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SYNOFSIS

The —~1 micron portion of several diversified solls were
separated by sedimentary fractionation. Physical properties
were evaluated on the -1 micron portion, the +1 micron portion,
and on the original -40 sample, The -1 micrcn portion was ana-
lyzed for clay mineral identity by X-rsy diffraction, and ana-
lyzed chemlically for assoclated materlials such as the oxides of
Iron, Aluminum, Gélcium, and Magnesium,

These data present several possibilities and trends as
to the inter-dependency of the involved variables, Other con-
siderations have been devoted to the geologic origin of several

samples and to various physico-chemical relationships.

INTRODUCTION
Each component or ingredient in a natural soil mixture
embraces a series of variables of a physical and chemical
nature., Combinations, either natural or synthetic, of these

ingredients accordingly involve a multitude of variables which
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may contribute in part or in whole to the resultant physical
properties of a soil.

The physico-chemical phenomena assoclated with soil col-
lolds and nesr-colloids have been under exploitation by verious
investigaetors since the discovery of the crystalline nature of
soill collecids by Hendricks and Fry (1) in 1930. Although
cation exchenge in soll collolids had been observed as early as
1850 by both Thompson (2) and Way (3), the work was generally
predicated on the misconception that soll collolds were of the
character of hydro-gels of silicic acid, and of oxides of iron,
end aluminum. The results of this early work are now manifest
in modern concepts of clay mineralogy and assoclated cation
exchange. The problem of ascribing properties beyond a def-
inite crystalline structure to an unknown clay is, even today,
a laborious and tedinus tesk complicated by isomorphic replace-
ments and uncertainty as to the purity of the specimen under
study. However, it has been shown by recent investigators (L)
that clays which were once described under various names are
actually isomorphs‘bf one of the mineralogical "families" of
clays. These families are characterized by discrete ranges
with respect to cation exchange capacity, helght of the unit
cell as determined by X-ray diffraction, silica-sedui-oxide
ratios as determined by chemical analyses, and thelr accomo-
dation for water. Of these families, the names Kaolinite,

I1liite, and Montmorillonite have been widely accepted and an-

plied to those most frequently associated with soils.
These clay minerals represent only one vnortion of soills,

end in any study attempting to define the physical or
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engineering properties of soil, it is necessary to examine

all constituents and variables, both individually and collec-
tively. There must be at least one of these variables which
can be held accountable for the difference in physical proper-
ties of any two random samples. Further, by exhaustive analy;
sis of all constituents, it should be possible to determine

the relative dependencies of these variables on the resultant
physical properties. Only by a thorough understanding of these
mechanisms will it ever be possible to prescribe the most
favorable stabilizing treatment for soil categories.

These problems have been under study in Kentucky for two
years. The first report (5) on this work was presented at the
28th Annual Meeting of the Highway Research Board in 1948,

That report described in detail a fundamental method of inves-
tigation and a limited tabulation of data. .During the past
year the method of investigation was modified in favor of sim-
plicity and adeptability to survey work. Results reported
previously indicated the possibility of solls derived from
Ordivician formations in Kentucky being characteriied by con--
taining only Illite as the clay mineral ingredient. Xelley (6)
indicates that even the random occurence of a single clay
mineral in a soil is not only rare, but highly improbable.

The possibilify of such occurrence has been further investigated
and reported in this paper.

Endell, Loos, and Breth (7) prepared synthetic mixtures
of clays and quartz sand which demonstrated the effect not
only in percentage of clay present but differences in type of

clay plus the effect of the exchangeable cation in the clay
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with respect to the Atterberg Limits: It was shown that by
increasing the clay content, there resulted an increase in
the Atterberg Limits; buf the increase was not linear. These
results were obtained from the use of relatively pure clays,
whereac soll colloids are generally mixtures of clays or a
clay and other colloidel materials.

