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@ VOLUME CHANGES and swelling pressures represent the most important prop-
erties of soils if the latter are employed for engineering purposes, es-
pecially as supporting bases and other structural components of roads and
highways. The problem of the consolidation of water-saturated soils under
applied loads has been studied quite thoroughly in soil mechanics. In
contrast, the external work performed by swelling soils with increase in
moisture content that can seriously affect the superimposed structures
has attracted only minor attention. In the particular case of subgrades,
Wooltorton (1) has clearly indicated that swelling must be considered as
a factor in pavement design and in Hveem's method swelling is considered
of equal importance with the generally accepted criterion of minimum de-
formation. In the classical method of the California Bearing Ratio, its
originator, Porter, indicates that no swelling should occur under a sur-
charge that is equal to the weight of the contemplated superstructure.

From a practical point of view, the subject of greatest interest is
the external work that potentially expansive soils can perform against
the superimposed structure during swelling. This work is measured by the
product of volume increase and swelling pressure and is performed against
the weight of the superstructure. Hence, it is not sufficient, as is
generally done, to judge a soil solely on the basis of volumetric change;
one must also take into account the swelling pressure which supplies the
force involved in volume changes and which together with the volume changes
determines the total detrimental work.

Experience has shown that both factors are functions of the initial
moisture content and this velue must be established for each case. This
moisture content is of particular importance with respect to the swelling
pressure. For sir-dry soils of low moisture contents, swelling pressures
of the order of 11 kg per sq cm (11.3 tons per sq ft) have been observed
(2). Relatively common expansive soils-at moisture contents that corre-
spond to working conditions, lying in the vicinity of the plastic limit,
glve swelling pressures from about 0.5 to 3 kg per sq cm (0.5 to 3 tons
per sq ft).

The range of initial moisture contents of interest in soill engineer-
ing is quite large. One may accept as a minimum moisture content the
hygroscopic moisture of air-dry soils, i.e., the moisture content that is
in equilibrium with the vapor pressure of the atmosphere. The hygro-
scopic moisture is not a constant for a given soil but depends on the
temperature and the degree of humidity of the air. The latter is usually
given as relative humidity and expressed as
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where p°® and p are the respective water vapor pressures of the saturated
and the actual atmosphere. The condition of air-dryness at ambient tem-
perature (25 C) generally refers to either of two cases:

(a) in dry air with H = 50 and

(b) in practically saturated air with H = 96, which corresponds
to the water vapor pressure of a 10 percent aqueous solution of sulfuric
acid.

The highest water content for manipulated soils corresponds to the
liquid limit at which the mechanical resistance of a soil is practically
zero. Within this large range, the moisture contents of greatest interest
are those that correspond to actual working conditions, such as the opti-
mum moisture for compaction and the plastic limit. Increase in moisture
content above the latter results in rapid decrease of the bearing capacity
of cohesive soils.

From the point of view of swelling, one is not interested in fluctua-
tions of moisture content that do not pass above the shrinkage limit be-
cause, by definition, no volume changes take place in this moisture range
and the external work is zero. With respect to the shrinkage limit, it
must be stated that the value obtained by the method of the U. S. Bureau
of Public Roads is a minimum value. In many expansive solls at moisture
contents gbout and below the plastic 1limit, the reduction in volume no
longer equals the volume of water lost. Residual contraction starts when
the volume change is smaller than the volume of water lost and proceeds
gradually until the shrinkage limit is reached. For this reason, some
institutions such as the Road Research Laboratory of England consider as
shrinkage limit the intercept of the theoretical extrapolation of the in-
dicated relationship below which appreciable contractions are not expected
to occur. It is exactly in this moisture range in which high swelling
pressures are found accompanied by smell volume changes. These combina-
tions are, of course, less detrimental than smaller pressures associated
with relatively large volume changes.

The swelling of soils is a consequence of their ability to take in
free water and in doing so to overcome the resistance of the soil-water
system to expansion, the viscous resistance to the movement of water
throughout the soil system, and the confining forces that are due to exist-
ing surcharges. The capacity for water sorption is in turn a result of
the tendency of the system to pass into a more stable condition under loss
of free energy (second principle of theromodynamics). Hence, the forces
that determine the retention of water by a soil are also responsible for
its swelling characteristics. Therefore, every theory or explanation of
swelling must necessarily start from a consideration of the nature and
magnitude of the forces that determine the suction of water into a soil
at a certain initial moisture content.

The primary purpose of this paper is to point out the various factors
involved in this problem and how the organization of these factors may
then serve as a dependable guide for experimentation.

MECHANISM OF WATER SUCTION BY SOILS

It is necessary to examine first the various mechanisms that determine
the sorption of water by soils, particularly, starting at an initial mois-
ture content of the order of the shrinkage limit.
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The following statements recapitulate the available knowledge on the
fixation of water by soils (3,4,5):

1. Dry soil fixes water vapor from the atmosphere or liquid water by
polar absorption. This is particularly importent for the clay fraction
because of its high degree of dispersion or large specific surface (sur-
face per unit volume or mass) and its large energy per unit of surface.
This is a consequence of the small size produced by physical weathering
and the elterations due to chemical weathering which produce electric
surface charges not balanced within the mineral structure. These ionic
charges are predominantly of negative sign. They give rise to a field of
potential energy that acts on the hydrated ions in the aqueous medium sur-
rounding the particles and on the water molecules themselves because of
their polar nature. The latter are oriented toward the solid surface and
are immobilized to a greater or lesser degree. Opposed to this action is
the kinetic energy of the ilons and molecules.

Water held by this electric field is quite strongly bound and does not
possess the same physical properties as free water, and in its mechanical
properties, resembles more or less a rigid solid. The binding energy is
greatest at the solld interface and falls off with increasing distance as
an exponential function; this means that the binding energy decreases with
increasing thickness of the films around the perticles, which thickness is
determined by the water content of the system and its total internal sur-
face. The kinetic energy is a maximum at an infinite distence from the
particle surfaces (free water) and decreases with decreasing distance from
the solid surfaces.

The strongly reteined (immobilized) water corresponds to a film thick-
ness of up to 10 molecules, or approximately 2 to 3 millimicrons (mp);
practically, it represents the hygroscopic moisture in an atmosphere of
H = 50 (pF = 6.0) and the loss in free energy manifests itself as heat of
wetting. For higher water contents as for hygroscopic moisture at H = 96
(pF = 4.7), film thicknesses of the order of hundreds of molecules (20 -
4O mp) are reached involving only partial immobilization of the water
molecules. The differential heat of wetting (i.e., the heat developed by
adding an additional gram of water to a moist soil system) is very small
or zero at a hygroscoplic moisture content corresponding to H = 50. These
films act as semirigid or plastic bodies and flow or deform under rela-
tively amall stresses. This explains why polar adsorption reaches a min-
Imum at hygroscopicities corresponding to H = 100 in the vicinity of which
capillary condensation is added to polar adsorption. Water held in excess
of that corresponding to hygroscopiclity at H = 100 cannot be explained by
polar adsorption.

2. Clay soils at moisture contents at or asbove their hygroscopicities
at H = 100 are able to sorb more liquid water with less emergy but in
larger quantity. This glves rise to film thicknesses in the order of
hundreds of millimicrons called lyosorptive layers by Ostwald and it is
these that represent the swelling water. Commonly, this water suction is
attributed to the capillary action of concave menisci in the soil system
or to the resulting capillary potential which gives an adequate explana-
tion for water sorption in coarse, granular, and silty soils. Undoubtedly,
capillary suction also plays & role in water sorption by clay soils, but
it does not explain water sorption into saturated clay systems in which
the absence of an airphase prevents the formation of menisci. In expan-
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sive, and hence, compressible soils, saturation occurs at moisture con-
tents of the order of megnitude of the optimum for compaction; suction,
however, continues up to moisture contents as high as the liquid limit
and even 1f dispersed in an excess of free water the particles retain en-
velopes of more or less strongly bound water.

During the period 1931-33, Mattson (6) proposed the osmotic forces as
causative agents of water retention by clays. According to him, this os-
motic imbibition occurred after saturation of the polar adsorption capacity.
The ideas of Mattson represent an application to soils of the swelling
mechanism proposed by Wilson in 1916 generally for proteins and particu-
larly for collagen, which is of such importence in the tanning process.
Except for the work of Winterkorn (5 ,7,8), this interpretation has not
found wide application in the field of soll engineering in which the ca-
pillary interpretation prevails despite its definite shortcomings.

