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Foreword 
This RECORD contains six papers and <;me discussion which 
report the results of fundamental studies of physicochemical 
phenomena in soils. They range in scope from considerations 
of swelling and thixotropic phenomena through the structure of 
soil water and its interactions with clay surfaces and the in
fluences of different cations on the engineering properties of 
clays to an analysis of freezing processes in soils. The re -
search results reported should be of interest to other workers 
in the area of physicochemical phenomena in soils and to engi
neers desiring an improved insight into the characteristics of 
the materials with which they work. 

Nalezny and Li propose a model for the mechanism of swell 
pressure generation based on soil structure and clay colloid 
chemistry, and report good agreement between theory and ex
periment. These authors have also studied the influence of 
thixotropic hardening on swelling behavior. George has sup
plemented this paper by presenting data to show that not all 
clay types may exhibit thixotropic hardening and that particle 
reorientation effects relate directly to the magnitude of the 
thixotropic effect. This paper and discussion will be of par
ticular value to those interested in the mechanisms controlling 
the swelling of compacted clay. 

Senich, Demirel, and Handy report the results of very 
careful and detailed studies of water adsorption on calcium 
montmorillonite. Both adsorption isotherms and X-ray dif
fraction data were obtained and utilized to draw conclusions 
relative to the interaction energies between water and clay 
surfaces, swelling pressures, and the structure of interlayer 
water. This paper is further enhanced by a discussion of 
existing theories for water adsorption and water structure, as 
well as an excellent bibliography. 

A series of three papers by Winterkorn and his coworkers 
contribute to our knowledge and understanding of compositional 
and other factors controlling the engineering properties of 
soils. Vees and Winterkorn determined a number of proper
ties of several ionic forms of different clays. The results of 
this research suggest that the primary effect of different ex
change cations is to modify the interaction of clay particles 
with water, thus influencing the effective size and properties 
of the clay micelle. Andrews, Gawarkiewicz, and Winterkorn 
determined a number of classification properties-Atterberg 
limits, dry density, specific gravity-for three clay minerals 
mixed with water, dimethyl sulfoxide and dimethyl formamide. 
A comparison between the interactions of clays with water and 
with other liquids provides a means for development of an im
proved understanding of the clay-water interaction mechanism. 
Reno and Winterkorn determined the thermal conductivity of a 
natural kaolinite and three different cationic modifications at 
several values of moisture content. It has been found that 



density, water content, and the type of exchangeable cation all 
influence the thermal conductivity. 

Jumikis reports the results of continued studies of soil 
freezing. This research has led to the identification of a con
sistent set of relationships, shown in graphical form, between 
porosity and the amount of moisture transferred during freez
ing, permeability, thermal conductivity, streaming potential 
induced during freezing, and frost penetration depth. 

-James K. Mitchell 
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Effect of Soil Structure and 
Thixotropic Hardening on the 
Swelling Behavior of Compacted Clay Soils 
CHARLES L. NALEZNY, Bell Telephone Laboratories, Murray Hill, New Jersey, and 
MO C. LI, Associate Professor of Civil Engineering, New York University 

Basic concepts of soil chemistry, soil physics, and soil struc
ture as related to the expansive behavior of compacted clays 
are examined. A model of the swell pressure mechanism is 
presented. Equations are derived for the vertical and hori
zontal components of swell pressure in compacted clay soils 
with flocculated and dispersed structures in terms of average 
particle orientation and net interparticle swell pressure. 

It is shown that theoretical values of swell pressure based 
on the proposed swell pressure model a gree closely with ex
perimental values, and that the concepts of soil structure as 
presented in the paper offer a reasonable explanation for the 
swelling behavior of a compacted clay. Thixotropic hardening 
is shown to be one of the most important factors determining 
the swelling behavior of undisturbed and remolded clays. The 
r esults of the investigation are related to the fundamental 
aspects of clay colloid chemistry and soil structure. Practi
cal implications of the results are pointed out with particular 
reference to the fundamental physicochemical and engineering 
properties of clay soils. 

•IN THE western and southern parts of the United States and many parts of the world, 
cohesive soils are encountered which exhibit swelling or expansive characteristics. 
Lambe (8), Redus (12), Kassiff and Zeitlen (6), and Dawson (3) cite examples of damage 
to buildings, canals-;-highway and airport pavements, retaining walls, and pipelines as 
a result of expansive soils becoming saturated and swelling. 

The first compre hens ive study of the engineering, physicochemical and mineralogi
cal properties of expans ive soils was conducted by Holtz and Gibbs (5). Their findings 
indicated that expansiveness was primarily dependent on the amount of montmorillonite 
present in the soil and its exchange ions. Volume change was found to correlate well 
with colloid content, liquid limit and shrinkage limit. They also found that for a given 
initial moisture content, swelling and swell pressure increased as the initial dry density 
increased, and that for a given initial dry density, swelling and swell pressure in
creased as the initial moisture content decreased. 

Encouraged by the success of Bolt, Miller a nd Warke ntin (1, 2, 17) and He mwall 
and Low (4) in determi ning the nature and magnitude of the forces be tween cla y parti
cles , Ladd (7) used the concepts of the e lectric douple layer to explain the swelling 
mechanismsi n compacted clays. 

Seed, Mitchell and Chan (14) conducted tests on the swelling behavior of compacted 
sandy clays and found that swelling is dependent on stress history, and that at all ini
tial moisture contents and initial dry densities, samples compacted statically produced 

Paper sponsored by Committee on Ph ysico-Che mical Phenomena in Soils and presented at the 46th 
Annual Meeting. 
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higher swell pressures and swelled more than samples compacted by kneading. They 
attributed this to differences in soil structure, but presented no mechanism to explain 
the phenomena. 

Results of a study to relate soil structure and swelling were published by Parcher 
and Liu (11). These investigators measured the vertical and horizontal components of 
free sweiflndependently in a triaxial device, and attempted to relate the results to soil 
structure and clay colloid chemistry. 

The investigation reported herein was conducted to study the effect of soil structure 
and thixotropic hardening on the swelling behavior of compacted clay soils. The scope 
of the paper is limited to (a) presenting a proposed model of the swell pressure mech
anism based on soil structure and clay colloid chemistry; (b) utilizing this model to 
predict theoretical values of vertical swell pressure for Vicksburg Buckshot clay, and 
comparing them to experimental values; and (c) investigating the effect of thixotropic 
hardening on the swelling behavior of compacted samples of Vicksburg Buckshot clay 
and relating the results to clay colloid chemistry. 

THEORETICAL PRELIMINARIES 

Interparticle Repulsive Pressure 

The interparticle swell pressure between clay particles is given by the osmotic 
pressure midway between the p::irtiP.les with respect to that of the equilibrium solution, 
This can be approximated by the van't Hoff equation 

p = RTC ~Cc + Co - ~ (1) 
s o c r 

0 -c 

where 

Ps interparticle swell pressure, 
R the universal gas constant, 
T absolute temperature, 

C0 cation concentration in the equilibrium solution, and 
Cc cation concentration in the central plane. 

Bolt (1) has shown that the ion concentration midway between the particles can be 
computed approximately, using the Gouy theory of the electric double layer. From 
double layer theory, an expression is obtained relating the cation concentration mid
way between the particles and the distance between the particles 

<f=rr/2 

.! ;aj ,m'• 

11 fFCo (X0 + d) = 2~ 

where 

v valence of exchange ions; 

f3 
8
:;

2 

= 8. 48 (10) 14 cm/millimole at 25 C; 

X0 11~r' a constant dependent upon the surface charge on the clay particles: 

~ .! A for illite, 
II 

~ ~ A for kaolinite, 
II 

~ i 'A for montmorillonite; 
II 

(2) 
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r surface charge on clay particles in milliequivalents/cm 2
; 

2d distance between particles; and 
<I> a variable whose value is not needed to evaluate this complete elliptic in

tegral of the first kind. 

Interparticle swell pressure is not the only force acting between parallel clay parti
cles. To be more complete, van der Waals attractive forces and surface hydration 
forces should also be included. However, as a first approximation all other forces 
will be neglected. 

Structure of Compacted Clays 

Soil structure is the relative arrangement of particles in a soil mass plus the nature 
and intensity of the electric forces acting between adjacent particles (9). The factors 
which determine the structure of a compacted clay soil are the type and amount of clay 
present, the moisture content of the soil when compacted, the valence and concentra
tion of electrolyte in the soil water, the pH of the soil-water system, the type of com
paction, and the amount and intensity of compaction. The arrangement of the particles 
is determined largely by the moisture content and the type and amount of compaction, 
while the physicochemical properties of the soil are the major factors determining the 
nature of the electric forces between adjacent particles. 

In the moisture content range at which clay soils are compacted, the individual par
ticles will be aggregated in parallel orientation. Therefore, a description of soil struc
ture must begin with the relationship between the individual particle aggregations and 
their orientation relative to some datum such as the horizontal plane. The particle 
aggregation may be randomly oriented in a structure similar to salt flocculation (Fig. 1), 
or may be parallel in a structure similar to a dispersed state (Fig. 2). The average 
orientation of the particles may range from horizontal to vertical. 

Cross links are edge-to-face and/or edge-to-edge contacts between individual parti
cles whicb frequently occur between particle aggregations (16). The amount of cross
linking is influenced by moisture content, structure, electrolyte concentration, tem
perature, pH and time. 

