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SUB-SECTION Ic

PHYSICAL AND PHYSICO-CHEMICAL PROPERTIES OF SOILS.

| c4 SOME FUNDAMENTAT, FACTORS INFLUENCING THE PROPERTIES OF SOIL MATERTAIS x)
RALPH E, GRIM
Illinois State Geological Survey, Urbana, Illinois, U.S.A.
INTRODUCTION

The important factors of composition con-
trolling the properties of soil materials mey
be classified as follows: &4)

1) Clay-mineral composition - the relative
abundance of the clay-mineral components

and their particle-size distribution.

2) Nonclay-mineral composition - the relative
abundance of each mineral and the size-

grade distribution of its particles.

3) Electrolyte content - the amount and kind
of exchangeable bases and any water-soluble

salts.

4) Organic content - the amount and kind.

5) Miscellaneous textural characteristics such
as shape of quartz grains, degree of paral-

lel orientation of clay-mineral particles,

8ilicification, etc.

Not all of these factors apply in any
given soil material, and their relative im-
portance is not always the same. Current re-
searches in the writer's laboratory and else-
where have shown that certain components
which may be present in soil materials fre-
juently exert a tremendous influence on prop-
erties, even though they are present in very
small amounts. The addition or subtraction of
such components by weathering processes,ground-
water movement, or comnstruction activities can
therefore change greatly the properties of
soil material.

This paper considers some of these com-
ponents and offers an explanation of their
action on the basis of present concepts of the
structure of soil materials. It will serve our
purpose best to start with a theory of the
structure of soil materials in the plastic con-
dition.

THEORY OF THE STRUCTURE QF SOIL MATERIALS IN
THE PLASTIC CONDITION

Mater added to dry soil materials is ad-
sorbed by the clay minerals and perhaps some
other components. The important clay minerals
are made up of flake-shaped units that occur
both as unit flakes and as aggregates of book-
like masses of flakes 4).Much of the water
is adsorbed on the basal plane surfaces of
such units.

Hendricks and Jefferson 7) have suggest-
ed that the water molecules have a definite
orientation (figure 1) in the first layers ad-
sorbed on the plane surfaces of the clay miner-
als. The first water molecules are oriented
because their configuration fits with that of
the oxygen layers in the surface of the clay
mineral units. The orientation tends to prop-
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agate itself through layers of water some mole-
cules in thickness outward from the surfaces
of the clay minerals. Starting with this con-
cept of the structure of the adsorbed water,
a satisfactory theory of the structure of soil
materials in the plastic state can be evolved.

A mass or sheet of oriented water molecul-
es would be rigid like ice rather than fluig,
and therefore the initial adsorbed water would
not be fluid. But as larger amounts of water
are added to dry clay, the layers of oriented
water molecules become thicker and thicker.
Because the force orienting the water molecul-
es 1s the structure of the surface of the clay
minerals, it is not reasonable that oriented
water would grow to an indefinite thickness on
the clay mineral surfaces. Further the presence
of adsorbed ions and molecules on the clay min-
eral surfaces would tend to restrict the growth
of the oriented water. Therefore, at some dis-
tance from the clay mineral surfaces, the wa-
ter molecules would not be oriented, that is,
they would be fluid. xa)

Oriented water would develop from about

x) Presented with the permission of the Chief,
Illinois State Geological Survey.

xa) A residual partial orientation of water,
of course, exists in liquid water. 12)



all basal plane surfaces of the clay minerals
and the rigid adsorbed water of one surface
would meet that of another surface. The rigid
water would serve as a bond to hold the clay
mineral units rigidly in place. ¥ith increas-
ing amounts of water the adsorbed layers

would become thicker until a thickness was
reached at which orientation was nil or imper-
fect. Such water, having fluid properties,
could act as a lubricant between the flakes.
According to this concept, the plastic condit-
ion develops in a clay-water system when there
is enough water to supply all the rigid water
that can develop on available surfaces and a
little more water that has poor or no orient-
ation to act as a lubricant between flakes
(figure 2). Large amounts of additional water
provide much fluid water and give the system
the properties of a fluid.
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In soil materials the transition from
oriented to nonoriented water molecules (that
is, from rigid to fluid water), may be abrupt
or somewhat gradual, but usually it is rather
abrupt. If this is true there should be a
sharp break in the plagtic properties at a
given moisture content when increasing amounts
of water are added %to a dry soil material.
Experimental data (figures 3 and 4) show this,
Figure 3 shows that there is an abrupt reduc-
tion in power required to extrude clay through
a die when a certain moisture content is reach-
ed, Extrusion is exceedingly difficult until
some fluid water is present. Curves that show
compression strength of sand-clay-water mix-
tures in figure 4 show that maximum strength
is developed within extremely narrow moisture
limits which probably correspond to the maxi-
mum amount of rigid water that can be adsorb-
ed., Additional amounts of adsorbed water are
at least partially unoriented with attendant
large decrease in compressive strength.