From the physicochemical point of vlew, osmotic suction is based on
two general phenomena, namely osmosis without membrane and Donnan equili-
brium. These fundamental phenomena will be discussed and applied to the
swelling of soils and related problems. This shall be done in a quanti-
tative or at least semiquantitative manner.

Mattson's concept of osmotic imbibition is fundamentally based on the
concept of the Donnan equilibrium while the theory treated here considers
as the fundamental phenomenon osmosis without membrane combined with the
concept of osmotic activity. The Donnan equilibrium modifies but does
not govern osmotic suction and its influence is important only in saline
soils. The osmotic swelling itself is a comsequence of the cation ex-
change characteristic of clays. Taeble 1 gives date by Mattson showing
that swelling increases with an increasing value of T, the base exchange
capacity expressed in milliequivalents per 100 gm of soil.

TABLE 1

Volume (cu cm)

Clay Soil T value Dry Swollen

H+ Na+
Nipe 4 0.90 0.92 0.90
Norfolk 21 1.0k 1l.h2 2.30
Sharkey 8o 1.12 1.75 T.20

Osmotic suction is possible only in polar solvents that are able to
disperse the exchange cations. It does not take place in nonpolar sol-
vents such as hydrocarbons and carbon tetrachloride in which, of course,
capillary suction can occur.

OSMOSIS WITHOUT MEMBRANE

The molecules or ions of a substance in solution possess kinetic energy
that permits them to diffuse spontaneously when the solution is in contact
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with the pure solvent or with a more dilute solution, until uniform dis-
tribution is reached.

When a solution A containing a certain number of perticles per unit
volume (concentration) is placed in contact with a pure solvent or more
dilute solution B by means of a membrane or semipervious wall a b that

permits only the passage of the pure solvent, then two cases may be dif-
ferentiated (Fig. 1).
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Figure 1.

Case A, — If the semipermeable wall a b is freely moveable, then it
will displace itself in the direction of B while solvent fram campartment
B moves Into compartment A until the concentrations in both compartments
are equal.

Case B. — If the semipermeeble wall & b is fixed, then the tendency
to equalize the concentrations in both compartments will result in the
movement of solvent fram B to A. This causes a hydrostatic or osmotic
pressure to develop in compartment A and a suction in compartment B. This
process continues until the hydrostetic pressure 1n compartment A pushes
the solvent into the compartment B with the same force as the osmotic
phenomenon sucks the solvent fraom compartment B into compartment A. At
this point, a permanent equilibrium 1s reached. One sees that it is the
osmotic phenomenon that determines the hydrostatic or osmotic pressure
and not the reverse. The osmotic pressure can be measured by the magni-
tude of the external pressure that must be applied at A in order to pre-
vent osmotic liquid movement through the semipermeable wall.

In 1885 Van t'Hoff applied the gas laws to the case of dilute solu-
tions and conceived the osmotic pressure as equivalent to the pressure
that the dissolved substance would exert if it were In gas form in the
same volume as occupied by the solution. In accordance with this concept,
the osmotic pressure can be calculated in the following way from the mol-
ecular concentration (c)l

=R T (c) where

—/ Number of particles in one liter of water expressed as multiples of the
Avogadro number (6.02 x 1023).
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P = osmotic pressure
R = universal gas constant = 0.082 liter atmospheres
T = absolute temperature

(¢) = molar concentration.

The pressure P, developed when one mol of solvent (18 g of HpO is osmo-
tically incorporated into a liter of molar concentration (c) has been de-
rived thermodynamically by Van t'Hoff on the basis of the osmotic work
performed which itself is related to the vapor pressures at the respective
concentrations. If M denotes one additional mol of solvent, p and po the
vapor pressures of the solution and the pure solvent, respectively, then:

=B 15 Po
P=i ln

D

The law of Van t'Hoff states that the osmotic pressure depends only on
the number of dispersed particles irrespective of their nature, hence they
may be atoms, ions, molecules, or colloidal or even larger particles. The
respective systems are called ideal solutions if they obey this law closely,
and distinction is made between ldeal and real solutions in the same manner
as between ideal and real gases. In the case of dilute solutions, the dis-
solved and dispersed particles can move independently of each other and con-
sequently follow the law quite closely. In other cases such as in concen-
trated electrolyte solutions, ionic attraction and repulsive forces act be-
tween the particles and result in a deviation from the ideal osmotic law.
Each ion tends to surround itself with ions of opposite charge with resul-
tant change in ionic activity. The interionic forces increase in strength
with increasing concentration and Increasing ionic charge. As a consequence,
the real osmotic activity is smaller than that calculated for ideal solu-
tions. For this reason, Lewis developed the concept of activity (1901-07)
and introduced the coefficient of activity f, which is defined as follows:

_ real activity _ a
~ concentration = (c)

For very dilute solutions, a approaches (c) and f-1. With increase
in concentration and valency f changes as illustrated below:

Activity coefficients f

(e) 0.01 0,001 0.0001
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Fram a thermodynamic point of view, the presence of a semipervious
wall is not absolutely necessary for restraint of diffusion and develop-
ment of osmotic pressure. It is sufficient if, due to the influence of
other forces such as adsorption and electrostatic attraction, one com-
ponent is free to diffuse while the movement of the other is restrained.
From this arises the concept of osmosis without membrane, which is of
speclal importance for the swelling of clays.
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One must keep in mind that osmosis is a consequence of the kinetic
energy of the dispersed particles and that the forces that play the role
of a semipermeable membrane must necessarily decrease the osmotic activity
of the particles by restraining their freedom of movement and hence their
kinetic energy. This 1s the essential basis for an osmotic interpretation
of water sorption by clay soils above a certaln initial moisture content.

Consequently, application of the law of Van t'Hoff to real systems in-
volving osmosis without membranes must make use of the activity f(c) rather
than of the concentration alone. This is important because several authors
have used concentrations rather than activities in the application of Van
t'Hoff's law to the osmotic swelling of clay-water systems (7,9,10). Al
though this has been done more for the purpose of illustration end as a
guide to experimentation, it could be misleading to the uninitiated who
may believe in the reality of the very high osmotic pressures that are
obtained by such calculations.

OSMOTIC PRESSURE OF THE SOIL-WATER SYSTEM

As a starting point for application of the concept of osmosis without
membrane to soil-water systems a peptized, salt-free, clay soil is taken
at a moisture content between the liquid and the plastic limit.

The water occupying the free spaces between the solid particles acts
as a dispersion medium for the exchange cations. The latter are subjected
to two counteracting influences: (c) the electrostatic attraction by the
electric charges on the surfaces of the solid particles and (b) the dis-
persive tendency which is due to the kinetic energy of the particles and
because of which the latter attempt to distribute themselves uniformly
throughout the liquid phase. The cations are in a hydrated condition,
which means that the radius of the kinetic particulate unit is that of
the particle plus its bound water molecules.

The distribution of exchange ions around particles dispersed in an
aqueous medium has been studied by Duclaux (11) under the assumption that
the particles are spherical and that the electrostatic and kinetic forces
are in equilibrium. He arrived at the conclusion that the concentration
of the cations decreases exponentially with increasing distance from the
particle surfaces. ILater, Winterkorn (7) applied the same calculation to
plane particle surfaces that are more in accordance with the shape of real
swelling clays and arrived at the conclusion that, practically, there is
no change in concentration of the exchange cations with increasing dis-
tance up to a film thickness of the order of hundreds of molecules. Schmid
(12) arrived at a similar result for microporous systems. Consequently,
it should be permitted to assume a wniform distribution of cations in the
aqueous medium for the moisture range in which we are interested. For
higher moisture contents, the cations will tend to become more concentrated
toward the particle surfaces in accordance with the classical theory of
the Helmholtz double layer, which is applicable for dilute clay suspensions.