The structure of compacted clays is very closely related to their moisture-density 
relationship. Figure 3 shows the general shape of a moisture-density curve. The 
moisture content at which the maximum dry density is achieved under given compaction 
conditions is called the optimum moisture content. 

At moisture contents less than the optimum, the soil crumbs are only loosely packed 
together (Fig. 3). They are too hard to be deformed and squeezed together to fill the 
air spaces between them. This results in a generally flocculated structure with a small 
amount of preferred horizontal orientation due to the vertical compaction. 

As the moisture content is increased, the soil crumbs become softer and are more 
readily squeezed together. This results in a denser and more dispersed structure. 

Typical Particle 
Aggregation 

Figure l. Flocculated soi I structure. 

At moisture contents greater than op
timum, kneading compaction produces a 
dispersed structure with most of the par
ticles being horizontally or vertically 
aligned because of the deep penetration of 

Figure 2. Dispersed soi I structure. 
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Figure 3. Effect of compaction on soi I 
structure. 

the compactor. Impact compaction also 
produces a dispersed structure on the wet 
side of optimum; however, the particles 
are more horizontally aligned than with 
kneading. 

Thixotropy of Dilute Clay Suspensions 

Thixotropy can be defined as a soften
ing or thinning of a flocculated suspension 
caused by stirring, followed by a time
dependent return to the original stiffer 
state (10). If a flocculated clay suspension 
is disturbed by mixing, the edge-to-face 
contacts between the particles will be dis
rupted and the relatively stiff "gel" will 
be transformed into a dispersed suspension 
which is very fluid. As soon as the mix
ing is stopped, the suspension will begin 
to flocculate at a rate depending upon the 
physicochemical properties of the sus
pension. 

Figure 1 shows interaction energy as a function of distance between the edge and face 
of adjacent particles in suspension for high and low electrolyte concentrations. In the 
low-electrolyte suspension, if the average edge-face distance is less than x, the sus
pension will flocculate as soon as the suspension comes to rest. However, if the av
erage cdge-fuce diotance iG greater than x, Brownian motion of the clay coiioids will 
bring them close enough to flocculate at a rate depending upon the energy barrier to be 
crossed. From the figure it can be seen that increasing the salt concentration increases 
the rate of flocculation by lowering the energy barrier. 

Thixotropy of Compacted Clays 

Skempton and Northey (15) and Seed and Chan (13) present data which illustrate the 
increase in strength of compacted or remolded clays aged at constant moisture content. 
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Figure 4. Interaction energy between clay particles. 



5 

The mechanism is believed to be essentially the same as thixotropic hardening of dilute 
suspensions. Figure 5 illustrates the mechanism by which cross links are believed to 
occur. 

The increase in strength of clays with time has been found to increase with moisture 
content up to a certain moisture content, after which it decreases with further increases 
in moisture. The reason for this is that at low moisture contents particle mobility is 
low, and the rate of cross link formation is also low. As the moisture content increases, 
particle mobility and the rate of cross link formation increases. However, increased 
moisture content also increases the average particle separation and net energy barrier 
to be crossed (Fig. 4). Hence, a moisture content will be reached where further in
crease in moisture content will result in a decreasing rate of strength increase. 

SWELL PRESSURE MECHANISM IN COMPACTED CLAYS 

When a compacted clay soil is allowed to imbibe water, it swells until its internal 
forces are in equilibrium with its surroundings. If the soil is confined and allowed 
free access to water, the swell pressure developed is a function of the interparticle 
swell pressure, cross link forces between particle aggregations and individual parti
cles, and structural arrangement and orientation of individual particle aggregations. 

Interparticle Swell Pressure 

Assuming that van der Waals attractive forces and surface hydration forces can be 
neglected, the interparticle swell pressure or simply swell pressure can be estimated 
from Eqs. 1 and 2 for each clay mineral in the soil, if the exchange ions and the elec
trolyte concentration are known. A curve representing swell pressure vs average par
tiCle spacing can easily be calculated, if the surface area of the clay mineral present 
in the soil is known, or can be estimated. The average distance between particles at 
various moisture contents can be approximated quite accurately if all the surface area 
of the soil is assumed to be associated with the flat sides of the clay particles. Then, 
if all the soil water is assumed to be distributed over the surface of the clay particles, 
we obtain 

d = Moisture content in ercent 
100 x Specific surface in sq cm gm 

(3) 

where 2d =Average spacing of flat particles in cm. 

Cross Link Forces 

Cross link forces develop as a result of coulombic and van der Waals attractive 
forces between the edges and sides of nonparallel particles. The shear strength and 
rigidity of a clay soil are a direct function of the number of cross links. The net swell 
pressure of a clay soil is also a function of the number of cross links. As the number 
of cross links increases, the net swell pressure of the clay will decrease. Under con
stant moisture content conditions, cross links form due to the Brownian motion of the 

T IME=O TIME>O 

CROSS LINK 

Figure 5. Formation of cross links during thixotropic hardening of clay suspensions and 
compacted clays, 
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particles; hence, the potential swell pressure of a compacted clay soil will decrease 
with time if it is maintained at a constant moisture content before being given free ac
cess to water. 

The magnitude of the cross link force can be estimated quite simply, by allowing 
compacted samples to swell freely in the presence of an unlimited supply of water. 
The average particle spacing and the swell pressure between the particles can be esti
mated from the final moisture content, and since there are no outside forces acting on 
the specimen, the swell pressure equals the internal pressure due to cross links. 

Efiect of Structural Ar r angement and 
Orientation of P a r ticle Aggre gations 

The total pressure acting across a plane in a compacted clay soil is equal to the sum 
of the forces per unit area acting normal to the plane. If all of the clay particles were 
horizontally aligned, the total vertical swell pressure would very nearly equal the net 
swell pressure. In a compacted clay, however, the particles are not all horizontally 
aligned, and the effect of structure and orientation must be taken into account. 

There are two fundamental arrangements of particle aggregations-flocculated and 
dispersed. In a flocculated soil, as shown in Figure 6, the vertical swell pressure is 
equal to the sum of the vertical components of net swell pressure. Letting Cl: equal the 
average particle orientation with respect to the horizontal, 

f 
P = cos rt (P - P.) 

v s 1 
(4) 

where 

Pt vertical s well pr essure for a floccula ted clay, 
Ps interpar ticle swell pressure, and 
Pi lnl rnal pressur e due to cross links . 

Next, assuming that the two horizontal components of swell pressure are equal, and 
using the relationship 

where 

cos a 
cos f3 
cos y 

z 

cos 2a + cos 2/3 + cos4r 1 

direction cosine with Z axis, 
direction cosine with X axis, and 
direction cosine with Y axis, 

y 

we obtain 

- cos 2 
Cl 

2 
(P - p.) 

s 1 
(5) 

where P~ = hori zontal swell pressure for 
a flocculated clay. 

The average particle orientation with 
respect to the horizontal, a, can be esti
mated from the horizontal and vertical 
components of swell in a three -dimensional 
free swell test: 

Figure 6. Schemati c represe ntati on of a flo cc u
la ted c lay. 

-1 EH 
a = tan -

ED 
(6) 
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where 

AH change in height, 
AD change in diameter, 

H initial height, and 
D initial diameter. 

A dispersed soil is shown in Figure 7. A large percentage of the particles can be 
assumed to be either horizontal or vertical. Therefore, the vertical component of 
swell pressure is approximately equal to the net swell pressure multiplied by the 
horizontal component of surface area divided by the total surface. In equation form, 

(7) 

where 

Pd vertical swell pressure for a dispersed clay, v 
SH horizontal component of surface area, and 

ST total surface area. 

Assuming that in a dispersed clay the particles are either horizontal or vertical, we 
can write 

where 

EH 
lim -

EV 

( - 0 H 

(v - o 

(8) 

(V +AV) - V 
v 

and 

AV volume change, and 
V initial volume. 

Figure 7. Schematic representation of a dispersed 
clay. 

Writing EH/EV in terms of H, D, EH' and 

ED' we obtain 

(9) 

By making the substitution, fED =EH' Eq. 9 
becomes 

(9a) 
( l + ED) 2 

( l + f ED) - l 

Substituting Eq. 9a into Eq. 8, and taking 
the limit of both sides as EH - O, ED - O, 
y - O, we. obtain 
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f 
f + 2 

(10) 

Substituting Eq. 10 into Eq. 7 gives 

(11) 

Next, assuming that the vertical particles have no preferred orientation with respect 
to the horizontal axes, we find 

d 
where Ph horizontal swell pressure for a dispersed clay. 

EXPERIMENTAL 

Tests and Materials 

Four types of tests were performed in the investigation: 

(12) 

1. Three-Dimem;iunal Fl'ee Swell Test-Compacted samples 2. 500 in. in diameter 
and 0. 500 in. thick were placed on a blotter 3. 5 in. square. The sample and blotter 
were placed on a perforated procelain plate in a large evaporating dish. The dish was 
then filled with distilled water to a depth which just covered the blotter, and was main
tained at that depth for the duration of the test. At the end of four days, the samples 
were measured and weighed to determine the changes in height, diameter and volume, 
and the final moisture content. 