A time factor may be involved in the de-
velopment of some plastic properties. For ex-
ample, the compressive strength of some sand-
clay-water mixtures increases gradually within
short periods of time in compacted masses. 5)
The explanation is that a certain amount of
time is required for the water molecules to
become oriented completely.

EFFECT OF MINOR AMOUNTS OF CERTAIN COMPONENTS
ON THE PROPERTIES OF SOIL-WATER SYSTXIMS

Extremely small amounts of certain chemic-
als have a tremendous influence on the proper-
ties of soll materials, This has been known
for some time but the explanation has been ob-
scure. An example is the large change in vis-
cosity of sodium montmorillonite-water slurries
caused by the addition of traces of sodium
hexametaphosphate 13) (table 1).
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Table 1 - Effect of (NaPOz)g on viscosity of
sodium montmorillonite-water suspensions

(NaPO3) Viscosity in

percen centipoises
Sodium montmoril- 48
lonite 8 percent 0.2 23
water "slurry" O.4 18

Not all the components which can have
such an effect are known, but in addition ¢to
phosphates -small amounts of magnesium and boron
are known to alter clay-bonding properties.
Small amounts of sodium, hydrogen, and alumi-
num as exchangeable bases greatly alter cer-
tain plastic properties.

Table 2 presents Atterberg Limits for
natural clays 14) and for some clays treated
wlth various chemlicals. The latter data are
preliminary and were obtained in a detailed
study underway in the writer's laboratory. The
data show the tremendous effect of the Na' ion
in montmorillomnite clays as compared to that
of Ca** or H*, and the large effect of some
chemicals on the "Limits" of Na-montmorillonite.
The precise effects of the treating agents obn
illite and kaolinite remains to be determined,
but the present data indicate that it is small.
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This is to be expected since the "Limits” for
these natural clays are low and the exchange
capacity for illite and kaolinite are also low
(2040 and 3-15 respectively).

A satisfactory explanation for the action
of most of these components is that they in-
fluence the orientation of the adsorbed water
molecules. The influence may be in the perfec-
tion of the orientation, the thickness to
which good orientation can develop, or the ab-
ruptness of the transition from oriented to
nonoriented water.

In the case of phosphates, the configura-
tion of the phosphate unit 1) is such that
it would about fit into the configuration of
the water molecules., The phosphate itself tends
to leave a donor surface so that any water as-
sociated with it would not tend to fit into
the oriented water associated with the clay
surfaces. The result would be to disrupt the
orientation of the water molecules without com-
pletely destroying it and thereby to increase
the fluidity of the water between flakes which
in turn would reduce viscosity.

In the case of small amounts of exchange-
able sodium, for some reason not completely un-
derstood, the exchangeable Na* favors the dev-
elopment of thick layers of oriented water
with gradual transition to nonoriented water.
In sodium montmorillonites good orientation
may extend through at least 100 molecular lay-
ers., When calcium is the exchangeable ion the
oriented water hull is very thin (a few mole-
cular layers) and the transition to nonorient-

ed water molecules is abrupt 5), Calcium 1is
the most frequent exchangeable base in soil
materials, hence an abrupt transition of char-
acter of adsorbed water and resulting proper-
ties is usually encountered.

The application of the foregoing to engin-
eering problems is clear. If one is dealing
with a soil material with a moisture content
about equal to that which can be held in a rig-
id form, any change in either amount of water
or in chemical component might cause a tremen-
dous effect on the properties of the soil. In
general terms, it appears that soil materials
and their environments are in equilibrium, but
even slight changes may destroy the balance
causing great changes of properties. For in-
stance, equilibrium would be destroyed by chang-
es in amount or movement of groundwater, and
by changes in the amount of adsorbed Ca** that
would follow construction using portland cement
in a soil material originally containing Na* .,
The possibility of tremendous effects on the
properties of soil materials adjacent to con-
crete structures because of base-exchange prov-
ided by the concrete itself appears to have
been over looked.

INFLUENC:Z OF CLAY MINERALS

The plastic properties of soil materials
are largely determined by the kind of clay min-
erals that compose them, 3) and White 14)
has recently carefully measured the Atterber
Limits of pure clay-mineral samples (table 2?.