Accepting a uniform concentration of the exchange ions in the agueous
dispersion medium, one can calculate the molar concentration from the ex-
change capacity of the clay (Hissink "T"-Value); the valency Va of the
cations in the case of homoionic clays or the median valency in the case
of heteroionic clays and the moisture content. The exchange capacity "T"
is usually expressed in milliequivalents per 100 g of soil. Hence, the
number of equivalents per 100 g of soil is "T" per 1,000 and of moles "T"
per 1,000 x Va when Va represents the valency. If this number of moles
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exists in 100 g of soil that contains i g of water, then the molar concen-
tration [E] or the number of moles of exchange ions per liter of aqueous
dispersion medium becomes

"T'l
[c] - D0 1000 e )
- i i Va

An "ideal" dispersion of cations of a certain concentration, placed in
contact with pure water by means of a membrane that allows free passage
of the water molecules but not of the cations, develops an osmotic suction
that can be translated into a hydrostatic pressure whose magnitude accord-
ing to Van t'Hoff is
ll;lﬂl

(Po)igear =R T Tva (2)
where (Po)idesl is the hydrostatic pressure in atmospheres that equili-
brates the developed osmotic pressure, R 1s the gas constant (0.082 1 atm),
and T the absolute temperature.

The theoretical osmotic pressures, calculated under assumption of
"i{deal" behavior, are inversely proportional to the initial moisture con-
tent and are of the order of magnitude of tens of atmospheres. Thus, for
"M =30, 1 = 28,6, T =273 + 25 =298 C and Va = 1, one obtains

(Po)ygeqy = 0-082 x 298 '2'87%% = 25.6 atm (pF = b.U1)

The osmotic pressures actually developed in real soil-water systems
are necessarily smaller than those just calculated for ideal systems. In
a real soll-water system, the role of the assumed semipermeable membrane
is filled by the electrostatic attraction between the cations and the
negatively charged particle surfaces. This attraction decreases the ef-
fectiveness of the kinetic energy of the cations, which is the cause of
their diffusion tendency and of the resultant osmotic pressure. Hence,
one may write
£
(P°)real = (Po)idea.l

where £ is a coefficient smaller than 1 that corresponds to the activity
coefficlent of Iewls and expresses the real osmotic activity of the dis-
persed ions under the prevailing envirommental conditions.

The coefficient of activity f must decrease with decreasing moisture
content, since the restraining electric attraction of the cations by the
charged particle surfaces increases with increasing proximity of the ca-
tions, 1l.e. with decreasing moisture content. Therefore, f should be ex-
pressed as a function of the moisture content f£(i), the meximum value of
this function being unity. The general expression is
7 ]

(Po),ony = (Po)ygeqy * £(1) = BT 1= 2(1) (3)

In equation (3), R, T, "T", and Va are constants for a particular soil
at constant temperature and (Pg)res1 is & function of the moisture con-
tent. The decrease of (Po)real With increasing initial moisture content
is due to two factors:

(a) dilution: (Po)reql changes inversely with change in moisture
content;
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(b) activity: higher initial moisture content implies less electro-
static restraining influence, i.e. greater diffusibility
and less osmotic pressure. This is expressed by the
factor £(i).

The factor f£(i) can be calculated if one knows (Py)real. Equation (3)
can then be transformed as follows:

f(1) = (Po)real x i x Va

5 (&)
R T “Tll

its solution implies the experimental determination of (PO)real’

The logical method for the determination of (Pgy)peal is by means of
the consolidation test as used in soil mechanics. If one applies to a
soil-water system that is in communication with free water a constant
pressure of sufficient magnitude, then free water is squeezed out of the
soil with corresponding decrease in volume until the system has reached a
state of equilibrium. Iet P be the externally applied pressure that causes
equilibrium to be reached at a water content of 1. If we consider the cell
of the consolidation apparatus as an osmometer, then the hydrostatic or
osmotic pressure developed by a puddled soil-water system at a water con-
tent of 1 must be compensated by the externally applied pressure in order
that a permanent equilibrium may be reached. This signifies that the os-
motic pressure fills a role similar to that of the pore pressure for satu-
rated systems in soil mechanics and that the applied P measures directly
the (Po)rea]l. Therefore,

(Po)real =P
P=RT"T x 1x £(1)
¢ Va T (5)

where all terms except f(i) can be measured experimentally and f£(i) can
be calculated from

_PiVa ) (6)

for each moisture content as long as the condition (Pp)real = P holds.

Fram theory, it may be expected that f(i) is a decreasing exponential
function of 1. This is confirmed by plotting the logarithms of experi-
mentally obtained f(i) values against the respective i values. This has
been done in Figure 2 which shows the straight line relationships obtained
for several ionic modifications of Putnam soil. This relationship is also
shown in Figure 3.

With soil A, one obtains straight lines that can be extrapolated to
f(1) =1 or log £(i) = 0; they intercept the abscissa at a moisture con-
tent iy which can be expressed by the equation

log £(1) = K(1 - 15). (7)

Accordingly, £(1) falls exponentially with increase in moisture content
above a certain Initial moisture content iy for which the maximum theoreti-
cal value of the osmotic pressure holds in accordance with Eq. 3. As
could be expected, the value i, 1s of the same order of magnitude as the
shrinkage limit of the soil. Consequently, in this type of soil, the os-
motic water suction gives rise to pore pressures and assoclated expansion,
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starting at moisture contents that are of the same order of magnitude as
the shrinkage limit. The negative angular coefficient K can be calculated
by the equation

log f(i
o ®

Its value determines the osmotic behavior of a soil. For the same soil,
the K value depends on the nature of its exchangeable cations. Highly
hydrated cations such as Nat give negative values of K that are smaller
than those for cations that have a higher position in the Hofmeister lyo-
tropic series such as K+ or the bivalent cations. This results from the
force that attracts the cations to the particle surfaces being a function
of their charge (valency), radius, and degree of hydration.

In the case B, one obtains a straight line that is broken at point O.
The straight line B follows Eq. 7, but the value 1, is larger than the
shrinkage limit. Evidently, at the moisture content that corresponds to
point O and is around 36 to LO percent, the solid volume is of the same
order of magnitude as the pore volume and contact 1s established between
the more energetically bound semirigid water envelopes around the solid
particles. In the case of flocculating cations, such as Catt and Ht,
that cause greater atiraction forces between the particles, a certain
structure 1is developed and the consolidation pressure is partially consumed
by the deformation of this structure. This results in a change of the
angular coefficient. With the new angular coefficient, the straight line
must tend toward iy = shrinkage limit because the structure formed by
these soils cannot resist the shrinkage forces. By deformation of this
structure or by a new structural arrangement, the shrinkage 1imit is fin-
ally reached.
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EXPERIMENTAL DATA

The work of Winterkorn and Moorman (13) on Putnam clay soil of podsolic
origin contains the data necessary for the application of the theoretical
concepts that have been developed. It contains the engineering soil
characteristics, the "T" value, the nature of the exchange cations from
which the median valency can be calculated, and the consolidation curves
for the natural soil and for the hamoionic Nat, H+, K+, Ca*™*, and Mgt
soils. In Figure I the moisture contents have been calculated from the
voids ratios given. The temperature has been assumed to be 25 C or 298 A.

In Table 2 are given the data taken from the work of Winterkorn and
Moorman (13) and in Table 3 are found the values for f(i), K, and 1, that
have been calculated by means of the Eqs. 7 and 8 from the consolidation
pressures P and the equilibrium water contents i taken from the comsolida-
tion graphs of Winterkorn and Moorman (13). Figure 2 shows plots for log
£(i) versus i with the straight lines extended to obtain the i, values.