2. Shrinkage Test-Compacted samples 2. 500 in. in diameter and 0. 500 in. thick 
were air-dried overnight and oven-dried at 110 C for one day. After cooling in a 
desiccator, the samples were measured and weighed to determine the volume change 
and the final void ratio. 

3. One-Dimensional Swell Test-This test was performed in a standard consolidom
eter with a fixed ring, 2. 500 in. in diameter and 1. 000 in. high. To allow for swell
ing, the samples were trimmed to an initial height of 0. 500 in. To reduce the amount 
of air entrapped in the samples, distilled water was allowed to enter the samples only 
through the bottom. The tests were run with a 1-psi surcharge, and readings were 
taken of sample height until swelling ceased. At the end of the test, usually less than 
four days, the samples were removed and weighed, then oven-dried and reweighed to 
determine the final moisture content and degree of saturation. 

4. Swell Pressure Test-The Federal Housing Administration Potential Volume 
Change Meter (FHA-PVC Meter) was used to measure the swell pressure (8). As in 
the one-dimensional swell tests, distilled water was only allowed to enter the sample 
from below. Pressure readings were taken until equilibrium was reached, after which 
the final degree of saturation was determined. 

The soil used in the experimental portion of the research was Vicksburg Buckshot 
clay. The sample was obtained from the Waterways Experiment Station, U.S. Corps 
of Engineers, Vicksburg, Mississippi. Its properties are as follows: 

1. Specific gravity 2. 70 
2, Atterberg limits 

Liquid limit 60 
Plastic limit 27 
Plasticity index 33 

3. Particle size distribution 
97 percent minus 0. 074 mm 
40 percent minus 0. 001 mm 
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4. Approximate mineralogical composition (percent by weight) 
Illite 25 
Montmorillonite 25 
Quartz and feldspar 50 

5. Exchange cations (meq/100 grams) 
Calcium = 24. 3 
Potassium ::: 0. 8 
Sodium 0. 3 
Magnesium = 7. 8 

Exchange Capacity 33. 2 
6. Specific surface 210 sq m/gm 
7. Soluble salts 0. 4 meq/100 grams 
8. pH = 5. 7 

Preparation and Treatment of Specimens 

The procedure employed in performing the tests described previously was as follows: 

1. The Vicksburg Buckshot clay was air-dried, ground to pass a No. 40 sieve, 
mixed with the desired amount of distilled water and allowed to equilibrate in a closed 
container for 48 hours prior to compaction. 

2. The clay was then compacted in a 2. 500-in. diameter consolidometer ring, or a 
2. 750-in. diameter PVC meter ring. Two types of compaction were employed-impact 
and kneading. The compactive effort for the impact compaction was 55, 000 ft-lb per 
cu ft, using a standard 5. 5-lb Proctor hammer. The kneading compactor used was a 
Harvard miniature compactor with a 40-lb spring. The kneading compaction was done 
in two layers with 60 tamps per layer for the 2. 500-in. ring, and 72 tamps per layer 
for the 2. 750-in. ring. 

3. The samples were then either tested immediately, or stored for one, three, or 
seven days and then tested. The samples to be stored had plastic fillers and caps taped 
over the ends of the rings in which they were compacted. The capped samples were 
then sealed in polyethylene bags and stored in a humid chamber until ready for testing. 

After the samples had been uncapped, and before they were tested, they were mea
sured and weighed. This was done to determine if there had been any change in initial 
moisture content and initial height of the samples during the aging period. 

DISCUSSION OF EXPERIMENTAL AND THEORETICAL RESULTS 

Test Results 

Effect of the Time on the Swelling Process-When a compacted clay is exposed to 
water, a certain amount of time is required for equilibrium to be reached. Water must 
flow into the sample before the particles can expand their double layers and before the 
negative pore pressures in the soil can be relieved. Figure 8 shows several typical 
swell time curves and Figure 9 shows swell pressure vs time curves for samples com
pacted by kneading and impact. The curves show that the rate of swelling and swell 
pressure development decreases with increasing initial moisture content. The time 
required to reach equilibrium was approximately four days for the swell tests and less 
than two days for the swell pressure tests. These results indicate that the rate and 
time of swelling and swell pressure development are a function of the initial moisture 
content and the amount of expansion. 

Effect of Initial Moisture Content and Densit on Swell Behavior-The results of the 
three-dimensional free swell tests Figs. 10 and 11 and the one-dimensional swell 
tests (Fig. 12) indicate that swelling decreases as initial moisture content increases. 
The results of the swell pressure tests (Fig. 13) show that swell pressure also de
creases as initial moisture content increases, but only at moisture contents higher than 
optimum (see Fig. 14). At moisture contents lower than optimum, initial dry density 
and structure determine whether there is an increase or a decrease in swell pressure 
as the initial moisture content decreases. 
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The moisture-density curves for kneading and impact compaction in Figure 14 in
dicate the reason for the decrease in swell pressure for kneaded samples at moisture 
contents less than the kneading optimum, and the increase in swell pressure for sam
ples compacted by impact at moisture contents less than the impact optimum. At 
moisture contents less than 20. 5 percent, the density of the kneaded samples is much 
lower than that of the impact-compacted samples. Hence, in kneaded samples at low 
initial water contents, as the soil imbibes water the soil crumbs swell and fill the 
voids between them. This results in an increase in the average particle spacing and 
a reduction in swell pressure. As the moisture content approaches the optimum, the 
density increases, resulting in less internal swelling and an increase in swell pressure. 
Since the densities resulting from impact compaction at low moisture contents are 
relatively high, there is little or no internal swelling when the soil is exposed to water. 
This results ·in higher swell pressure in the impact-compacted samples than in the 
kneaded samples at low initial water contents. 

Effect of Soil Structure on Swell Behavior-There are several characteristics of 
swell behavior that can only be explained by considering the effect of soil structure 
together with the effect of initial moisture content and density. 

Soil structure varies with the type and amount of compaction and the moisture con
tent of the soil. The basic variables that must be considered in describing the soil 
structure are (a) the structural arrangement of the particle aggregations, which varies 
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from flocculated to dispersed; (b) the orientation of the particle aggregations; and (c) 
the internal attractive pressure resulting from cross links. The three-dimensional 
free swell tests (Figs. 10 and 11), and the shrinkage tests (Fig. 15) were used to study 
the structure of the compacted samples. 

Although there is no way to determine the structural arrangement of the particle 
aggregations precisely, a qualilalive indication can be obtained from shrinkage tests 
(Fig. 15). The small volume changes at low moisture contents show that the samples 
compacted by impact and kneading both have flocculated structures. At moisture con
tents higher than optimum, however, the relatively large volume changes and low final 
void ratios show that both kneading and impact compaction produce a dispersed struc-
ture (9). · 

In Figure 11 the vertical and horizontal components of free swell are plotted against 
initial moisture content. In the lower portion of the figure, curves of the vertical to 
horizontal swell ratio 'H/ ED are plotted against initial moisture content. 

Study of the curves in Figures 11 and 15 reveals that, at low moisture contents, the 
particle aggregations in the kneaded samples are flocculated with an average orienta
tion approaching horizontal. As the moisture content increases, the particle aggrega
tions assume a dispersed arrangement, and the particle orientation becomes almost 
evenly distributed between horizontal and vertical. The particle aggregations in the 
impact-compacted samples also become dispersed with increasing moisture content, 
but the orientation 1.Jecornes more horizontal as moisture content increases. 
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Figure 16 shows curves of final moisture content vs initial moisture content for the 
free swell tests. The curves show a general decrease in final moisture content with 
increasing initial moisture content for both kneaded and impact-compacted samples. 
This implies a decrease in interparticle swelling and an increase in internal pressure 
resulting from cross links between particles and particle aggregations. The increased 
number of cross links is a result of the greater mobility of the particles at high mois
ture contents. 

Figure 12 illustrates the effect of soil structure on swelling behavior. The curves 
show that at moisture contents between 16 and 20. 5 percent, samples compacted by 
kneading swell more than samples compacted by impact, while at moisture contents 
lower than 16 percent and greater than 20. 5 percent, samples compacted by impact 
swell more than kneaded samples. Figure 14 shows that at moisture contents below 
20. 5 percent, the impact-compacted samples are denser than kneaded samples, while 
at moisture contents greater than 20. 5 percent, they are the same. This swelling be
havior can be explained by referring to Figures 11, 15, and 16. Figure 16 shows that 
at moisture contents less than about 21 percent, the impact samples have greater in
ternal cross link forces; hence, for a given density and particle orientation, impact
compacted samples should not swell as much as kneaded samples. Below initial mois
ture contents of 16 percent, however, the impact-compacted samples are so much 
denser than the kneaded samples that they swell more than the kneaded samples despite 
the effect of cross link forces. The curves in Figures 11 and 15 show that at moisture 
contents greater than 21 percent both types of compaction produce dispersed structures, 
but the impact-compacted samples have a greater horizontal component of surface area 
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and less internal pressure from cross links, which results in the greater amount of 
swelling in the impact samples. 

Effect of Thixotropic Hardening on Swell Behavior-The three-dimensional free 
swell tests, one-dimensional swell lesls, and swell pressure tests were performed on 
impact and kneading-compacted samples immediately after compaction, and on sam
ples three days after compaction. In addition, three -dimensional free swell tests 
were performed on kneaded samples seven days after compaction. 

