface area.--50il systems that were prepared
according to effective partlclelaizes ranging from 1 mm
to 0.0013 mm were found to have specific surface areas
.varying from sbout 250 square centimeters per gram to
LOopO square centimeters per gram. From the review of
literature, it was ob#erved that meny investigafors have
used a theoretical means of determining surface ares.
The velues used in this study correspond ressonably well

with those of the same size particles previously resorted

in the litérature.

Figure 2 1llustrates the characteristics and
the variations in strength of the untreated soll systems.

Yaristion of strength with effective size.--
The curves repressnting the strength values obtained for
each type of strength test indlcated a fairly continuous
function in the range of soil systems up to an effective
size of approximately 0.074 mm., At this point the
curves, representing the strength of the soil for both
the stabilometer and the CBR tests, rose rapidly and be-
ceme nearly vertical in the vieinity of the 1 mm effect-
ive size., In the light of what was reviewed in litera-
ture regarding the behavior of the soll system when it

is predominantly composed of small particles, 1t may be



said that the break in the curve at the upper end of

this almost horizontal, straight line indicates the ap-
proximaete composition of a goil system where small parti-
cles are present to such asn extent thet their effect is
greater than Jjust that of cementing the large particléa.
Below this point the coarse particles are so few that the
internsl friction no longer controls the gtrength of the
aystem.

Indication of Dpo velue for safe sub-bese.--

According to design procedures in use by the highway
departments of Colorado, Califernia, and other states, a
goll with a CBR walue over 25 requires no bsllast to
protect the oll mat from the underlying compacted soll.
If it may be sssumed that scils with strength above this
value are excellent besges for highways, for irrigation
and flood control structures, it might also be sald that
for the perticuler type of soil investigated in this
study, the effective size Dyp of a safe subebase should
be 0.170 mm or higher. '

Nulll the effect of
TRy

HMethods for making small soll particles in-
active in the soil system were indicated in the review
of literature. Of the methods reviewed, 1t sppeared that
three of them would be satisfactory for use in this in-
vestigation. These methods were desoribed in Chapter 1II.
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Figure 2 1llustrates the characteristics of
the treated soll systems as indicated by the CBR astrength
tests. The results of both strength tests on each
treated soll system are listed in Table 3.

Kerosene trested soilg.~-8cil systems ildenfi-
fied by a Dyg of 1 mm, 0,007 mm, and 0.0013 mm were
mixed with a volume of kerosene equal toc the volume of
water previously used in the standard strength tests.

It sppeared that when the smsll particles were unable to
react as they do with a polar liquid, the strength of a
soil syastem, even though composed only of very small
particles, was oompﬁrahle to that of a very coarse, well-
graded soll., The physico-chemical effect of the small
particles appeared to have been responsible for reducing
the CBR value from 94.3% to 4.8% in the case of the
finest soll system investigated. DBecause the CBR value
of about 94% wass obtalned fdr both the 0.007 mm and the
0.0013 mm kerosene treated soll systems, 1t sppears that
the CBR wvalues become independent of the particle size
and distribution. As & mestter of fact the materials
making up these two soll systems behaved similarly dur
ing the CBR teat. Both specimens resisted penetration
etrongly for the first 0.1 inch. Then the %op surface
of both gave way very gradually and "flufred" while re~
sisting the penetrztion for the lasgt 0.4 inch. It zé 8
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common tendency for non-plastic materiazls, such as blow
sand and silt, to behave in this manner., It is evident
from the sbove discussion, therefore, that kerosene is
effective in nullifying the physico-~chemical effects.

Soils hest trested ot 400° C,--The soill system
heated a2t about 400° C for eight hours showed a CBR
value of only 24.87% despite the relatively coarse size
of particles of which 1t wese composed. Evidently that
temperature wss not high enough to render the small
particles totzslly inscetive. This result might have been
predicted as a result of the dehydration test performed
on the clay before the strength tests were run. In the
temperature range between 300° C and 600° C the specimen
lost sbout 5.6% moisture to indicate that 1t toock temper-
atures oonsiderzsbly sbove 300° C to drive off the water
of erystallization. This observation is supported by
Berkelhamer (3), 1934, who stated that a temperature of
5000 C 18 necessary to relecse the erystal water from
kaolinite.

Solls heat trested at 10000 C.--The soil
systems identified by Dog = 0.130 mm énﬁ Dag = 0.0018 mm
were heated to 1000° ¢, The effectiveness of this at-
tempt to nullify the physico-chemigal properties of the
small particles was readily observed when the specimen
“fluffed" during the strength tests. Furthermore, the
CBR values obtained were nearly the same as the CBER



values obtained on strength tests of kercsene-treated
s8oil systems. The exceptionally high CBR value shown by
the Dop ® 0,0018 mm soil system was no doubt partly due
to fusion of the particles, as thlis wes the soil aystem
vhich was described in Chapter III as having been sub-
jected to the 1000° C temperature for one hour during
treatment.

systems identified by Dyp = 0.246 mm and Dpg = 0.0025 mm

r «==The soil

were treated with aluminum stearate. An indication of

the ineffectivensss of this method was apparent from the
siall inerease in sbrength shown after treatment. Other
evidence of how ineffectively the treatment nullified the
physico-chemical asctivity of the small particles was

shown in the retention of plastic properties by the soil
and the low statie 1aaﬁ_n§cassary to eompast it. Further-
more, there was no "fluffing” action at the surface of

the speeimen during penetration.