TABLE 2

CHARACTERISTICS OF THE PUTNAM CLAY SOIL%/
AND ITS HOMOIONIC MODIFICATIONS

Characteristics Natural H' nNa® k' mMgtt  ca
Liquid limit 6k.5 56.4 88 52.8 56.3 61.9
Plastic limit 23.5 24,8 25.4 27.7 25.4 27.0
Plasticity index k1.0 31.6 62.6 25.1 30.9 3k4.9
Shrinkage limit 17.9 16.3 11.8 19.h— 2.4 12,4
Hygroscopicity 5.8 5.3 L2 4.6 L4 5.7
Vacuum moist equiv. 57.1 54,3 water- 53.7 58.7 58.9

logged

Optimm moisture (Proctor) 28.6 30.9 31.3 28,4 31.2 32,2

% passing No. 200 sieve 98.1 98.7 97.5 98.5 98.6 98.5
% clay 0.005 mm 54.0 48.0 61.0 44,0 k49.0 145.0
% colloids 0.001 mm 33.0 26.0 48.0 21.0 25.0 22.0

l/Ba.se exchange capacity, "T" = 30 me per 100 g; cations in natural soil
in me per 100 g—H*+ = 12,0, Catt = 11.6, Mg+t = 4,5, Nat = 1.k, K+ = 0;

Average valency (calc.) = 5118 3Oh_5 T = 1.k,
Tttt T
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TABLE 3

OSMOTIC ACTIVITY f(i) OF PUTNAM CLAY AND ITS HOMOIONIC MODIFICATIONS FROM
THE CONSOLIDATION GRAFHS OF REFERENCE

Soil P £(1) K

i
Modification (%) (atm) Eq. 6 Eq. 8 1o 1o/S.L.
Natural 33.3 L 0.255 -0.064
34.0 3.5 0.228 -0.064
3k4.6 3 0.198 -0.066 24 1.3k
37.7 2 0.145 -0.061
41,2 1 0.079 -0.06L
45,2 0.5 0.434 ~-0.064
Sodium 4o0.6 4 0.222 -0.0228
1.7 3.5 0.200 -0.0236
4.0 3 0.180 -0.0233 12 1.02
49.3 2 0.135 -0.0233
59.1 1 0.081 -0.0232
68.0 0.5 0.0465 -0.0238
Potassium 31.8 N 0.174 -0.063 ' '
32,5 3.5 0.156 -0.0635 19.8 1.02
33.3 3 0.137 -0.064
35.5 2 0.097 -0.0645
39.8 1 0.0545 -0.063
43.0 0.5 0.0295 -0.066
Calcium 36 4 0.398 -0.105 - -
37 3.5 0.354 -0.09% - -
38.2 3 0.315 -0.0835 {
39.8 2 0.219 -0.0795 32.2 2,6
43.6 1 0.1195 -0.081
y7.2 0.5 0.0645 -0.0795
Magnesium . 34,6 4 0.378 -0.0k6
35.5 3.5 0.34h4 -0.0h6
37.0 3 0.30k4 -0.04k45 25.4 2.05
39.8 2 0.218 -0.046
45,7 1 0.125 -0.04k45
50.0 0.5 0.0685 -0.0k35
Hydrogen 35.5 L 0.194 -0.080 - -
37.0 3.5 0.177 -0.072
38.0 3 0.156 -0.071
39.8 2 0.109 -0.073 26.6 1.63
43.6 1 0.060 -0.071
46.8 0.5 0.032 -0.073
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The results shown in Table 3 and Figure 2, which have been obtained
by considering water suction in clay soils as an osmotic phenomenon with-
out membrane due to the exchange ions, lead to the following conclusions:

1. The direct application of Van t'Hoff's law implies that the hydro-
static or osmotic pressure developed (Eq. 2) is directly proportional to
the base exchange capacity and inversely to the valence of the exchange
ions. This is in qualitative agreement with the known facts on the in-
fluence of the quantity and nature of the clay minerals and organic mat-
ter on water sorption and with the lesser activity of polyvalent cations.
On the other hand, this does not explain the enormous influence of the
nature of the cation, for example, Nat and K*. The same law would make
the osmotic pressure, under otherwise equal conditions, increase with in-
creasing temperature, a phenomenon that according to our knowledge has not
as yet been investigated experimentally. The simple application of
Van t'Hoff's law considers the osmotic pressure inversely proportional to
the initial water content of the soil system, which we have called the
dilution factor, but it does not explain the quantitative relationship
between both factors and leads to extremely high values for the osmotic
pressure developed.

2. The basic hypothesis is the introduction of the concept of the
osmotic activity of the exchange ions, which is a direct and necessary
consequence of the fact that osmotic water suction in the case of clay
soils is "osmosis without membrane." The activity is a function that de-
creases exponentially with increase in moisture content and the course of
the decrease depends on & specific soil constant K, which is the basic
factor that determines the osmotic pressure actually developed. Figure 3
shows the influence of the "dilution" factor and of the activity factor
on the magnitude of the osmotic pressure developed by Nat-Putnem clay.

The value for K depends for each soil on the nature of the exchange
ions and decreases in the following order:

Nat Mgt K+ gt cat+
K = -0.023; -0.045; -0.063; -0.072; -0.081

which corresponds to their degree of hydration or solvatation. The os-
motic pressure developed is, of course, a decreasing functlon of the mols-
ture content (Eg. 3).

3. It is an important experimental fact that the maximum value for
the activity (i.e. £(i) = 1) corresponds to a moisture content 1, that is
practically identical with the shrinkage 1imit for the Nat- and K+-Putnam
clay solls. The ratio io/S.L. increases for the other ions in the order

Nat = Kt nat ut Mg+t Catt

io
S.L.

This signifies that the bivalent cations, and likewise Ht which also has
a flocculating effect, exhibit aggregation tendencies and form a struc-
ture as the moisture content decreases and the particles come closer to-
gether. One must keep in mind that at a water content of io, the pore
volume and the solid volume of the system are approximately equal, giving
a chance for contact between the particles, and that 1o is that water
content at which the relationship, "decrease of volume of the system =

=1,02 1.3% 1.63 2.05 2.6
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COORDINATES OF RIGHT-OF-WAY CWNERSHIPS FROM ORIGINAL PLAT DESCRIPTIONS

OWNERSHIP CO ORDINATES
JOB PARCEL CRNER CO ORD Ew CO ORD
HOLMANTAOS HES 317 539890472 754302470
HOLMANTAOS HES 317 539721440 75925153
HOLMANTAOS HES 317 539642424 759218644
HOLMANTAOS HES 317 539541072 759175636
HOLMANTAOS HES 317 534641044 749935420
HOLMANTAOS HES 317 539765013 745423693
HOLMANTAOS HES 317 544068473 739842437
HOLMANTAOS HES 317 54417770 739936432
HOLMANTAOS HES 317 539955491 759053401
ERRORS
HOLMANTAOS HES 317 le36 0e31 539640488 759218475
Son [T — T + o g sma
eo}j[#wezo 2, TRAVERSE COMPUTATIONS o
{ N AREA IN WUAIE FEET LATITUDE DEPARTURE COORDINATES
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TABLE 5
RELATIONSHIP BETWEEN OSMOTIC PRESSURE AND SOIL-WATER CONSTANTS
Osmotic Pressure Osmotic Pressure Vacuum Osmotic Pressure t Osmotic Pressure
Cation LL for i =L L PL for i = P L Moist for i sVME Moist for i = Opt M
atm pF atm pF Equiv atm pF atm pF
Natural 64.5  0.021 1.32 - - - 57.1 0.070 1.8 - - -
Na+ 88.0 0.1k2 2,15 25.4 14,1 (%} water- - - 31.3 8.2 3.9
logged
xt 52,8 0107 2.03  27.7 8.4 3.9 53.7 0.090 1.95 28.4 1.3 3.8
Bt 56.4  0.093 1.97 - - - 5h.3 0.138 2,14 - - -
Catt 61.9 0.025 1.bo - - - 58.9 0.426 2.63 - - -
Mg 56.3 0.269 2.h2 - - - 58.7 0.199 2.29 - - .

the more closely, the more permeable the soll 1s. Table 5 contains vacu-
um moisture equivalents and the corresponding osmotic suction values cal-
culated by means of Eq. 5. The osmotic suction values approach the ap-
plied suction of 0.55 atmospheres in the following order:

Na* < nat < K+ < Ht < Mgtt < Catt

This order coincides with that of the permesbilities glven by Winterkorn
and Moorman (13). The calculated osmotic pressure for the most pervious
soil (Ca*t) 15 0.426 atm, which is closest to that for the applied suc-
tion. Waterlogging of the Nat soil, the least permeable, prevented the

determination of its vacuum moisture equivalent.