The results of these tests show a reduction in swelling and swell pressure by sam
ples stored at constant moisture content before testing. The three-dimensional free 
swell tests on kneaded samples (Fig. 10) indicate that there was little or no further 
reduction in swelling after three days. The reductions in swell behavior increased with 
increasing moisture content. This was probably a result of the greater particle mo
bility at high moisture contents which allowed cross links to form at a faster rate. 

The figures show that at all moisture contents, samples compacted by impacl ex
hibited a greater net reduction in swell behavior than the kneaded samples. 

The observed effect of thixotropic hardening on swell behavior of a compacted clay 
is consistent with the increase in shear strength due to thixotropy reported by Mitchell 
(10) and Seed and Chan (13), and the increase in swelling characteristics by undisturbed 
clays after remolding observed by Parcher and Liu (11). Parcher and Liu found that 
undisturbed samples of a Permian red clay swelled less than one-fourth as much as 
did kneaded samples of the soil at the same initial water contents. 

All these phenomena can be explained by the disruption of cross link bonds caused 
by remolding, followed by a time-dependent formation of new cross link bonds. Re
molding disrupts the cross links in a natural clay, which results in a decrease in shear 
strength and an increase in swelling behavior. With time new cross links form, re
sulting in an increase in shear strength and a decrease in swelling behavior. 

Results of the Swell Pressure Prediction Studies 

Using the proposed swell pressure mechanism, theoretical vertical swell pressures 
were calculated for Vicksburg Buckshot clay compacted by kneading and impact. The 
effect of thixotropic hardening was included by predicting the swell pressure for sam
ples tested immediately and for samples aged three days befo re tes ting. 

In Figure 17, swell pressure is plotted a~inst the ba lf distance (d) fo r divalent 
montmorillonite and illite in 10-3N and 3 x 10-3 N divalent salt solu tions. The elec
trolyte concentration was 10-3N for the free swell tests, and 3 x 10-3N for the swell 
pressu1·e tes ts . The cur ves were computed by assuming values for C/C

0 
in Eqs. 1 

and 2 and solvi ng for the corresponding values of swell pressure and half aistance . 
The specific surface of Vicksburg Buckshot clay is approximately 210 sq m/gm. 

Montmorillonite has a specific surface approximately 10 times that of illite. Hence, 
the montmorillonite component of the clay was estimated to contain 190 sq m/gm of 
surface area, and the illite component was estimated to contain 20 sq m/gm of surface. 
The moisture contents at various swell pressures were computed by multiplying the 
corresponding half distance (ct) for montmorillonite and illite by their respective sur
face areas per gram. The resulting curves of moisture content vs swell pressure are 
shown in Figure 18. 

Since the change in structure from flocculated to dispersed occurs in a very indefi
nite manner, vertical swell pressures were computed for both flocculated and dispersed 
structures, using the particle orientation data in Figure 11. For moisture contents 
greater than the optimum, the initial moisture content was used to determine Ps in 
Eqs. 4 and 11 for both impact and kneading compaction. For initial moisture contents 
less than the optimum, the swelling of the soil crumbs was assumed to increase the 
effective moisture content to the corresponding moisture content on the wet side of 
optimum. This higher moisture content was then used to determine the corresponding 
values of P s. Because o! the greater density of the impact-compacted samples, it was 
felt that the soil crumbs might not be able to swell; hence ano ther set of values of Ps 
was calculated using the initial moisture contents on the dry side of optimum. 

Values of P1 in Eqs. 4 and 11 were determined (for samples tested immediately and 
for samples aged three days before testing) from the final mois ture contents of the free 
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swell tests (Fig. 16) and the moisture content vs interparticle swell pressure curves 
(Fig. 18). The resulting swell pressures are shown in Figure 19 for kneaded compac
tion and in Figure 20 for impact compaction. On the same figures, the experimental 
results are plotted against corrected moisture contents. The initial moisture contents 
were corrected for the small amount of expansion that occurred in the samples because 
of the deflection of the proving ring. 

Study of the figures shows remarkable correlation between theoretical and experi
mental results. At low moisture contents the experimental points correspond to the 
theoretical curves for flocculated structure, and at high moisture contents the experi
mental points correspond to the theoretical curves for dispersed structure. 

SUMMARY AND CONCLUSIONS 

An analytical and experimental study of the relation between swelling behavior of 
compacted clays and soil structure and thixotropic hardening was presented. Based 
on the concepts of soil structure and clay colloid chemistry, a model of the swell 
pressure mechanism was developed. Using this model, equations were derived for 
the vertical and horizontal components of swell pressure in terms of average particle 
orientations and net interparticle swell pressure. 

An experimental investigation consisting of three-dimensional free swell tests, 
shrinkage tests, swell tests, and swell pressure tests was conducted on a compacted 
clay to (a} study the effects of soil structure and thi.xotropic hardening on swell be
havior; (b) determine the variation of soil structure and particle orientation with mois
ture content for kneading and impact compaction; and (c) check the theoretical values 
of swell pressure experimentally. 

The conclusions that may be drawn from the results of the investigations are sum
marized as follows: 

1. The swell pressure developed by a compacted clay when it is exposed to water 
can be accounted for very well by considering interparticle swell pressure and soil 
structure. 

2. Thixotropic hardening is a very important factor affecting the swelling charac
teristics of Vicksburg Buckshot clay. At initial moisture contents greater than opti
mum for kneading and impact compactions, thixotropic hardening reduced the swelling 
and swell pressure by as much as 50 percent in three days. The effect of thixotropic 
hardening is of particular importance for two reasons: (a) many natural clays are 
thixotropic, and weeks or even months may elapse before the soil is exposed to water, 
and (b) it explains the tremendous increase in swelling and swell pressure exhibited by 
undisturbed clays when they are remolded. 

3. The difference in swell behavior exhibited by Vicksburg Buckshot clay when 
compacted by different methods can be explained satisfactorily in terms of the basic 
concepts of soil structure and clay colloid chemistry. 
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Discussion 
KALANKAMARY P. GEORGE, Associate Professor, Civil Engineering Department, 
University of Mississippi-The laboratory investigation into the relation between swell
ing behavior of a compacted clay and structure has been well executed and clearly pre
sented. Such an imaginative approach to this highly complex problem will surely help 
to stimulate progress toward a rational theory of compacted soil structure. 

The authors in their concluding remarks state that many natural clays are thixo
tropic. In a series of experiments, still in progress, the writer has found that kaolin
ite clays, unlike montmorillonite, do not exhibit thixotropic characteristics (18). Il
lustrated in Figure 21-b is the relation between strength increase and particleorienta
tion for an artuicial mixture (1: 1 ratio) of commercially pure kaolin and Ottawa sand. 
In order to compare the magnitude of strength increase, the term "thixotropic-strength 
ratio" was introduced (13). This is defined as the ratio of the strength of a specimen 
tested after time t to the strength of an identical specimen tested immediately after 
compaction. The preferred orientation ratio, as shown in Figure 21-a, is an index to 
indicate the degree of orientation of clay platelets; the higher this index the more the 
clay is dispersed. The preferred orientation ratio was determined by techniques sim
ilar to those described by Mead (19). 

The results in Figure 21 clearly indicate that synthetic kaolinite soil shows a de
creasing thixotropic strength ratio and an increasing particle orientation ratio. The 
results are even more pronounced when these properties are evaluated at optimum 
moisture, namely, 19. 3 percent. This is exactly opposite to the changes in the syn
thetic montmorillonite (Volclay1 and Ottawa sand in 1:3 ratio; optimum moisture, 12. 4 
percent), the results of which are shown in Figure 22. Skempton and Northey (15) re
ported that kaolinite shows almost no thixotropy and illite shows only a small effect. 

1Sodi um bentonite, supplied by American Colloid Company of Chicago. 
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Bentonite, on the contrary, shows a remarkable regain of strength in a very short 
time interval. 

A partial explanation for the inert behavior of kaolinite could be based on its particle 
size in comparison with that of the montmorillonite. Particles of kaolinite clay are 
large compar ed to those of montniorillonite . A kaolinite par ticle has a diameter of 
10, 000 A and a thicknes s of 1000 A. The dimensions of montmor illonite a r e 1000 A a nd 
10 A, r espectively. The specific gr avity of kaolinite is 2. 64 compar ed to 2. 4 for mont
mor illoni te (20) . Ther efore, the kaolinite particle would be several times heavier tha n 
the montmorillonite particle. It would appear, therefore, that the body forces would 
control kaolinite particles as would surface forces in montmorillonite. Being rela
tively heavy, the tendency for the kaolinite particles to assume flocculated arrangement 
would be decreased, or perhaps would not exist. 

Further , the correspondence between the strength increase and particle r eorienta
tion toward a random arrangement validates Mitchell's theory (10) of thixotropy in that 
he attributes the regain of strength with time to the time-dependent particle movement. 
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X-Ray Diffraction and Adsorption 
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Adsorption isotherm and X-ray diffraction techniques were 
used to study the adsorption of water on a homoionic calcium 
montmorillonite at 25 C. The basal d spacings of the primary 
and secondary reflections, their intensities and line breadth 
variations were determined in a specially constructed X-ray 
adsorption chamber. The first-order basal spacing was found 
to change in a continuous but nonuniform manner. The in
tensity of secondary reflections was explained on the basis of 
layer electron density distribution. A comparison of the line 
breadth, intensity and adsorption data indicates an ice-like 
configuration of interlayer adsorbed water in the p/p0 range 
above 0. 95. Prolonged X-radiation caused a discoloration of 
samples attributed to radiation-induced color centers. 