Were soils composed of inert granular méterial and a
pure clay, positive correlation could most certainly be obtain-
ed, as in the experiment by Endell, et:. ali} However, in
natural seils, such variables as mixfﬁféé of dlays; organic
tmpurities; solublé d8alts, colloidal éééquiAOXides, variations
in gredation, siliclc acld gels, and catlon exchange iﬁtroduce
multinle complexities. Further, with respect to the exchange-
able cations, 1t cannot be stated with certainty that a clay
contains only one type of cation even in a relatively concen-~
treted environment of any single dations Although the equilib-
fium may be shifted, in complex collolds of solls the assump-
tion of cbmpiéte'replacement must be treated with caution.

The purpose of this study wes to make an objective in-
vestigation of these colloidal constituents and their effect
upén-the engineering properties of solls through analyses for
clay mineral content and identification of the mineral sulte,
analyses for assoclated sescul-oxides and other so-called im-
purities, and by the performance of physical tests on the com-

posite scil species as well as the individual fracticns.
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HATERIALS AND PROCEDURES

Thirty—two of the solls were selected from samples ob-
tained in a study of the pumping action of rigid pavements in
Kentucky (8). These samples were selected on the basis of
variety of physical characteristics and geologic distribution.
In addition 16 miscellaneous samples of unknown origin, and all
but two representing unusual features in other states and some
forelgn countries, were included,

Becsause of limitations in the amount of soll availlable,
no attempt was made to determine physical characteristics other
than the Atterberg Limits of the sixteen special solls. Results
of classification tests on the 32 Xentucky soils are tabulated
in Teble 1.

Recovery of -1 micron Fraction — Two hundred to five hundred

grems of soil passing the No. 40 8ileve were taken as a sample
from which the -1 micron frection was extracted by gravity

gseparation as degcribed in the previous report on geparation

Fractionation and Minerailogy of Clays in Soils.*

* See p. U470, Proceedings — Highway Research Board, V. 28,1948

The -1 micron material was recovered from the accumulated sus-
pension by precipitation with Sodium Chloride. The amount of
this salt added was just enough to bring about complete floc-
culation and precipitation in 24 hours.

Note - Some solls redulred considerably more salt than
others, yet in most cases the supernatant liquid rerely
tasted salty. It was also cbserved thet many soills
which were initlally reluctant to go into suspension,
invariably entered into suspension after several suc-—
cessive waghings with distilled water.
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The -1 mioroﬁ materlial wes recovered after precipitation by
decantation and dried by evaporation under mild heat and air,
On drying, the soll had occluded salt crystallized on the sur-
face, but this could be washed away wltliout disturbing the
material, Thls dried material was pulverized 1n a mortar to
pass the No, 200 sieve.

It was elected to use Sodlum Chloride as the precipita-
ting egent in view of 1its relative inabillity to replace natural
cations other than Pstassium end Lithium. The actual effect
of the NaCl on the natural catlons 1s not definltely known,
and 1t 1s not known whether the concentration of Na‘t necessary
- to bring about précipitation ie in excess of the concentration
necessary to produCé éppreciable shift in the replacement equi-
librium of the natﬁ%al cation whether monovalent or divalent.
In any case; it must be conceded thet the possibility of alter—
ation of the natural oiay is very high, and 1t may be further
stated %ha% any other eléb;rolyte used would produce a similar
alterdtidn unlese the natural cation were identifiable in ad-
vance and the éleotrolyte to_Befadded were a gsoluble salt of
the same cation.

Kelley, (6) in a disqussién of the effect of NaCl satura-
tion on a clay, indicates that fat Gaturated solls tend to be
more impermeable than catt sétuﬁéﬁed Sbils; whereas, Ca™ gat-
urated solls tend to be more granﬁlaﬂ due fo the binding to-
gether of the clay particles. Nat soiis a¥e more dlspersed.