It has been shown that the swelling of solls is due to the action of
the osmotic pressure that is developed in the aqueous phase of a compacted
soll-water system that is in contact with free water. For constant com-
pactive effort (standard Proctor) at optimum moisture .content, it is pos-
sible to calculate by means of Eq. 5 the osmotic pressure of the respective
moisture contents by using date given in the work by Winterkorn and Moorman
(13). Results of such calculations are found in Teble 5 for the Nat- and
K¥-Putnam clays for which the extrapolation to 1y, fram which £(1i) is de-
termined, can be considered as permissible in the range of the i value at
the optimum moisture content because of the colncidence of iy and the
shrinkage 1limit. For the other soils, it 1s necessary to have consolidation
test data at lower moisture contents, because the optimum moisture content
falls in the range where K changes or is likely to change because the
shrinkage 1limit is smaller than i,.

The same problem for the calculation of (1) appears in the case of
the plastic limit and for this reason only the osmotic pressures that per-
tain to the Nat and Kt modifications are given in Table 5. The osmotic
pressures calculated for these two cases give an idea of the magnitude of
the suction force that clay soils are capable of developing at low initial
humidities. They also reveal the P.I. as an index of osmotic activity
since the larger P.I. of the Nat+ modification corresponds to a larger K
value. This is a consequence of the relatively small influence of the
nature of the exchange cations on the plastic limit and their marked in-
fluence on the liquid 1limit. It is the latter constant that 1is of major
importance from the point of view considered here (see Figure k).

The properties characteristic for clays (such as plasticity end cam-
pressibility) are intimately connected with their cation exchange capacity
which in turn governs the osmotic suction. Tt is well known that rocks
that have not suffered chemical weathering (e.g. quartz flower ground to
the size of clay particles) show very low base exchange capacity and also
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no plasticity or water-retaining power exceeding capillary saturation. All
this leads to the conclusion that osmotic water suction plays a fundamental
role with respect to these properties.

The ability of clays to retain water, even when under external pressure,
above that required for capillary saturation goes parallel with their plas-
ticity properties end several indices for their measurement have been pro-
posed. Skempton (7) proposed the index of compressibility, which is the
numerical value of the tangent of the approximately straight line obtained
by plotting the logarithms of the pressures applied in the consolidation
test against the corresponding water contents.

i _ io

Te = log P17P2
The limiting value of this function is the inverse of E_}gg_g which im-
1

plies that P varies exponentially with i, The importance of the index of
campressibility 1s that it is inversely correlated with the liquid and
plastic limits but has a general proportionality with the content in
<0.002 mm clay. This is to be expected, since not only the quantity of the
clay fractlion but also the character of the component minerals and the na-
ture of the exchange cations are determinant factors. The relationship
between Terzaghi's coefficient of compressibility and Skempton's index of
compressibility is apparent.

Operating at high moisture contents where the logarithmic relationship
of Skempton represents a closer approximation, Eq. 5 should hold true if
the osmotic interpretation is correct. This equation implies that P is
not a simple exponential function of i, but a function of a function of 1i.
It seemed indicated to calculate I. in accordance with the osmotic concept
and to compare it with the findings of Skempton. Using the logarithms in
Eq. 5, one obtains:

£(1)
i

vhere RT"T" 1is a constant for each individusl soil at a fixed temperature
and the index of compressibility the inverse of 4 log P.

log P = log (RT"T") + log

di
Setting Eéll = s, one obtains
af(i)
ds _ i a1 " £1)
ai ~ i2

d log P _ 0.43k4 i

ds  ~ f(1)
0.434 1 d@ £(4) - 0.434 £(1)
d log P _ds x d log P _ di
dai T ai d S - i £(3)
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Since f(i) is an exponential function of 1 :
\

08P &%ﬁl*_f(ﬂi%- ok £ oy,
ai - i f(i) - Toi
Consequently: Is = f—:?§2§§E (9)
i
TABLE 6

INDEX OF COMPRESSIBILITY, NATURAL PUTNAM CLAY SOIL

1 T
i P d log P T 5 . ¢
—_— g P after
(%) (atm) di di Skempton
33.3 L -0.077 12.9 -
34.0 3.5 -0.077 12.9 12.5
3Lk.6 3 -0.078 12.8 8.8
37.7 2 -0.0725 13.8 17.6
1.2 1 -0.07Tk5 13.2 1.6
45,2 0.5 -0.07h4 13.5 13.3
Mean - - 13.2 12.9

Table 6 gives values of I according to Skempton (Col. 5) and values
calculated by means of Eq. 9 for the natural Putnam soil using the ex-
perimental date of Winterkorn and Moorman (13). The values calculated by
means of Eq. 9 are in better agreement with each other than the I, values
after Skempton in which the term 0.434/1 is neglected. On the other hand,
these calculations show why the straight-line relationship between log P
and i is only an approximation and that the true index of compressibility
is K - O.h3h/i. The approximative character of the linear relationship
between log P and i has also been indicated by Macey (18) and by Terzaghi
with respect to the relationship between the voids ratio and log P.

There have been other empirical formulae proposed to express the re-
lationship between P and 1. Freundlich and Posniak (15) found with other
materials:

P = Po x Ck

where Po and k are constants and C 1s the concentration expressed in grems
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of colloids per 1000 gm of colloid plus water; this relationship was ap-
plied by Terzaghi to soils. Maptson (6) proposed:

P = B where B 1s a constant and 1 the cubic centimeters of

3
i
water retained per gm of bentonite clay.

These relationships represent only gross approximations and conse-
guently do not fit the experimental data very well. This, of course, is
to be expected, because in accordance with osmotic considerations P is a
function of a function of 1.

It would be desirable to apply Eq. 5 to other soils and engineering
characteristics that involve a sufficilently high water content for osmotic
suction to play a determinant role. For this purpose, data on consolida-
tion behavior, base exchange capacity, and nature of the exchange ions
are required. Unfortunately, these latter properties have not been given
sufficient attention by most experimenters. It is hoped that this state
of affairs will be rectified and that the osmotic theory in its present
form may be tested and verified on the basis of a larger body of experi-
mental evidence. If additional experimental evidence confirms the con-
clusions drawn from the data on Putnam soil, then a unified physical in-
terpretation can be given to apparently unrelated empirical soil character-
istics and be connected by these characteristics with the fundemental prop-
erties of the soil at hand ("T" value and character of exchange ions) at
moisture contents at which osmotic suction is a determinant factor.

On the other hand, recent investigatiqns have demonstrated the rela-
tionship existing between the physical properties of soils and clays and
their mineral components. Each of the major known groups of clay minerals
has a more or less well defined range of exchange capacity and consequently
of osmotic capacity:

Clay Mineral Group "T" value inm e per 100 g
Montmorillonite 60-100

Illite 20-40

Kaolinite 3-15

Their osmotic activity, however, will depend on the nature of the exchange
cations among which the Nat ion plays an outstanding part.

OSMOTIC INTERPRETATION OF SWELLING

In the osmotic interpretation of consolidation data obtained on re-
molded saturated clay soils, equilibrium was reached when the applied
pressure P equals the hydrostatic pressure of osmotic origin developed by
the dissolved exchange ions.

P = (Po)real in equilibrium with a water content i. Before the
equilibrium condition is reached, the applied constant pressure P performs
consolidation work that involves plastic deformation and expelling of
weater through the pores of the system. For the latter, viscous flow re-
sistance must be overcome, This resistance follows the law of Poiseuille
which relates the flow rate to the pressure gradient and the pore radius.
Therefore, a certain period of time is necessary for equilibrium to be
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attained at 'each constant applied pressure and this period will be the
greater the smaller is the effective pore radius. The elimination of

water implies an increase in the concentration of the exchange ions and

of their osmotic activity "T"/i and £(1) in Eq. 3, i.e. in the osmotic
pressure (Pg)real which at a certain water content i reaches the value of

P. The osmotic interpretation differs fram the mechanicel model of Terzaghi
in the explanation of the equilibrium condition, but agrees with it on the
influence of the time factor.

If the consolidation pressure is removed at equilibrium and contact
with free water is maintained, osmotic suction starts because of the dilu-
tion tendency of the exchange ions. The system begins to swell, but the
swelling is opposed by the deformation resistance of the system and the
viscous resistance asgainst the inflow of water. If the previously applied
consolidation pressure has been sufficiently high to produce a high
(Py)real &t equilibrium condition, this pressure will overcame the resis-
tence of the system and result in swelling which may even perform external
work by lifting a surcharge; in other words, a swelllng pressure Pg is
developed that may be measured by a surcharge that just prevents swelling.
Swelling involves an increase in moisture content i; therefore, the initial
(Po)resl exlsting at the removal of the surcharge decreases while the
system swells until it becomes equilibrated by the combined effect of the
internel resistance and the remaining surcharge. This decrease of the
swelling pressure Py with increassing i mekes the swelling process essen-
tially different from the consolidation process which proceeds at a con-
stant pressure.