Two successive adsorption and desorption isotherms of 
water vapor on a montmorillonite powder comp re s s e d at 
25 kg/cm2 were de termined using an electrobalance and an 
automatic recording device. The isotherms exhibited a hys
teresis but were completely reversible in the relative vapor 
pressure range from zero to 0. 20. The rate of adsorption was 
greater than rate of desorption. 

The Langmuir monomolecular model for the adsorption 
process and the BET multimolecular model were compared, 
and the latter was found to more closely fit the adsorption 
data. The BET equation was found to be applicable in the rela
tive pressure range from p/p0 = O. 11 to p/p0 = 0. 27. The 
specific surface and heat of adsorption of the first monolayer 
were calculated from the BET parameters. 

The adsorption isotherms were used to calculate the free 
energy changes on adsorption. The free energy changes on 
successive adsorption cycles compared favorably with loose 
powder data, indicating that compression had little effect on 
the magnitude of the free energy change. The free energy 
changes were divided into two components; one for adsorption 
on internal surfaces and one for adsorption on external sur
faces. Using the data, expansion energies and swelling pres
sures exerted by calcium montmorillonite were calculated. 

•THE phenomena of clay-water interaction are of great interest in such fields as the 
ceramic and petroleum industries. In soil mechanics, clay-water suspensions have 
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been extensively investigated in relation to strength, load-bearing capacity, swelling 
and shrinkage, and consolidation. However, the direct application of the colloidal 
principles of surface chemistry has not progressed sufficiently to give the engineer 
much aid in his interpretations of various curious behaviors observed in clay materials. 

It has been generally accepted that clay strength relates to the water films sur
rounding the individual grains (42). The amount of water normally associated with 
cohesive soils is characterizedby the associated cation and the type of clay mineral. 
Water can be held rigidly to the surface as surface film water, or in the case of ex
panding minerals, to internal surface as interlaminar water. When the associated 
surface films are so thick as to allow individual or groups of particles to slip past each 
other, the cohesive attraction is reduced. If, however, the water is removed as by 
evaporation, the surface tension forces at the air-water interface are increased and 
the water becomes more viscous until such a time as only solid or highly viscous water 
remains, effectively cementing particles together (33, 41). 

The objectives of this investigation were to obtain a complete adsorption-desorption 
water vapor isotherm, and to obtain analogous X-ray diffraction data during adsorption 
and desorption of water on calcium montmorillonite; to determine the surface free en
ergy changes during adsorption, expansion energies and swelling pressures; and, by 
applying the BET theory and other accepted adsorption models, if possible, suggest 
possible mechanisms of adsorption. 

MATERIALS 

The clay selected was a commercially available Wyoming bentonite (Volclay-SPV), 
a product of the American Colloid Company. The sample was purified from coarse
grained impurities by sedimentation, and homoionic calcium montmorillonite was pre
pared by leaching the fines with a calcium chloride solution. The clay was then washed 
free of electrolyte as indicated by a silver nitrate test. 

METHODS OF INVESTIGATION 

X-Ray Diffraction Study 

The relative vapor pressure of water made available to the clay sample was con
tinuously controlled by conducting all X-ray tests inside a sealed and evacuated ad
sorption chamber. The adsorption chamber consisted of a Rigaku-Denki controlled 

A 

S - I 

A - WATER RESERVOIR 
M - MERCURY MANOMETER 
D - ADSORPTION CHAMBER 

C - SAMPLE 

Figure l. Schematic drawing of X-ray adsorption apparatus. 
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atmosphere high-tempe rature X-ray diffractometer furnace modified for use at room 
temperature (Fig. 1). Heating elements were removed, a nd the chamber was equipped 
with a sealed water reservoir separated from the chamber by a mercury-sealed ground 
glass stopcock and a dual limb mercury manometer. The temperature of the chamber 
and water reservoir was maintained at 25. 0 C. 

Water was introduced into the adsorption chamber by means of the mercury-sealed 
stopcock connecting the water reservoir to the chamber. A cathetometer capable of 
reading to O. 02 mm was used in measuring vapor pressure differences with the 
manometer. 

X-ray windows on the adsorption cha mber wer e O. 02-mm thick aluminum foil backed 
with % mil "Mylar " polyester film to prevent pinhole corros ion of the aluminum foil 
by water. A General Electric XRD-5 diffractometer with copper Kcx radiation was 
utilized throughout the investigation. This apparatus is described in detail elsewhere 
(~ 44). 

Approximately 1 gm of prepared clay sample was dispersed in 250 ml of distilled 
water and deposited in a thin layer on a 30-mm diameter medium-porosity fritted glass 
disc, by draining the suspension through the disc using a water aspirator. After one 
day of air-drying and five days drying over phosphorous pentoxide, the sample was 
placed in the adsorption chamber and the top of the chamber was clamped tightly in 
place. All joints were lubricated with high-vacuum grease to eliminate leaks. Triple
distilled water was placed in the water reservoir, dipped into a dry ice-aceton mixture 
and the system was evacuated using a mechanical fore pump and an oil diffusion pump. 
The system was pumped for 26 days; vacuum was maintained at 5 x 10-s mm Hg, indi
cated by an ionization gage, for the last eight days. The water in the reservoir was 
frozen and thawed five times for degassing. 

The chamber was then removed from the pump and aligned on the X-ray diffractom
eter. As soon as thermal equilibrium was attained the collapsed 001 basal spacings 
were measured by X-ray diffraction. Immediately thereafter, a small increment of 
water vapor was distilled into the adsorption chamber and X-ray tests were made 
periodically up to 24 hours, which was the minimum allowed for the system to reach 
equilibrium after a transfer of water vapor. This procedure was repeated until satu
ration was reached. 
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Figure 2. Adsorption isotherm apparatus. 
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A gradual desorption was then accomplished by redistilling water back into the 
water reservoir by employing a cold bath around the reservoir, with equilibration and 
test procedures performed as before. 

X-ray diffraction intensities were obtained from measurements of diffraction peak 
areas with a planimeter. At least three peaks were averaged. 

Sorption Isotherm Study 

The adsorption and desorption isotherms were determined gravimetrically. The 
adsorption apparatus (Figs. 2 and 3) consisted of an electrobalance system comprised 
of a beam balance (S), control unit (P), and vacuum flask (G), connected to a Sargent 
model SR recorder (R). The electrobalance was connected to the vacuum b'ain by 
means of a large ground glass stopcock (S-1) and a mercury dual-limb cutoff (K). The 
sample (C), suspended from the elect robalance in a hang-down tube (F), and a mercury 
sealed water reservoir (A), were both suspended in a constant-temperature ba th (B) 
having a capacity of 16 liters. The constant-temperature bath was equipped with a tap 
water cooling coil, a Beckman thermometer reading to 0. 01 C, a continuous heater, 
and an intermittent heater mercury regulator relay circuit. The immersed heaters 
were two 100-watt light bulbs with variable transformer voltage control. Room tem
perature was maintained at about 2 C above that of the thermostat. Temperature vari
ation in the thermostat (B) was not more than plus or minus 0, 02 C throughout the en
tire investigation. 

The tube A was the water reservoir used for introducing water into the system, and 
was a ttached to the system by means of an ultrahigh vacuum valve (V-1). M is a simple 

mercury manometer used to determine 
the pressure in the adsorption chamber. 
The level of the mercury in the manometer 
was maintained by use of a mercury reser
voir, the water aspirator and s topcocks 
(S-4 and S-5). D is a mercury r eservoi r 
used to supply the cutoff K, stopcocks S-2 
and S-8 being used to control the level of 
the mercury in the cutoff. A cold trap (T) 
was used during degassing to trap mercury 
vapor in the system. Stopcocks (S-2, S-4, 
and S-6) isolated the system from the water 
aspirator. All glass parts in the system 
were Pyrex, and a high-vacuum silicone 
grease was used for all joints. 

A cathetometer (E) used to read the 
manometer (M) was rigidly mounted on a 
soapstone table top tied to a steel frame -
work to eliminate any movement during 
unattended periods. The electrobalance 
was affixed to a ten -inch steel pipe which 
extended through the floor and was em
bedded at the bottom in several feet of 
chipped hard rubber to eliminate room 
vibrations. The load capacity of the bal
ance is 1. 0 gm. The smallest weijht that 
could be reliably detected was 10- gm. 
Changes in the sample weight cause the 
beam S to deflect momentarily; this motion 
changes the phototube current which is 
amplified and applied to the coil attached 
to the beam. The coil is in a magnetic 
field, so the current passing through it 

Figure 3. Adsorption isotherm apparatus. exerts a moment on the beam, restoring 
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it to balance. The current is an exact measure of the sample weight. A signal is sent 
to the control unit P where it is amplified and the final signal is fed to the automatic 
recorder R. 

Attached to the electrobalance is a cadmium trap (J) whereby small strips of cad
mium were placed in this well to trap any mercury vapor from the manometer. 