He also infers that when large numbers of goils are compared,
the correlation between percentage c¢f Ne¥ saturation and physi-

cal propertlies is often found to be poor. It can be shown by
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the data in Table 2 that there was present in each sample of
the -1 micron frection, almost without exception, a sufficient
amount of Ca’t and Mg++ to satisfy the adsorbed cation capac-~
ity. 1In that connection, it is possible that the NaCl served
primarily to reduce the Zeta - potential of the double layer
(9) and consequently fo reduce the hydration of the adsorbed
cation, thus bringing about coagulation without involving ap-
preclable cation exchange. If that wss the case, the NaCl

al tered the electrolyticlgondition of the suspending medium

without replacing the exchangeable cation of the cley.

Chemical Analysig - After essentially all of the material -1

micron in size hed been separated from the -40 soil, a 0.5 gram
sample of the -1 micron material was extrected with dilute HC1
with mild heat and the extract analyzed gravimetrically for
RZOB’ Ca0 and MgO. Veclumetric determinations for Fe203 were
made by reduction of the iron with Stannous Chloride and titre-
ting with XMno, solution. The percentage of A1203 was esti-~
matéd by subtracting the percentage of titrable F9203 from

the percentage of Ry03. Aliquot portions of the extract are
being held in reserve for determinations of Na+ and K+, and

it is not possible tc present those data in this report.

The residues from the extractions were dried and weighed.

These results are reported in Table 2 as Approximate Percentage

Clay by Extrzction. The sums of all the determinations‘sub—

tracted from 100 per cent 1s also reported in Table 2 as the

Avproximate Percentage Other liaterial, Attempts were made to

estimate the amount of otganic material remaining in the

164



- 8

residue from the extraction by further extraction with organic
solvents, and in several instances appnreciable dquantities could
be recovered by evaporating and solvents from the extrzct; but
after extresction by this method, 1t wes not possible to obtain
clear X-rey diffraction patterns on the residue. That,:of
course, 1ls very indicative of orgenic impurities. Only after
treatment with 30 per cent H,0, was it possible to obtailn

clear patterns, indicating that the extraction of the organic

materials by solvents was by no means complete.

Mineralogical Analysis - After extraction by HC1l and organic

solvents followed by treatment with HZOZ te oxldize the remain-
ing organic material, X-ray diffraction patterns were made on
the purified residue from eech sample. These patterne were
used for identification of the clay mineral groups present.
Semples of one clay ldentified as an Illite-Kaolinite mixture
by X-ray diffraction methods were analyzed by the differential-

thermal method,

Physaical Tests — Physical charecteristics were defined mainly

by the Atterberg Limits on the composite -L0O sample, the -40

to +1 micron frectlien, and the -1 micron fraction. In some
cases an insufficient quantity of samnle made it necessary to
omit some of the Limilt tests. Sileve and hydrometer analyses
and Atterberg Limits tests on the —-40 material had been made
in previous investigations pertaining to the 32 Kentucky soills.
None of the 16 special semples was tested for grain-size dis-
tributicn; therefore, in any of the graphical presentations of

resultes involving percentages of material finer than certain
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size, these 16 samnles are not renresented. The same is true,
of course, for any particuler relationship involving any samnle
vhen cne of the tests for that relaticenship was necesserily

omitted because of insufficient material,

RESULTS AND AﬁALESES
Essentially all of the pertinent data resulting from
these tests and analyses are shown in Teble 1 through Table 3.
Graphical presentations of the data are supplemented in many
instances by statistical evaluations of the resulting rela-
tionships. Only those relationshiis worthy of discussion are

considered in this report.

Natural Seil —U40 - Relationships resulting from physical tests

on the soills finer than the #0-mesh sieve were not unusual with
respect to the amounts of materiel finer then 5 microns; nor
wes there any significant effect of the type of clay minerél.
This 1s demonstrated in Figure 1 where 1% is.indioated that

the Liquid Limit increases in a manner exceeding a direct pro-
portionality with increases in the percentages of -5 micron
material. Both this and the relation shown in Figure 2 con-
form generally with accepted and established concepts of the
influences from these fine portions of the soil mortar. How-
ever, the significance of extropolation of the curves back to
the ordinate intercepts or origin should not be overlooked.