The possibility of resalizing external work from the swelling process
and of having a swelling pressure Py that can be determined experimentaly
is a consequence of a low initial moisture content and of an advanced
state of consolidation. Such a state can be obtained by consolidation of
a system fram a high initial moisture content to a point where the moisture
Just f£ills the pore space.

By this reasoning, it is possible to explain the shape of both the
consolidation and swelling curves as corresponding to existing equilibrium
conditions. In consolidation, the applied load P balances the osmotic or
hydrostatic pressure existing in the aqueous phase of the system at the
equilibrium water content, whereas in swelling, the osmotic pressure 1is
balanced by the surcharge and the internal resistance of the system to
expansion and water intake.

Figure L4 presents swelling and consolidation curves derived for Nat.
Putnam clay from the deta by Winterkorn and Moormen (13). We consider an
initial state a with a water content 1 that is in equilibrium with pres-
sure P equal to (Pb)reall' If the pressure P; is reduced to Pgp while

the system is in contact with free water, then (Po)reall - Py determines

the swelling and the associated decrease in osmotic pressure and increase
in i. At the moisture content is, the value of the osmotic pressure
reaches that of the supercharge Pgo and swelling stops. From Pgy to Pgp,
the swelling produces external work that is measured by the area i ip c D
(pressure x volume, if ip - i3 1s used to express the volume increase%.

If one wants to complete the cycle, one must increase the supercharge to
Po (point d); then, following the consolidation curve, water in the amount
of 1o - 1] is expelled and the initial state is reached by performing an
amount of work given by the area ip - i3 d a. The area a b ¢ d or P Pp
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Ps1 Ps2 measures the difference between the work supplied to the system
during the consolidation process by the action of the supercharge P; and
the external work realized from the osmotic swelling. This difference is
a measure of the internal resistance of the system to swelling and is
called swelling hysteresis.

For small amounts of swelling (ip - i;—0), the area Py Po Pg1 Pg2
is approximately equal to P - Pg (ip - i1). Hence, for the same increment
(12 - il), P - Pg is a measure of the internal resistance of the system
to swelling. This can be read directly from consolidation-expansion equili-
brium graphs made from plotted experimental data.

Por the case in which the moisture content is i3 and Pg = 0, the con-
solidation pressure equals P3. This is the minimum value for an effective
consolidation and corresponds to & (Pg)res] that is equal to the internal
resistance of the system. Higher pressures lead to further consolidation
and to (P - Pg)>0; i.e., to swelling pressures that after removal of the
external load permit the system to perform external work.

A relationship between the applied consolidation pressure P and the
maximum swelling pressure Pg, which the system can produce and which cor-
responds to a small increase in moisture content (i.e. at practically con-
stant volume), can now be established. A coefficient a that permits the
dividing of P into Py and the internal resistance is introduced in the
following manner:

aP =Pg; (L-a) P=P- Pg
aP + (1 -a) P=P (10)

When ¢ == 1, P—=Pg and P - Pg = O, then one is dealing with strongly
consolidated soils having a low moisture content, a high (Po)real: and
consequently high swelling pressures if the internal resistance does not
compensate for the (Pp)regl that has been developed.

When a =0, Pgs—= 0 and P - Pg — P, the system is one of low con-
solidation, high moisture content, low (Pg)real, and small swelling pres-
sure. When (Pg)yeal is equal to or smaller than the internmal resistance,
no expansion or production of external work is possible. For each soil
there exists a maximum value for P at which a = 0 and Pg = O.

From the consolidation-swelling graphs given by Winterkorn and Moorman
(13) for natural and homoionic Putnam solls, the P and Pg values for
moisture contents have been taken that were practically equal for the ex-
treme cases, i.e. for Ps = O and, in the case of maximum values, for equal
P values. These are shown in Table 7.

It can be seen that the internal resistance compensating (Pg)pea] for
Pg = 0 corresponds to a moisture content and degree of consolidation at
which contact between the solid particles or the strongly bound water
films around these particles is already possible. This moisture content
is distinctly higher for the Nat soils.

It can be expected that a is a function of the degree of consolidation
which determines the free pore space, and of the moisture content, which
determines (Pg)real- The swelling curves of Winterkorn and Moorman (13)
have a flattened shape and it was possible to extract only a few points
that indicate in a preliminary menner that a decreases linearly with i and
increases exponentially with P; starting at a Py value that corresponds
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TABLE 7
Soil i P PS P—PS _ Ps
Modifications (%) (atm) (atm) (atm) “ =7
Natural 36.2 2.8 o} 2.8 0
34.0 L 0.9 3.1 0.25
Potassium 347 2.4 0 2.4 0
31.8 L 0.5 3.4 0.125
Magnesium 37.7 2.8 0 2.8 0
34.8 L 1.2 2.8 0.30
Sodium 49,0 2.2 0 2.2 0
41.3 4 1.6 2.4 0.40
Hydrogen 38.4 2.8 0 2.8 0
36.2 4 0.7 3.3 0.175
Calcium 37.0 2.6 0 2.6 0
33.4 4 2.2 1.8 0.55

with @ = 0. It is desirable to ratify these relationships on the basis
of a larger body of experimental data.

The osmotic interpretation of the consolidation and swelling phenomena
occurring in saturated clay soil systems permits the recognition and or-
ganization of the causative factors of these phenomena in the following
manner:

1. The active swelling force is the osmotic pressure of the aqueous
phase of the soil-water system. This force decreases with increasing
water content. The soil characteristics that govern this force have been
treated earlier.

2. Opposed to this active force is an internal resistance of the soil-
water system expressed by the coefficient a. The internal resistance is
the sum of (a) the mechanical resistance of the system to expansive de-
formation and (b) the viscous resistance to the incorporation of swelling
water into the pores of the system. This sum is a function of the vis-
cosity of the water and the permeability of the system.

3. The capacity for swelling and for developing a swelling pressure
that is able to perform external work depends on the relative magnitude
of the swelling pressure and the intermal resistance.

4, Remolded, noncemented, expansive soils possess a low resistance
to deformation and a high one to viscous flow. The coefficient approaches
unity when a high pressure of consolidation results in a low initial
moisture content and a high (Pg)yesl; @ —= O under opposite conditions.

5. Undisturbed or cemented, structure-endowed, expansive soils pos-
sess a high resistance to deformation and may absorb a large part of
(Po)real; consequently a — 0.
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6. When the clay fraction of a soil occupies the spaces between the
coarse granular components of a soil, then the swelling of the clay re-
sults in expansion of the system if the combined volume of clay particles
and osmotlc water exceeds that of the intergranular pore space. If the
combined volume of clay and osmotic water is smaller than the intergranu-
lar porosity, then a—e0; if larger, then a—=1, as shown by Winterkorn
and Choudhury (20) and Winterkorn (21).

7. When the initial soll-water system is not watersaturated, then
water intake can take place by dislocating air without increase in total
volume. It is impossible, however, to expell all air. Occluded air will
be compressed by the swelling pressure in accordance with Boyle's law and
dissolved in part in accordance with Henry's law. The result of this is
a decrease in active swelling pressure. Altogether, the swelling press
that a given soil in a given condition can develop depends fundamentally
on the osmotlc activity of the cations in the aqueous phase and on the
value of a,

THE SWELLING OF SUBGRADES

The swelling pressure and the volume changes that may take place in a
subgrade underneath a highway pavement are now examined. A subgrade soil
campacted at Proctor optimm moisture content to maximum dry density,
vhich expands against a supercharge that equals the weight of the contem-
plated superimposed structure is assumed. Of primary interest is the
swelling pressure that may be developed with volume changes small enough
to leave the structure unaffected. This means that the soil volume should
remain practically constant or AV:<1 percent.