A sample containing 305 mg of calcium montmorillonite was placed in a stainless 
steel ring (ID 0. 375 in.) and then equilibrated under a bell jar containing hot water for 
two hours. The loose sample and the ring were removed from the bell jar and placed 
on a pl'ess where the sample was subjected to a load of 25 kg/cm 2 for two hours. After 
removal of the load, the sample was allowed to air-dry for one day. Freshly boiled, 
triple-distilled water was introduced into the reservoir A; the reservoir was attached 
to the adsorption chamber and the pill-shaped sample was placed on the electrobalance 
pan in the hang-down tube of the electrobalance. After evacuating the system with the 
water aspirator, the sample was connected to the high-vacuum train and the system 
was pumped for 37 days with the mechanical and oil diffusion pumps. Degassing of the 
water in the reservoir to release its trapped gases was repeated five times utilizing a 
dry ice-acetone mixture. 

After 37 days of pumping, the weight of the sample and the pressure on the vacuum 
gage were 265. 05 mg and 4 x 10-5 mm Hg, respectively. Manometer readings were 
taken as soon as the evacuation was completed, and after correcting for temperature, 
gravity, and meniscus depression, the pressure was found to be 0. 00 mm Hg. Im
mediately after taking the manometer readings, a reading of the automatic recording 
device was made to determine the equilibrium weight in milligrams. 

Valve V-1 was opened slightly to allow a small increment of water vapor to enter 
the adsorption chamber. Valve V-1 was then closed and the weight automatically re
corded on the apparatus as adsorption proceeded on the sample. Very small incre
ments of water vapor were introduced in order to obtain the maximum number of points 
during adsorption. In this manner, more and more vapor was introduced into the ad
sorption chamber and the pressures up to saturation at constant temperature were 
investigated. 

In the vicinity of saturation the high-vacuum valve V-1 was left open and after there 
was no additional rise in weight of the sample, a small amount of ice water was intro
duced against the side of the hang-down tube (F) containing the sample. This produced 
a small amount of dew on the tube,. and the time for the dew to disappear was observed. 
At pressures below saturation the dew disappeared rapidly, whereas at saturation the 
time of disappearance sharply increased. The weight as recorded on the automatic 
recorder showed very little change in the weight of the sample while the dew persisted 
on the side of the chamber. 

The desorption isotherms were obtained by condensing more and more vapor back 
into the water reservoir by cooling it with ice water. The sample was pumped with the 
vacuum train at relative pressure, p/p0 , below 0. 3. 

DISCUSSION AND PRESENTATION OF RESULTS 

X-Ray Data 

The accuracy in determination of X-ray diffraction peak positions depended on the 
angle at which the peak position appeared, the relative sharpness of the peak, the ac
curacy in alignment of the sample, and the alignment of the instrument. The alignment 
of the instrument and the effect of systematic errors were tested by X-raying an EDDT 
crystal and an ADP crystal. It was determined that the values in doo1 position were 
within ±0. 003 A of published data; therefore, no correction was necessary. During the 
investigation a standard deviation, a, for the sample doo1 was evaluated and found to be 
±0. 03 A at 9 deg 29 and ±0. 10 'A at 5 deg 29. For measured line breadths of the dif
fraction peaks obtained were taken as the peak width at half-maximum intensity (28). 
The intensities shown in Figure 4 were measured by planimetering the diffraction pat
terns and then were corrected for the Lorentz-polarization factor by use of the inter
national tables for X-ray crystallography (26, p. 270) and expressed relative to the 
starting intensities. --
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Figure 4. Variations in the first-order basal spacings and relative intensities vs relative vapor 
pressure for ca lei um montmori I loni te. 

Figures 4 and 5 are plots of the apparent first-order basal spacings vs the relative 
vapor pressure at which they were observed. The upper plots are the line breadths 
and intensities, respectively, vs the selected relative vapor pressures, expressed 
relative to the reference line breadth and intensity observed prior to the introduction 
of water vapor into the system. 

As can be seen from the curves, the changes in average basal spacing take place in 
a continuous but nonuniform manner with changes in relative vapor pressure. Hend
ricks and Jefferson (23) hypothesized that the X-ray diffraction patterns from an ex
panding powder shouid show that the basal spacing would vary continuously with ·water 
content. As the relative vapor pressure is increased from zero, there is a slight in
crease ind spacing up to p/p0 = 0. 015. This would seem to indicate that only a small 
portion of vapor is adsorbed in the interlayer region, while the rest is adsorbed on the 
external surfaces. The expansion then rapidly increases to 11. 9 A between p/p0 = 
O. 015 and p/p0 = O. 08, indicating an expansion equivalent to one molecular layer of 
water when 1. 8 molecules per unit cell are adsorbed. There is a small hump in the 
curve between p/p0 = 0. 08 and p/p0 = 0. 11, perhaps associated with the space occu
pied by a calcium cation. Tbe d spacing is stable from p/p0 = 0. 11 to p/p0 = 0. 19; 



. 
:x: 
b x xx • 
~ 2.5 - ., 

~ ~ . . 
..... 2.0-••• 
z 
....I 1.5,.. 
..... 
> 
~ 1.0 --

I 

x 

I 

' 
• • 

• • • 
·-'" 

....1 
w 
a: 

0.1 0.2 o.3 o.4 o.5 o.6 o.7 o.e o.9 1.0 

•<l 

5 
0 

"tJ 

(/) 
c:> 
z 
u 
<l 
0... 
(/) 

....I 
<l 
(/) 

<l 
ai 

20-

18 -

17.-

16-

15,.. 

14-

13 

12 -

11 • 
• •• 

• 

x 

• •••• • adsorption 
xxxxx desorption 

x ~rqJ<• xx::.· x •• 
x 

x .. . .... 
• 

•• 

x 

• • 
• x .. . . . • . 

••• 

10~ I I I I I I I I I 

o 0 .1 0.2 o.3 o.4 o.s o.6 o.7 o.e o.9 1.0 

RELATIVE VAPOR PRESSURE p/ Po 

Figure 5. Variations in the first-order basal spacings and line breadths vs vapor pressure for 
calcium montmorillonite. 
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then the second major expansion from 12. 6 'A to 15. 1 A. occurs between p/p0 = O. 19 
and p/p0 = 0. 30 with the uptake of 5. 5 molecules per unit cell. 

There iii a second hump in the curve between p/p0 = O. 38 and p/p0 = O. 42, per
haps associated with the coordination of molecules of water with the cation. The total 
uptake of water necessary to attain the stable 15. 6 A configuration is 7. 5 molecules 
per unit cell. Between p/p0 = 0. 42 and p/p0 = O. 98, there is a stable range of d 
spacing where the spacing increases only O. 8 A while adsorbing 12 molecules of water 
per unit cell. The final increment of expansion occurred between a relative vapor 
pressure p/p0 of 0. 99 and saturation. This final expansion to 19. 26 A requires the 
adsorption of approximately 14 molecules per unit cell and required 242 hours to at
tain equilibrium. The 19. 26 A was the maximum spacing U1at could be obtained with 
this interlayer cation (34). 

The desorption curve experienced two hysteresis loops, the first occurring between 
saturation and p/p0 = 0. 60, and the second, which is less pronounced, between p/p0 = 
O. 3 and zero. 

The effect of time and pressure gradient were evident in the final expansion during 
adsorption and in the first collapse during desorption. The pressure gradient for the 
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last expansion was very small (0. 24 mm), corresponding to p/p0 = 0. 99 to p/p0 = 1. 00, 
and full expansion took place after 242 hours. Prior to this point, all ~xpansion had 
been completed almost immediately after introduction of each increment of water vapor. 
The equilibrium pressures and peak positions were determined after 24 hours, although 
the expansion had been completed within the first 30 minutes. During desorption, all 
collapse was completed after no more than 16 hours. The first collapse of the platelet 
system took place between p/p0 = 0. 65 and p/p0 = O. 60, but the desorption curve did 
no t return to the original d spacing. Th.is suggests that interlayer water was trapped 
in the pores or remained associated with the cation. A pumping period of ten days 
utilizing a dry ice-acetone bath surrounding the water reservoir produced a shift from 
11. 5 A to 10. 7 A, but the relative line breadth increased as water was removed, indi
cating a disordered system. It is reasonable to visualize that the isolated water islands 
are well within the platelet structure, their exit being blocked or impeded as the clay 
surfaces on each side of the islands move more closely together. 

The plot of the X-ray line breadth vs relative vapor pressure (Fig. 5) tends to sub
stantiate the conclusion that there are varying numbers of molecular interlayers, i.e., 
0, 1, 2, etc., and that an octahedral coordination of water around the cation may exist 
within the interlaminar spaces. Between a relative vapor pressure of zero and p/p0 = 
O. 08, the line breadth increases corresponding to an uptake of water, indicating non
uniform spacing in the interlayer regions. We may note that line breadth reaches a 
maximum near thP. r.P.ntP.r of the steeper portions of the basal spacing plot, and then 
decreases to a minimum value or remains constant as the basal spacing plot approaches 
flatter sections. A low value of line breadth is indicative of a uniform spac ing (10). 