TABLE 2
Atterverg Limits
Plastic Limit Liquid Limit Plastic Index
Materials | w
studied Tl wlw [ ® g 0 o 0
£ n s ) > =
o | +| + |8 o | + |+ |8 8|+ ls |R
£l el3 | % & S o ~ 7] 9 (<
ElR Al 5% |52 §1B12|8
S |m)m | = =) m =] =1 S | |2 |2
Montmorillonite
+
1. Na a;gggﬁgeable base 97 | 54| 50| 48 | 700 | 340 (250 | 395| 603 |286 [200 {347
2. Catt
3+ éﬁﬁgﬂseable base 72 | 63| 77 124 | 119 142 52| 561 65
3. Ca exchangeable base
Mississippi 82 118 36
Illite
4, LaSalle County, III. 25123 | 26| 21 36| 35 | 36| 31| 11| 12| 10| 10
5« Vermilion County, III. 24 29 5
|Eaolinite
6. Georgia 30 35 S
7. Union County, III. 37135 | 32 58| o8 | e8 21 33| 36
Natural mixtures
8. Illite plus 10% montmorillonite 2612712825 58 | 52 | 61| 48| 32| 25| 33| 23
Greene County, III.
9. Illite plus 5% montmorillonite 36 | 34 | 35 61 | 61 62 25| 27| 27
Grundy County, III.
10, Kaglinipe plus 10% montmorillonite| 33 | 31 | 31| 39 65 | 65 | 74 | 67] 32| 34| 43| 28
eorgia

X) Chemical added to tempering water in
exchange capacity.

such quantity that the acid radical equalled the base~



The Atterberg Limits of Kaolinite and illite
are roughly the same. Sample 7 is relatively
finer grained than sample 6 indicating the
order of magnitude of the increase in the
"Limits", particularly the Liquid Limit, as
the particle size of kaolinite or illite de-
creases.

The Plastic Limit for montmorillonite is
about three times that of kaolinite or illite.
The Liquid Limit for montmorillonites carry-
ing Ca** and/or H®' is about three to four times
that of the other clay minerals, whereas that
of Na* montmorillonite is five to six times
that of the Ca** or H* montmorillonite and as
much as twenty times that of kaolinite or il-
lite. Clearly montmorillonite is the component,
particularly when Na is present, with the
tremendous plastic properties.

Samples 8 and 9 (table 2) contain 5 to 10
percent montmorillonite in addition to illite.
Sample 10 contains 10 percent montmorillonite
in addition to kaolinite. The presence of
montmorillonite causes little change in the
Plastic Limit, but increases the Liquid Limit
about twofold so that the Plastic Index is in-
creased four to six times by only 5 percent
montmorillonite.

Montmorillonite has a peculiar lattice
structure 9) which permits water to penetrate
between the individual unit layers about 9.5
thick, thereby separating them. The separation
can be substantially ccomplete in the presence
of considerable amounts of water, particular-
ly when sodium is the exchangeable base. Both
basal plane surfaces of the montmorillonite
units are composed of oxygens so arranged as
to foster the growth of oriented water mole-
cules. In addition montmorillonite has high
base-exchange capacity (about 100 milliequiv-
alents per 100 grams) so that montmorillonite
surfaces are apt to carry adsorbed ions that
favor the adsorption of water. The high plas-
tic properties of soil materials composed of
montmorillonite are due to its property of
breaking down into exceedingly small flake-
shape units with a consequent tremendous sur-
face with particular ability to adsorb water.

"« Yhere soil materials are composed of a
mixture of montmorillonite dhd other clay min-
erals, the components may be present either as
mixtures of discrete aggregate particles of
the individual clay minerals or as very inti-
mate interlayerings of one or a few unit lay-
ers of montmorillonite with several unit lay-
ers of the other clay minerals. In the former
case the effect on properties is about proper-
tional to the amount of montmorillonite pre-
sent. In the latter case, the effect is much
greater as shown in table ?. The explanation
is as follows: Illite and kaolinite occur in
soil materials in aggregate particles which
do not come apart into much smaller units in
the presence of water. If, however, layers of
montmorillonite are interspersed through the
kaolinite or illite aggregates, the montmoril-
lonite forms planes of weakness along which
the aggregates can break up in the presence of
water. Obviously, under such conditions, rela-
tively few such planes would cause relatively
great breaking up of the clay mineral partic-
les with attendant great increase in plastic
properties.

ORGANIC MAT#RIAL IN 30ILS

Organic material can be present in soils
in two forms: (a) as discrete particles such as
fragments of wood, bits of leaves, spores, etc.,
ana (b) as exceedingly fine material that is
in the colloidal or molecular state.

It has long been known that organic mate-
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rial, particularly in the colloidal form, can
increase the plastic properties of clay. The
exact nature of the organic material in soils
is still not known, but recent work in several
laboratories has provided basic data on the ad-
sorption of organic molecules by the clay min-
erals. The finings go a long way in explain-
ing the manner in which organic material is
present in soils and its influence on soil
properties.