In the case of Figure 1, 1% 1s indlceted that 1f the percentage
of =5 micron meterial 1s reduced to zero the average soll would
be expected to have a Liquid Limit of zero; and the pogsibility

for variation from this trend i1s limited by the grouping of
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TABLE 3

_PHYSICAL PROPERTI S OF FRACTIONS

-1 Micron -40 to +1 Micron
Sample
Number L.L. P,L, P.I. B8.,L. L.L. P.L. P.I. S.L.
212 ——— 53.5  ———m 20,4 S - 25.0
213 90.2 27.8 62.4 -20.5 26.4 13.0 13.4 16.0
- 235 57.2 29.7 27.5 24.0 —— e —— e
' 234 103,0 29.6 73.4 11.0 ——— e —
238 85.2 31.9 53.3 23.0 36.3 22.8 13.5 23.5
243 41,1 20.2 20.9 13.7 — e ——— e
247 81.9 34.9 47.0 35.¢ —— —e- _— e
271 95.8 30.9 A4.9 10.0 30.9 26.1 4.8 23.0
274 100.0 32.8 67.2 24.5 ——— ——— —— e
289 88.2 28.5 59.7 22.0 33.3 26.6 6.7 22.0
297 34.1 18.9 15.2 18.7 = - - —
300 36.7 20.83 15.9 39.0 e ——— ———
301 79.6 30.48 49, 21.0 e ——— e
302 -~ 25.1 —-—  bu.2 — e — e
305 ——— 51.27 —-— 24,3 — —mem — e
310 —— 23.6 ——— 27.5 —— e — e
337 — 294 e e —— —em e ——
341 mm e o —— e S
350 68.5 30.7 37.8 25.8 32.4 26,3 6.1 26.0
359 76.2 30.97 b45.2 44,5 e —— e
377 -~~  37.9 ——=-  19.6 24,0 18.1 5.9 " 19.0
382 71.0 38.9 32.1 26.8 e e ——— e
383 81.0 33.88 47.1 24.0 ——— e ——
386 ——— 18,8 ——n U446 ——— e —— e
389 75.6 31.93 43,7 28.1 ———— SOV
390 79.2 30.6 u48.6 9.5 20.0 17.5 2.5 17.0
391 82.2 35.6 U6.6 22.0 ——— e —— e
392 97.5 34.7 62.8 23.0 25.8 18.3 - 7.5 21.0
394 ——— 344 - 28.3 _——— e — e
395 ——= 33.1 -—- 43,4 — e e
398 -  23.0 ———  37.9 — e ———
- 410 44.o0 25.0 19.0 24.7 —— e - 21.0
P- 59 68.5 49.63 1.9 22.0
——— 37.5 e 17.6
48 B 124.0 48.3 75.7 15.0
P-4 —— 34,2 e
H-104 A7.2 37.4 29.8 24.0
F-39 52.4 30.8 21.6 16.1
F-37 87.4 31.15 56.2 24.0
P 153-1 51.5 29.1 22.4 8.0
144-C 68,3 34.3 34.0 23.4
B 30 80.4 52.8 27.6 29.1
B-3-C ——— e — ——
78-A 85.9 33.03 52.9 4,0
1-A-B 81.8 26.45 55.3 23,0
50 75.9 34.A7 L1.2 15.5
28 96.3 31.1 65.2 17.0
18 ——  b5.2 o
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the plotted points as well ag by the average conditions repre-
sented by the curve. When Figure 2 1s considered in the same
light; on the extrapolation of the curve to the interdept, a
certain value for the Liduid Limit 1s retained after the
emount of —1 midron material is reduced to zero.