When doo1 was between 10. 5 A and 15 A, a broad peak appeared at approximately 
twice the do01, indicating a possible repeating double layer sti-ucture (super lattice) in
cluding water molecules. The clean porous disc on which the clay sample was depos
ited had been tested using copper radiation, and gave a typical amorphous pattern ex
pected from a glassy material with no indication of the peaks obtained with the calcium 
montmorillonite sample. A super lattice llas been reported by Brindley (~ p . 151) fo1• 
chlorites, Brindley (9, pp. 93-96) for serpentine, and Gillery (22) and Demirel (16) 
for calcium montmor1llonite. Demirel suggests that the offset stacking of platelets to 
match the water molecules with oxygen atoms of the silica surfaces must repeat in an 
organized manner in the c direction. Gillery attributes the diffuse band to a two-layer 
natural stacking of the layers which may be due to a tendency to form two types of 
montmorillonite lattices which alternate, or hydration tending to take place in alter
nate layers. Using copper radiation and the beam slit-detector slit configuration in 
this investigation, the diffuse band could not be clearly resolved. 

Comparison With Work of Other Investigators 

Nagelschmidt (37) dried calcium montmorillonite samples in a furnace at tempera
tures be tween 85 Cand 245 C, rehydrated them over salt solutions, sealed them in 
capillaries of 0. 77-mm internal diameter, and took X-ray photographs. He noted a 
proportional increase in the basal spacing fro m 10. 5 A to 15 A during the· uptake of 
the first four molecul s of water per Wlit cell, and an increase of 0. 6 A dul.'ing the 
uptake of the next ten molecules of water. He explained that the small increase in d 
spacing was due to the adsorption only on the external surfaces. 

Mooney et al (35, 36) used a Wyoming bentonite, Volclay-SPV, and prepared a 
homoionic calcium montmorillonite from this bentonite. In a plot of d spacing vs rela
tive vapor pressure, they found that the spacing leveled off between 12 A and 13 A and 
hAtWeAn l fi A. and 16 A, which values corresponded to integral numbers of layers of 
water molecules between platelets. They obtained a spacing of 16. 5 A~ which was ap
parently ignored in their conclusions, but were not able tO obtain a 19 A spacing, per
haps due to insufficient hydration. They reported no hysteresis in their curves al
though they apparently completed their adsorption cycle at a relative vapor pressure of 
approximately 0. 90. In the present study, the last platelet separation occurred between 
p/p0 = O. 98 and saturation; the present data indicate that if Mooney et al (35, 36) ac
tually began their desorption at p/p0 = 0. 90 and tJ1e second desorption equilibrium 
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pressure point was lower than p/p0 = 0. 60, no hysteresis would have been observed. 
These data illustrate the importance of obtaining complete evacuation of the system 
prior to adsorption, and complete adsorption to saturation prior to desorption. 

Gillery (22) used a natural Wyoming bentonite supplied by the National Lead Com
pany. Afterrunning adsorption studies on sodium montmorillonite, he resaturated the 
material with CaClz obtaining a homoionic calcium montmorillonite. The relative 
humidity was controlled by passing compressed air through appropriate saturated salt 
solutions and into the sample chamber; humidities were measured with wet and dry 
thermocouples. The sample was investigated during the desorption phase. Gillery 
states that the plot of basal spacing vs percent relative humidity suggests a mixture of 
sodium and calcium cations. He suggests that the adsorbed cation affects the charac
teristics of adsorbed water by showing hydrates of 12. 3 A over a very small stability 
range of about 5 percent relative humidity, while the second hydrate of 15. 5 A has a 
stability range from about 35 percent relative humidity to saturation. He suggests 
that a hydrate of 18 A exists, but that p/p0 = 1. 00 is not sufficient water vapor pressure 
to produ.ce this hydrate in a pure form, and the final hydrates exist only in a mixed 
layer form with the 15. 5 A hydrate. The present study indicates that if sufficient time 
is allowed for hydration, the 19. 2 A hydrate can be obtained. 

Hendricks et al (24) used montmorillonites from. California, Mississippi and Wy
oming saturated with various cations. Their material was equilibrated over salt solu
tions and the samples selected for X-ray investigation were sealed in glass capillary 
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tubes to prevent loss of water. The samples were placed in X-ray cameras for dif
fraction measurements for periods of 10 to 48 hours. There was considerable scatter 
in the data. The relative humidities reported were those determined while the samples 
were in the adsorption chamber or desicr.ator. No referenr.e was m~de to ~ny method 
for temperature control, which may account for the scatter. 

Demirel (16) equilibrated his dry samples at room temperature in vacuum desic
cators maintained at the desired relative humidities by appropriate salt solutions. A 
Plexiglas hood equipped with a Mylar X-ray window covered the sample and salt solu
tion during X-ray studies. Although only four points were obtained for adsorption, 
Demirel was able to attain full expansion at saturation by immersing his sample in 
distilled water. 

The data of these various investigators are shown in Figure 6 for comparison with 
the present study. 

Color Changes During Irradiation 

Upon completion of the X-ray studies, the sample had been under copper irradiation 
for approximately 1, 000 hours. When it was removed from the apparatus, a very dis
tinct color change was evident; whereas the sample had been a yellowish white prior 
to testing, it was a dark greenish blue after irradiation. Normal chemical tests and 
fluorescent analysis were performed to determine if some impurities may have been 
in the sample. 

The fluorescent analysis was run using tungsten radiation with LiF, NaCl, and 
EDDT analyzing crystals on four different specimens: (a) the l, 000-hour irradiated 
sample; (b) a sample that had been evacuated to 10-5 mm Hg for 20 days and irradiated 
with copper radiation for 26 hours; (c) an air-dried sample of calcium montmorillonite; 
and (d) a plain fritted porous disc similar to that used in the sample holder of the 
apparatus. 

The fluorescent diagrams showed small traces of tungsten and iron; the tungsten 
was attributed to tungsten used in the manufacture of the porous disc or more likely 
from the tungsten X-ray tube, and the iron peaks in all three clay samples were of the 
same magnitude of intensity and can be attributed to the iron substitution in the octa
hedral layer (isomorphous substitution). 

The possibility of mercury contamination was eliminated for two reasons: (a) no 
traces of mercury were found during fluorescent analysis; and (b) the clay specimen 
in the electrobalance was exposed to a greater surface area of mercury in the limbs 
of the manometer attached to the electrobalance with no discoloration than the surface 
of the limbs of the manometer attached to the X-ray apparatus. 

Therefore, the discoloration can be due to (a) a change in the valence state of a 
naturally occurring metallic impurity in the host crystal (e. g., Fe in MgO is a known 
example of this); or (b) a radiation-induced color center in the crystal (e. g., electron 
trapped at a halogen ion vacancy in an alkali halide). In either case, about ten ppm 
could produce the observed effect. 

Diffraction Intensity 

The structure factor is a complex quantity whose magnitude is the amplitude of the 
scattered wave, and whose direction is determined by the phase of the scattered wave. 
No matter how complicated a crystal, one may picture it as a series of simple inter
penetrating simple lattices, one for each different atom in the crystal. The problem of 
evaluating the structure factor can be considered to be that of compounding several 
wave motions, all of the same period, but different in phase and amplitude. 

Other factors also affect diffraction intensity: 

I=9jF.i,j2w (1) 

where 9 is the combined Lorentz-polarization factor, Ft is the layer structure factor, 
and w is the mixing function. The Lorentz-polarization factor depends in part on 
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experimental technique, and may be estimated from the international tables for X-ray 
crystallography (26). Importance of the Lorentz-polarization factor at low diffraction 
angles is illustrated by the fact that it will cause a 17 A peak to be three times as in
tense as a 10 'A peak, other factors being the same. 

The mixing function lit depends on the spacings of the constituent phases and the fre
quency of the occurrence of these spacings. When a montmorillonite system becomes 
ordered (the system is made up of nearly all one primary spacing), the intensity will 
increase, whereas if there were many spacings present, the intensity of reflections 
will decrease. 

By taking the center of the silicate layer as the plane of the origin and limiting the 
analysis to basal (OOt) spacings, the structure factor reduces to 

J/2 

Foot = 2 L: fj cos 2 rr (tzj) 

j = 1 

(2) 

(13, p. 264), where fj is the structure factor of the j th atomic layer, t is the Miller 
index, and Zj is the fractional position of each reflecting layer in the :unit cell. 

The minimum doo1 spacing or 10.1 A was observed at zero relative pressure. This 
distance corresponds to the 9. 2 A. thicknes.s of the pyrophyllite silicate· structure, with 
layers separated by calcium ions fitting with a coordination of six between opposing 
silica tetrahedra bases. The maximum basal spacing observed was 19. 2 A., occurring 
at saturation. 
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Intensities of the first- through sixth-order basal spacings corrected for the Lorentz
polarization factor are shown by the solid lines in Figure 7. Nearly always the first 
order reflection do01 was the most intense; its intensity reaching a maximum at inter
mediate d spacings. On the other hand, doo2 reflections were observed only at high and 
at low d spacings. This same observation applies to other higher order spacings: odd
numbered indices gave strongest reflections in the intermediate range of d spacings, 
and even-numbered indices gave strongest reflections at high and low d spacings. 

For d spacings between those which give maximum intensities, e.g., in the range 
between 004 and 005 maxima, line breadths and d spacings suggest that the observed 
reflections are composites of two indices, in this case 004/005. Based on this inter
pretation, individual intensity maxima may be resolved into the contributing components, 
indicated by dashed lines in Figure 7. 