Gieseking 2) and later Hemdricks 8)
showed that some organic molecules were ad-
sorbed on the basal plane surfaces of the mont-
morillonite clay mineral units, that is on
the same surfaces that adsorb water. MacEwan
1) investigating the kind of organics adsorb-
ed, has shown that those with polar groups are
favored and that both montmorillonite and hal-
loysite may adsorb organics between the unit
cells. Grim, Allaway, and Cuthbert 6) have
shown that the clay minerals illite and kaoli-
nite also have some adsorption capacity for
organics.

Since the organic molecules are adsorbed
on the same surfaces that can adsorb water, a
decrease or elimination of water adsorbing
capacity would be an expected result of the
adsorption of organics. This has been found
to be true 6) 8) and is one of the effects on
soil properties of the adsorbed organics.

Jordan 10) has recently shown that cer-
tain clay minerals, notably montmorillonite,
when carrying adsorbed organic molecules of
particular kinds are organophilic toward other
organics. Such clay mineral-organic complexes
do not swell in water, but they do swell tre-
mendously in the presence of suitable organic
liquids forming gels. Such gels are very
stable, show almost no air-drying, and have
very low bearing power. Organic-clay mineral
complexes are undoubtedly to be found in nat-
ure, Swamps, bogs, and slough fillings would
be probable places, and soils containing them
would have striking and unusual proverties.

SUMMARY AND CONCLUSIONS

A theory of the structure of soil materi-
als in the plastic state is presented that is
based on the oriented configuration of the wa-
ter molecules initially adsorbed by the clay
mineral components of such materials. It is
shown that the plastic properties, particular-
ly the Atterberg Limits, may very greatly be-
cause of the presence of small amounts of cer--
tain chemical components, and an explanation
is offered based on the effect of such compo-
nents on the orlientation of the water molecul-
es,

It is shown that relatively small amounts
of montmorillonite may cause a relatively
great increase 'in the plastic properties of
soil materials, The structure of montmorillon-
ite is such that when it is interlayered with
other clay minerals, it forms planes of weak-
ness that permit relatively great break-down
of the clay mineral particles with attendant
great increases in plasticity.

Certain kinds of organic molecules and
some clay mineral may form gels. Such compo-
nents probably explain the unusual and extreme
properties in some peculiar soil materials.
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THERUAL CONDUCTIVITY OF SOIL
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SUMMARY,

Thermal conductivity tests have been conducted on fourteen different soils at a
wide range of densities, moisture contents, and mean temperatures. The effect of the
various factors upon the thermal conductivity is discussed. In general, it is found
that the thermal conductivity of soil varies in the following ways:

1. Above freesing, increases for an increase in mean temperature;

2. Below freezing, shows very little change;

3. From below to above freezing, varies according to the moisture content;
4, At a constant density, increases with an increase in moisture content;

5. At a constant moisture content, increases with an increase in density;

6. Is dependent upon the grading and particle shape of the soil;

7. Differs appreciably with respect to different soil minerals.

INTRODUCTION.

During the past two years a research pro-
gram for determining the thermal conductivity
of soil has been in progress at the Engineer-
ing Experiment Station of the University of
Minnesota. This work has been sponsored by the
Corps of Engineers, Department of the Army, as
a part of their research study of construction
problems in regions of permafrost, or perma-
nently frozen ground.

The purpose of the study was to determine
the effect of such items as temperature, dens-
ity, moisture content, and mineral composition
upon the thermal conductivity of soil, as well
as to obtain coefficients of conductivity of
soils from test installations in Arctic reg-
ions. The data serve as a basis for predicting
thermal conductivities of other soils.

The tests were made with apparatus design-
ed and built for the investigation at the Uni-
versity 1). The soil was packed into the tu-
bular soil container of this apparatus at va-
rious densities and moisture contents, the
densities varying from that obtained by loose

pouring to the modified maximum density obtain-
ed by heavy ramming 2) and the moisture con-
tents varying from air-dry to a few per cent
above the optimum moisture content, Tests were
madg at mean temperatures ranging from 70 to
-200 F,

The units used in this report are as fol-
lows:

Thermal conductivity, k, represents the
amount of heat expressed in British thermal
units transmitted per hour through one square
foot of soil one inch thick with a 19 F tem-
perature difference between the two surfaces;

All temperatures are Fahrenheit;

Density is the weight of dry soil in
pounds per cubic foot;

Moisture content is expressed as a per-
centage of the dry weight of the soil.

The thermal conductivity tests were made
with a temperature differential of 10° between
the hot and cold faces. A test with a hot tem-
perature of 750 and & cold temperature of 65°
is reported as having a mean of 709; a test
with 45 and 35 is reported as having a mean
of 409, etc.