Effeos of the phyeico-

LT

The strength of the soll systems trected %o
effectively repress the physico-chemical reactions of
small particles appeared to be well above the coriticsl
CBR value of 25%. In fect, the CBR walues around 93%
appear to be in line with the well-graded, coarse-grained
soil systems having effective eizes of 1 mm and 0.246 mnm,
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The evidence seems to indicate that if it were not for
the physico-chemical activity of the small particles,
even the goll systems composed entirely of the very small
particles would heve high strength, If o practicsl way
were devised for etraotivély repressing these smalle
particle reactions, use might be meds of all solls as
good foundation bages.

Tests made with this one partioular type of
soil, however, give evidence that when an inoreasing nume
ber of small particles are mixed with larger particles,
the untreated soll system loses strength rapidly to a
point where the effective size is approximately 0.074 mm.
Thereafter, the system continues to lose strength but at

e decreasing rate.
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Chapter VI
SUMMARY

Thisz sttempt to determine how the physico-
chemical properties of a soll masgs affect 1ts oversll
gtrength resulted from the realization that soil testas
in use at the pregent time are quite expensive and time
consuming. Furthermore, greater use might be made of
information from hundreds of thousands of tests previously
made on all types of goils if better methods of analyzing
the results were developed.

Thie study was performed on one particular type
of soil for the purpose of investigating the relation
between strength and partiocle size when other variables
influencing soll behavior were held constant,

The method used was oné of redistributing the
particles of the original soll into eight systems vary-
ing from a coarse-grained soil to a very rine-graineﬂ
soil, Esch soll system was tested by two separate types
of strength tests before and after treafting them to nule
1ify thelir physico~chemiesl properties. A comparison of
the strength before and after treatment indicated the
effect of their physico-chemical properties and supplied
information 2s5 %o how the atrength varied with variations
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of particle-sgize composition. Both the effective size
Dsg and the specific surface ares were used to identify
the artificially prepared systems.

The informetion given may be summarized as

follows:

1. The specific surface area of the artifi-
cially prepared soll systems increases rapidly with
ineressing smounts of small particles in the soil
system, since the surface area contributed by the
particles of size 0.005 mm and less is very large.

2 When the attempt was made to nullify the
physico-chemical effects of small particles, the
non-poler liquid treatment snd the heat trestment
at 1000° ¢ geemed equally effective in repressing
the sotivity of small particles.

3. When the small particles did not engege in
physico-chemical asctivity the strength of the soil
remalned very high even when the soll system was
entirely somposed of small particles.

L, For the pariticular soil investigated, a
compsrison of the sfrength of the trested soil
syatems, with the untreated systems, showed that
the physico-chemical activity was responsible for
elmoat all of .tha loss of strength.
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drometer lMechanical Analysis on & 50 gram sample of the soil fraction smaller than the
0.200 sieve before heating to 1000 C. Figures in parenthesis are for the same soll after
eating for 20 minutes.

-arfgd of | Eyd. |Temp. |Corrections % in Corrections (Corr.
dimen~ Read~| De- |[Temp. Sp.Gr. Gorrected |suspen- |Particle for Par-
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Work Sheet for Soil Strength Tests showing Calculations.

W'a m Optimum Moistureel3.7%, Opt.Donaity-lla
Specific Gravity=2.73, Hygro Moiat-l.ﬁ&#

CAILCULATIONS for CBR TEST
0736 X 118.1%8.6922, 8,.6922 X 1, 01843-6.%581 lbs.oﬁ soil
8.,6922 X 137 = 1.1908, 1.1908~.1602 = 1. s.of Hs
453.6 X 1.0308 = 467. 06 HoO This mixture of soil and

water compacted to & height of 4.73 inches in a 6 inch dia.
eylinder is the apooimn compacted at 95% of optimum.

Static load of 9,600 lbs. necessary to compact.

SWELL

trat-ion Load Lbs. Lha. Swell of 0,170 for

Inches Ibs. Sq.In. Sg.Ine. Rat 0 original hoi%ht of
4,73 inches is

3.59%.
«100 130 43 1000 4,3
«200 234 78 1500 5.2
«300 280 93 1900 4.9
400 380 120 2300 5.2 Top of specimen-21,95%
« 500 420 140 2600 5.4 Bot of specimen~17.65%

STABILOMETER TEST
5 1b specimen compacted in 4 inch dia. mold with 10 lb.
rammer by 25 drops from 18 inch height on each of § layers
of soaked soil from CBR cylinder. Specimen then trimmed to
2.5 inch height and placed in Hveem Stabilometer.

Verticel vVertical  indloated

Load Press Horizontal P 100(1~ )

Lb lbs/in' “E. gi pressure h/Fr Ph/P'
500 40 28 70 30%

1000 80 56 «70 0

1500 120 90 75 25

2000 160 126 «788 21.2

2500 200 162 +81 19

Stebility "R" value(At Ry=160) e« 21.24
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