For the determination of the maximum swelling pressure in the labora-
tory under conditions that duplicate as closely as possible those in the
field, one can use the apparatus of Hveem (15) or its adaptation for de-
terndning the C.B.R. as used by Duarte Marchetti and Ruiz (22) in the
laboratories of the Highway Department of the Province of Buenos Aires.
Test specimens are made with compaction requirements similar to those
specified for the roed project — at optimum moisture content as well as
on the dry and wet side of it. The mold with the specimen is placed
within a rigid frame. The surface of the specimen is covered with a
porous plate and a compressometer is fastened between this plate and the
upper arm of the frame. The mold with specimen 1s submerged in water and
the compressometer dial registers simultaneously the swelling pressure
and the expansion. One uses compressometers that, at maximum swelling
force reached as & function of time, register a volume increment less
than 0.5 percent of the original volume. This means that the volume re-
mains practically constant and that a condition of permanent equilibrium
exists between swelllng pressure and supercharge.

Table 8 gives swelling pressures measured by this method for typical
cases. These cases show as a generally observed characteristic the repid
fall of the swelling pressure with increase in initial moisture content.

The basic purpose of this work is to develop a theory that permits
the interpretation of the preliminary results that have been obtained
so far with different soills of the Province of Buenos Aires and that can
serve as a guide to the correction of swelling, a problem of great tech-
nical and economic interest.
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TABLE 8

MAXTMUM SWELLING PRESSURES AT PRACTICALLY CONSTANT VOLUME OF
TYPICAL SOILSL/ OF THE PROVINCE OF BUENOS AIRES

Compaction Mex. Swelling
Soil Characteristics Moisture Pressure
(%) (kg/cm?)
A SL = 18 20 0.172
LL = 34 232/ 0.080
PL = 23 25 0.011
Passing 200 = 98%
HRB Class. A-6(9)
B SL = 10 18 1.490
LL = L4 232/ 0.529
PL. = 25 28.5 0.230

Passing 200 = 84%
HRB Class. A-7-6(12)

l/Ccmpa.cted by the Standard Proctor Method at, below, and above optimum
moisture content.

2/ Optimum.

The first point to be kept in mind is the initial moisture content.
From the osmotic point of view this governs the active force of swelling,
which is the osmotic pressure developed. Considering soils campacted by
the standard Proctor method at optimum moisture content, the compaction
work employed amounts to 5.5 1b x 25 blows X 18 in. = 12.4% ft-1b per cu
ft = 60.4 kg per cu dm. These amounts are used up by the frictional and
cohesive forces that oppose themselves to the displacement of the parti-
cles. The actual work performed in this compaction process is necessarily
smaller than that required for consolidation to the same density starting
with an excess of water. This is because of the work involved in over-
coming the viscous resistance of the -latter. Consequently the amounts of
work involved in compaction and cofisolidation are not strictly comparable.
Also, & soil-water system campacted at optimum moisture content with the
Proctor standard method is not saturated, but possesses an air-pore vol-
ume of the order of 5 percent. Thus, in order for such systems to be satu-
rated, an increase in moisture content of the order of 3 to 5 percent of
the dry weight of the soil is necessary.

The fact of unsaturation implies that osmotic suction can superimpose
itself on capillary suction. The capillary suction later stops at satu-
ration while swelling continues as long as the osmotic pressure exceeds
the resistance to volume increase.

The problem of establishing a moisture content for subgrade soils
that is representative of that in equilibrium under field conditions is
well known and need not be treated here. It need only be stated that
there exist different criteria for judging the danger of water saturation
and swelling under service conditions. These criteria are reflected in
the different test methods proposed for obtaining data to be used in design.
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As examples, the following are mentioned:

1. The criterion of Porter: saturation in the presence of free water,
the specimen being confined by a supercharge equal to the pressure exerted
by the pavement.

2. The criterion of Hveem: no water exudation when the specimen is
submitted to a pressure of 28 kg cm-2,

3. The criterion of McDowell: saturation under conditions of normal
and lateral confinement that duplicate service condition.

All this shows the great need for a theory to explain the suction of
water and the swelling of & soll system after the existing caplllary po-
rosity has been saturated. Such a theory is particularly important for
soils of marked swelling characteristics.

The osmotic theory explains, at least qualitatively, the experimental
and observational facts. For a certain degree of densification, low ini-
tial molsture contents give rise to large osmotic pressures particularly
in the case of Nat exchange ions possessing high osmotic activity. Osmo-
tic suction does not stop at pore saturation of a soil and may still be
present to a marked degree at the moisture content of the liquid limit.
The osmotic suction produces a hydrostatic pressure (analogous to the
pore pressure) that acts against the solid phase and tends to expand the
system against the resistance of the solid phase. The osmotic suction
forces must also overcome the resistance of the porous system to the en-
trance and distribution of water. Simultaneously with water sorption,
the osmotic pressure decreases tending to a new equilibrium value. Low
initial moisture contents and associated high osmotic pressures may also
exist in granular-cohesive soil systems that are possessed of a granular
skeleton, the intergranular spaces of which contain the swelling clay
material. Under such conditions, internal swelling msy occur without ex-
ternal increase in the volume of the soil system (gg,gl).

There are two baslc reasons for the importance of the character of
the exchange ions in the swelling process. Ca*t and Ht ions possess less
osmotic activity than the Nat, K*, and Mgt ions as expressed by the value
of the constant K and a greater tendency to aggregation, which tendancy
favors formation of a flocculated structure and results in increased in-
ternal resistance to swelling. This explains the reduction of volumetric
swelling by the incorporation into a soil of portland cement or hydrated
lime often mentioned in foreign and domestic literature (23,24,25,26).

No study seems as yet to have heen undertaken on the effect of these ad-
mixtures on the swelling pressure though this research with solls of the
Province of Buenos Aires is being planned. Theoretically, small admix-
tures of hydrated lime should be sufficient for this purpose as long as
they are uniformly distributed and given enough time for effective cation
exchange. It is important to keep in mind that the influence of Nat ex-
change ions on the physical properties of soils are already pronounced
when these ions represent only about 15 percent of the total exchange
capacity 7. Hence, marked changes in volumetric expansion and swell-
ing pressufg vhich codetermine the swelling work may be expected already
with additive concentrations well below those calculated on the basis of
the "T" value.

The action of soluble salts, such as CaClp, employed in the control
of soll swelling 1s of & more complex nature. Its theoretical treatment
employs the Donnan equilibrium, to be shown later.
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As previously indicated, experiments show a rapid fall of the maximum
swelling pressure, at practically constant volume of the system, with a
small increase in moisture content when the moisture content is in the
range of the optimum for compaction. The osmotlc theory permits the deri-
vation of the function that connects P5 and i.

When Egs. 5 and 10 are combined,

R T IITH
Pl = —— x @ x £(1) (11)

which expresses the condition of equilibrium between the excess osmotic
pressure developed with respect to the internal resistance of the system
and the supercharge Pg. Eq. 11 shows the rapid fall of Pg with increase
in i; the term R T "T"/Va is a constant for each specific soil and tem-
perature and is directly proportional to the base exchange capacity and
inversely to the valency of the exchange ions. The term a f(1) is a com-
bined expression of the internal resistance a and the osmotic activity
f(1); both functions decrease with increasing moisture content i and are
influenced by the nature of the exchange cations.

The term a £(1) can be evaluated provided that the remaining terms of
Eq. 11 can be determined experimentelly. Preliminary experiments show
that a f(1) falls exponentially with increasing i, because log [a £(1)]
is a decreasing straight line function of i. With same soils, this func-
tion deviates from linearity at low moisture contents. This may be inter-
preted as a consequence of internal expansion in systems possessing a
granular skeleton with fixed Intergranular porosity (gg,gl).

The importance of these preliminary results and of the application of
the osmotic theory lies in the fact that they explain why one cannot ex-
pect simple relationships to exist between Pg and i inasmuch as the first
is of necessity a function of a function of the moisture content. The
swelling of soils and particularly of hydrophilic colloids in general has
been considered for many years as a complex phenamenon in which purely
mechanical factors are of importance though the fundemental explanation
must be sought in the elsctric charges of the micelles and in osmotic
phenomena (Ostwald and Mundler, 1919). The osmotic theory gives a first
rational explanation of the Influence of these factors when the moisture
content of the soil is such that osmosis without membrane is the predomi-
nant phenomenon. This occurs in soils when the moisture content exceeds
that of the shrinkage limit and becomes the exclusive factor in the satu-
rated state where the capillary forces cease to exist. For the future
development of this theory, it is necessary that methods be found that
permit separate determination of @ and f(1) and the establishment of cor-
relations that connect these functions with moisture content, degree of
densification, and soil characteristics.