Perhaps the most significant feature resulting from these
and similar »nlots relative to other properties 1s the abéenée
of any characteristic which can be consistently ascribed to the
influence of clay minerals. The highly Keaolinitic clays do
usually have lower values of nlasticlty, but mixtures of Illite
and LKaolinite exhibit random distribution which cannot be held
to account by any of the information obtained thus far. It
must be conesildered, however, thet these influences in certain
| natural solls may be obscured by'other variables such as sort-
ing and the so-called contaminating ingredients; and that the
physical properties shown are, in fact, summations of all in-
fluences, In a general way, the influences of any particular
component should probably bée described in terms ef an intensity

factor and a cenacity factor, intensity representing the re-

activity of the ingredientlahd'ggpacitv representing the
amount of material contributing; all of which must be evalu-

ated by differentiation of the individual components.

=40 to +1 micron Frection - That part of the soll between the

Lo—mesh sieve and 1 micron in slze wes generally more erratic
than the soill as a whele insofar as'relationships between dif.-
ferent physical propefties'are concerned. The limited number

of tests performed on this slize material does not permit
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extensive evaluetlcn of any individual precperty; but from gen-
eral inspection of the 1limits for this slze-range in Table 3
as compared to the eqﬁivalent values for the <40 soil in Table
1, 1t must be concluded that the manifestations of plasticity
hove been all but eliminated by the extraction of the -1 micron
fraction, This; of course, does not imply thaé plasticity of
a soil can be explained by dush & simple observation as this,
but 1t does emphasize the dependency of granular soils ~ and
even soll morters - on the colloild and near-colloid sizes for
i1ts plastie qualities.

In all but two of elght cases represented, the Liquid
Limit, Plastic Limit and Shrinkage Limit were neerly equal, and
in those two cases the amount of material finer than the 5

micron size was unusually large.

—1l micron Frection -~ When the -1 micron frection 1s separated

from the cearser material of the natural soll, the nroperties
of these colloidal plasticlzers may be tested independent of
the coarser materials. Also, by virtue of greater homogeneity
with respect to size, the relationéhips between the Atterberg
Limits may be deflined more preclsely, All the results from
physical tests on this frection are reported in Table 13,

The resulting relationship between Liquid Limit and Plas-
ticity Index 1s 1llustrated graphically in Figure 3. A stati-
stical test of these data yields a relationship of 0,940 for

fearsonts linear correlation coefficient, whereas a coefficlert

of unity would indicate perfect linear correletion between the

two varlables,
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The relationship between Liquid Limit and Plastic Limit
shown in Figure 4, 1s & matter of further interest and should
pProbably be considered the more fuﬁdamental relationship. The
Inference made here may be better understood from consideration
of the proportionsality botween Liquid Limit and Plastic Limit
up through values of apnroximetely 65 per cent and 32 pér cent
respectively; and then, the absence of any further increase in
Plastic Limit for further increase in Liquid Limit. In view of
these considerations the plot of Liquid Limit versus Plasticilty
Index (Fig. 3) in the lower range describes the proportionality
mentioned while in the upper range 1t 1s essentlally a descrip-
tion of the Liquid Limit plotted against itself, the absclssa
being measured Liquid Limit values and the ordinate being
values of Lidquid Limit after subtraction of the relatively con-
stant Plastic Limit.

Tt may be noted thet samples D59, B30, and 48B had ex-—
ceptionally high Plastic Limits - around 50 per cent - which
might be expected for a Ne-liontmorillonite; but by X-ray dif-
fraction analysis, B30 and 48B were shown to be Illite-Xaolin-
ite mixtures. There are no significant features shown in Table
2 by which to explain these high Plastic Limits; however, some
features not considered (such as organic matter) could possibly

account for the discrepancies.