THE INFLUENCE OF FREE ELECTROLYTES— DONNAN EQUILIBRIUM

So far, only the influence of water on soil-water systems in the ab-
sence of free electrolytes or salts has been consldered. Soils contaln-
ing more than 0.2 percent of soluble salts are called saline and one dif-
ferentiates between weakly salinized (0.2 to 0.5 percent) and strongly
salinized (> 0.5 percent) soils (Rosov). At a soil moisture content of
20 percent the salts present in the liquid phase cause by themselves
alone osmotic pressures of the order of tens of atmospheres and even



s

larger if they are separated from free water by means of a semipermeable
membrane. In the absence of such a membrane, free diffusion takes place
and no osmotic pressure 1s developed.

The free electrolytes interfere, however, with the osmotic pressure
developed by the exchange ions which are held in the electrostatic adsorp-
tion field of the solid soil particles. This interference gives rise to
a counterpressure called "Donnan effect."” Consider the simplest case can
be teken from Winterkorn (8), namely a homoionic Nat clay in a NaCl solu-
tion of molar concentration a. The contact surface AB in Figure 5 is per-
vious to water and free ions but not to the electrostatically restrained
exchange ions. The molar concentration of the Nat exchange ions shall be
called z.

If there were no Nat exchange ions, then Nat and C1™ ions of the ex-
ternal solution would diffuse into the internal water phase until the con-
centration in both solutions were the same. In the presence of the Na*
exchange lons, the external Na' and C1- ions diffuse only until thermody-
namical equilibrium is established. The latter requires that the concen-
tration product in both solutions be equal.

If q is the loss in concentration of the externsl solution, then the
equilibrium condition is

a(z+4q) = (a-4q)?
FIGURE 5
DONNAN EQUILIBRIUM
Internal Solution ? External Solution
Clay” Na* 5 Na? cL” Initial State
Z : a a
B
- + - A + -
Clay Na Cl 1 Na Cl1 State of
: Donan Equili-
z+a a i a-4a &-4q brium
B

which permits the calculation of q as a function of the known z and a
values:
a?

q = z + 2a

The number of external ions that cross the boundary AB depends, there-
fore, on the relationship between a and z.

First case: a = 0., This applies to nonsaline soils, i.e., soils not
containing free electrolytes. The molar concentration of the internal
solution corresponds to that calculated from the base exchange capacity
as employed in the preceding paragraphs.

Second case: & < z. This applies to clays of high base exchange
capacity and low salt content. The equation for the Donnan equilibrium
shows that the osmotic pressure developed under equilibrium conditions is
smaller than that calculated from Van t'Hoff's law because it depends now
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on the difference in concentration of the internal and extermal ions.
This is the basic principle of Mattson's theory of "osmotic imbibition"
(6). 1In this case, the difference or excess e will be equal to a, and
"= (2q +.2) - 2(a - q) = kg - 2a + z. As the value for q is unknown,
one substitutes 1ts value as a function of z and a and obtains

La2 22
€=7%%a - 22 * % = 7y
Then, in accordance with Mattson, the osmotic pressure becomes
2
Z
P =RT z + 2a

and water will be sucked from the external to the internal solution.
According to the author'!'s concept, the right hand part of this equation
should be multiplied by f(i) to account for the actual osmotic activity
of the exchange ions.

Third case: &a > z., This applies to clays with low base exchange
capacity and concentrated electrolyte solutions. In this case, q———1/2a,
which means that at the limiting case the external Nat and C1- ions tend
to distribute themselves uniformly throughout the entire liquid medium,
thus annulling the osmotic effect of the exchange cations. One sees
clearly that the increase in free electrolyte concentration counteracts
the osmotic suction and hence swelling. This 1s a well-known experimen-
tal fact shown, e.g., in the classical experiments by Winterkorn and
Eckert and Schappler (8) who determined the free swelling of a bentonite
Na* clay in solution of NaCl of increasing concentration and of Ca‘t-Putnam
soil in solutions of CaClp. However, experiments concerned with the in-
fluence of free electrolytes on the consolidation phenomenon and the
swelling pressure are not known to the author.

Besides the use of Donnan equilibrium in a case where the clay was
homoionic and had a cation 1n common with the electrolyte, the Donnan
equilibrium can also be applied to more complicated systems where there
are no common ions or where the ions are polyvalent. The resulting equa-
tions are more complicated, but the direction of the electrolyte influence
is the same.

In recapitulation, the basic concept is that the osmotic suction of
water is due to the retention of the exchange ions by the electrostatic
charges on the surfaces of the clay particles which counteracts their
kinetic energy and restrains their ability to diffuse. Osmotic suction
occurs in the absence of free electrolytes in accordance with the pheno-
menon of osmosis without membrane to which the equation of Van t!'Hoff
can be applied using, however, the "osmotic activity" instead of the molar
concentration. The Donnan equilibrium that is produced in the presence
of free electrolytes appears to act as a reducing and not as a determinant
factor with respect to osmotic suction. Mattson's ideas are useful in
the explanation of the depressing action of salts on osmotic suction in
the case of saline soils.

In order to clarify the different concepts, the osmotic pressure that
Naet-Putnam clay can develop at optimum moisture content from the different
points of view will be calculated. It is assumed that the dissociation
of NaCl in Nat and C1- ions is complete, that thelr activity in dilute
solutions is unity, and that the "osmotic activity" f£(i) of the exchange
Nat is the same as in the absence of the electrolyte. These simplifications
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are acceptable in first approximation when the free electrolyte concen-
tration is small.

Teking: Optimum moisture content = 31.3; "T" = 30; Va = 1, T= 273 + 25
log (£(1)); - 31,3 = 0.0235 (31.3 - 12) = - 0.k5h = 1,546;
f(1) = 0.352

Applying the equation of Van t'Hoff directly in the absence of free
electrolyte, 1.e. for a = 0, one obtains

_ _ " T" _ 30 _
z =[] = 535 = 5r357 = 0%

Py = 0.082 x 298 x 0,96 = 23.4 atm. This P, holds for the case that
the aqueous phase behaves as an ideal solution. In the absence of elec-
trolytes, there exists no Donnan equilibrium and consequently the cation
excess is z = [c]. Introduction of the osmotic activity f(i) reduces this
value to Py = 0.082 x 298 x 0.96 x 0.352 = 8.2 atm.

We consider now the presence of 0.19 g of NaCl per 100 g of dry soil,
which when dissolved in the aqueous phase of the soil-water system gives
a = 0.1. This free electrolyte may diffuse freely and does not modify
Po according to Van t'Hoff's law. Application of the Donnan equilibrium
reduces the active concentration to the excess of internal over external
concentration and one obtains

(0.96)2

o+ xox) - °%

which gives an osmotic pressure of
Po = 0.082 x 298 x 0.8 = 19.6 atm.

This is 16 percent less than that calculated according to Van t'Hoff.
Considering now the real osmotic activity of the exchange ions as affected
by the reduction produced by the Donnan equilibrium, one obtains

Po = 0.082 x 298 x 0.80 x 0.352 = 6.9 atm.
Thus, the presence of the NaCl reduces the (P,),.oq7 from 8.2 to 6.9 atm.

These calculations show that the effect of an assumed Donnan equili-
brium in the case of nonsaline soils is much smaller than that of the
osmotic activity f(i). This is a logical consequence of the concept of
osmotic suction as due to osmosis without membrane.

In turn, the Donnan equilibrium gives a first if semiquantitative ex-
planation of the influence of free electrolytes in the case of saline
solls. The calculation made before involving high concentrations of NaCl
do not correspond with actusl behavior, inasmuch as the simplified assump-
tions, by means of which calculation was made possible, are incompatible
with reality.

With respect to practical applications, such as adding soluble salts
for the correction of soill swelling, one must keep in mind that such salts
produce ionic interchanges and modify the soil properties. Also, one can
use only such salts as do not expand by crystallization in their hydrated
forms. For economical and technical reasons, the most promising salt for
the indicated use is calcium chloride, which has been employed in practice
for a long time malnly because of its hygroscopic properties.
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