Componentsg of -1 micron Frection -~ The preceeding discussions

have been devoted to the rnhysical properties of the solls and
thelr size - fractions in order to emphasize the influence of
the cclloid and near-colloild materials., There was further
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differentiation of the -1 micron frection by mineralogical and
chemical analyses. The resuilts of these antlyses are listed
in Table 2. |

To congilder the problem here in a general way; clays in
solls may be likened unto filter - ﬁedia which tend to retain
various contaminating materiéls through the infiltfation of
water., Further, they tend to retain adsorbéé surface materials.
These ingredients may function in many cases to alﬁér the physi-
cal properties of the mass beyond the limits accountable by
physical properties of the clay'minerals alone, The analytical
results in Teble 2 demonstrcte variations in some of these
assoclated meterials, as well as, the mineralogy of the clay
ingredients. _

It 1s apnarent that determinations of Fe203, A1,03, g0,
and Ca0 plus the clay residue, in most cases, do not suffice to

describe all the ingredlents present. As a result of thils, the

unknown quantity was calculated and designated as Perqont Cther
Haterial. The mere existance of this unknown indicates the
necessity for more exhaustive analyses. As previdusly stated,
conslderable amounts of organic matefial, presumably capable of
saponification, was obviously assocliated with the fine fraction
of some solls; but ﬁeans were not avellable to anelyze for it
quantitetively.

Probably thec most significent relation resulting from
comparison of these data with the physical properties of the
—1 micron fraction is ma&nifest in a tendency for the Liquid

Limit and Plasticity Index to increasc as the percentagcs of

either RZOS; or F6203 inereesed. These characteristlics cre

i74
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illudtrated graphically in Figure 5 through Figure 8. The re-
sulting tendencies must be considered as more than a random
occurrence; but for the present explanation of the actual
mechanism precducing the relationships can be made only by spec—
ulation.

It 1s ?ery probable that Iron and Alumina are reduced by
nature to colloidal sizes, and such an admixture in soll --
merely by virtue of 1ts slze - would exert an influence on
pronerties of a soil. In addition, oxldes of Iron and Aluminum
tend to form hydroxide~gels, depending on the prevallling acid
or allkaline conditions, and it is conceivable that these oxides
may be transformed from & solld or soluble salt to a gelatinous
state simply by dllution. The transitlon would also be expected
to be reversible. For thls reason, the possibility of the
exlstence of thes hydro-gels of Iron and Aluminum 1s of no minor
concern,. Such a facter should be considered in any attempt to
evaluate the properties of soll collolds where Iron and Alumina

apnear as accessory ingredlients to clays.

Cley Mineralogy and 1ts Areal Aspects — Fifty-four different

Kentucky soils have been analyzed for thelr clay minerals,
These samples were chosen to represent a spread geographically,
geologically, topogrephically and pedaleglcally. See Figure 9.
Diverse comblnatlions of clay minerals have been found and 1%t
appears to be the exception for a single clay mineral to be in
exlstence in a soil.

Attempts have been made to show that the mode of origin

of a soll or 1ts parent material has a tendency to produce a
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characteristic clay mineral. Thus far, only the soils in the
Blue Grass Region of Kentucky — derived principally from Ordo-
vician limestone and shale formations - have borne this out.
Sixteen solls from this region all contained Illite exclusively,
and only one other soll sample analyzed showed this feature.

Note~ Those locations having other clay mineral

identities and included within this region on the

map in Fig. 9, actually represent alluvial deposits

in the Ohio River Valley or outliers of Silurian

and Devonian formavions, These could not be set

apart on a map vnrepared at this scale.

However, soils derived from younger formations have shown no
tendency to be characterized by clay minerals. It can be shown
that the Blue Grass Reglon contains.no exclusive features other
than age of formations and their ssructural aspects. Although
general geologic regions of Kentucky have not been covered
completely, there 1s evidence suggesting a unique situation

in the Blue Grass area.

Efforts were made to de%ect possible areal varia<ions of
Iron, Aluminum, Calclium, and Magnesium oxides that were deter-
mined. Iron and Calcium oxide content was shown to be rela-
tively constant in the Blue Grass Area but varied without re-
gard to any known QSpects outside this region.

No soil-area differentiated pedalogically, showed exclu-
sive clay mineral content but this aspect was not exnlored with
the de%tail thought necessary. Future work might well include
a more specific analysis of 7whis tyvpe. These observations are

in anticipation of substantiating data, bu% are nevertheless

interesting poin*s worthy of discussion.
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