The absence of diffraction peaks qualitatively indicates the presence of repeating 
electron density planes at the d/2 spacing. That is, if d gives a diffraction due to 
waves being one wavelength out of phase, a plane of atoms occurring at d/2 will pro
duce waves one-half wavelength out of phase, and the result will be annulment. This 
may be seen by Eq. 2, where Zj indicates the vertical positions of atoms in the unit 
cell. In this case the structure factor equals 2 [f1 cos 211 (1) + f2 cos 27T CYJ J, or if 
fi and f2 are equal, 2 [f - f] = O. 

Referring to Figure 7, extinction of the 002 when doo1 is between 13 and 18 A indi
cates a layer of atoms in the region 3. 2 to 4. 5 A outward from the center of the clay 
layer (TaLle 1). In the pyrophylllte structure this approximately corresponds to the 
outer layers of oxygen atoms. 

Similarly, the lack of 003 for doo1 of 18 to 20 A may relate to position of the silicon 
layers, and extinctions of the 005 and 006 appear to relate to position of the 0 + OH 
layers. The 003, 004, and 005 extinctions also indicate a layer· uI atoms at about 2 A 
from the aluminum layer; this is unexplained, and may be due to other factors. 

This study was undertaken mainly to determine structure, if any, of the interlayer 
water and position of the cations. In this connection the doo1 intensities were lowest 
when diffraction lines were sharpest and spacings were presumably most uniform. 
This occurred at zero relative pressu.re and near saturation, when doo1 was 10. 1 and 
19. 2 A, respectively. As shown in Table 1, in these particular cases the structure 
factor suggests planes of atoms occurring approximately midway in the interlayer 
region. Presumably these are the exchangeable calciums. 

Possible Configuration of Interlayer Water 

Hendricks and Jefferson (23) have suggested that because of the dipole character of 
the water as well as the lattice characteristics of the clay mineral surface, water 
molecules are joined by hydrogen bonding into groups of extended hexagonal networks. 
By assuming a 3. 0 A separation of oxygen, such a water network has a and b dimen
sions of the clay minerals, and every other water molecule in the net has one hydrogen 
available for bonding to an oxygen of the clay mineral surface. Successive hexagonal 
nets build up on one another and are hydrogen-bonded to one another. This hypothesis 

TABLE 1 

INFERRED POSITION (z) OF ATOMIC LAYERS RELATIVE TO 
THE CENTRAL Al LA YER 

00 ~ 

001 

002 
003 

004 
005 

006 

Annul.nh.ml 

10.1 (weak) 
19. 2 (weak) 

13-!8 
10-13 
18-20 (weak) 
14-18 
10-14 
18-20 
10-18 

dOOt z = -2-

5 
9. 6 

3. 2-4. s 
I. 7-2. 2 

3-3. 3 

·~ 7-2. 3 
1-1. ~ 

I. 8-2 . 0 
o. 9-1. s 

Probable Laye r Identifications 

Interlayer Ca 
Interlayer Ca and water 
Outermost 0 la yer 

? 

Silicon 
? 

0-0H layer 
? 

0-0H layer 

leads to a laminar stacking of a hexagonal 
water molecule network with a vertical 
separation of 2. 76 A for each layer. In 
this configuration each water molecule in 
a monomolecular layer occupies an area 
of about 11. 5 A.2 (16). 

Macey (29) pointed out that there is a 
similarity between the basal plane of ice 
and the oxygen layer of the basal plane of 
clay mineral. In the clay interlayer oxy
gen surface, the oxygen atoms are 4. 51 A 
apart, whereas the oxygens of the basal 
plane of ice are 4. 52 A apart. Assuming 
an ice configuration, there are 2% mole-
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cules of water per unit cell, and each water molecule covers an area of about 17. 5 A. 2 

(16). Macey suggests that the ice structure develops on clay mineral surfaces with 
the hexagonal molecular configuration of the basal plane of ice and tends to build out
ward from the surface. This configuration was supported by Forslind (19) using the 
Edelman-Favejee clay lattice structure. 

Barshad (4) has postulated various configurations for the water molecules adsorbed. 
He . suggests that for a monomolecular layer of water the maximum expansion would be 
2. 76 A. if the centers of the oxygens of the water molecules were ver tically above the 
centers of oxygens in the basal plane of clay mineral lattice, whereas the separation 
would be only 1. 78 A. if the water molecules forin tetrahedra with the bases of the linked 
silica tetrahedra of the clay mineral lattice. Three possible arrangements may occur 
depending on the manner of superposition of one monolayer of water on the other. If 
the water molecules form tetrahedra at the water-oxygen inter face and octahedra at 
the water-water interface, the arrangement would give a separation 3. 87 'A. If the 
water molecules form tetrahedra at the oxygen-water interface but are vertically above 
each other at the water -water interface, this would give an octahedral arrangement 
with a separation of 4. 54 'A. If the water molecules are vertically above a nd below the 
oxygens of the clay surface and are also above each other at the water-water interface, 
the arrangement would give a thickness of 5. 52 'A. 

When three monomolecular layer s are present, three possible separations are 
5. 96 A., 7. 30 A., and 8. 28 A., r espectively. Depending on the a r r angement at the clay 
surface , the area cover ed per molecule may be abou t 11. 5 'A 2 or 7. 7 A 2• 

The results of Demir el's studies (16) suggest that wate r is adsor bed in the inter
layer regions in the form of ice-like structure. This agrees essentially with Macey's 
hypothes is that a stacking of the hexagonal rings occurs in the quartz-like structure of 
ice: the first and second layers form a separation of 2. 76 'A each; the third and fourth 
layers fill in between the hexagonal networks forming tetrahedrons with the molecules 
of the network. The complete unit cell of ice is formed with the entrance of the fourth 
la yer, causing a separation of 7. 36 'A. The fifth and sixth layers of water enter be
tween the unit cell of ice and the clay surfaces, causing total separation of 10. 12 'A and 
12. 88 A, respectively. The ar ea occupied by a water molecule in this method is ap
proxima tely 17. 5 A2

• 

Opposing this view, Mackenzie (30) questions the va lidity of an ice-like structure . 
Nuclear magnetic r esonance s tudieSby Wu. (49) on montmorillonite at low temperatur es 
do not substantiate the theory of ice structure:- He points out that at temperatures be
low 0 C, the evidence indicates that the water close to the clay has a structure but it 
is different from that of ice. Wu further points out that selective adsorption sites exist 
for the first few molecules of adsorbed water, but that the water molecules are not 
bound to fixed positions but are under considerable thermal agitation. 

Roderick (43, 44) gives evidence of the formation of a laminated arrangement of in
terlayer waterrather than an i ce -like structure for a sodium montmorillonite with up 
to three layers of water. Mering (34) performed water vapor adsorption s tudies on 
calcium montmorillonite at 30 C and deduced that initially the first stage of hydration 
is the formation of groups of six H;i() molecules around every cation. He further sug
gested that the "hydrate" with two layers of water begins to form immediately after the 
hydration of the cations without passing through a one-layer state. 

There are approximately 0. 35 calcium cations per unit cell; therefore, a three-unit 
cell system satisfied by one cation is the basic model that will be utilized. From the 
data available, the possible uptake and arrangement of the interlayer water molecules 
are visualized as follows. The first layer of water forms a network shared by two 
montmorillonite platelets causing a separation of 2. 76 A. At this point approximately 
two molecules of water per unit cell are adsorbed. After the first two molecules per 
unit cell are adsorbed, there is a small increase which may be attributed to the space 
occupied by the calcium ion, and which may be considered as the state in which the 
first monolayer is completed and the start of the hydration of the cation occurs. The 
observed spacing may be explained if the water molecules are shared by the cation 
and are located in positions directly below oxygens of the mineral surface, while the 
cation is located in the base of the tetrahedron in the hexagonal framework of the min
eral surface. 
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As the second layer of water enters and 5. 5 molecules of water per unit cell are 
adsorbed, two hexagonal networks stacked in a laminar fashion would give the proper 
amount of water per unit cell and give a d spacing of 14. 7 A. The larger observed 
spacing 15.1 A can be attributed to space occupied by the cat ion. A straight lamina1· 
stacking including the cation would have given a spacing of 15. 6 Al it is concluded that 
the 15. 1 A spacing is an average value from the 14. 7 'A and 15. 6 A peaks. This view 
is supported by the line breadths, which are very broad in this region (Fig. 5). 

The 15. 6 A spacing rela tes to the entrance of additional water, and on the basis of 
the subsequent structure, this spacing, which also gives a broad peak, may be the 
start of an ice-like configuration with the formation of tetrahedrons with the water 
molecules of the hexagonal network. The 15. 6 A spacing is associated with the ad
sorption of 7. 5 molecules of water per unit cell. 

A four water-layer ice-like configuration causing a separation of 7. 36 'A can be ob
tained by the adsorption of 12 molecules of water per unit cell, and gives a d spacing 
of 16. 5 A. The observed combination of minimum line breadth and maximum intensity 
lends credence to the hypothesis of an ice-like configuration containing least disorder. 
The cation in this case fits loosely in holes, and does not directly affect the spacing. 

Apparently a fifth molecular layer of water enters between the configuration, giving 
a less ordered structure but causing a minimum line breadth at 19. 2 A.. An obse rved 
decrease in the intensity of the 001 reflections in the region of saturation must be an 
indication that the water molecules and/or cations have some structure effect. As the 
relative vapor pressure increased from p/p0 O. 42 to p/p0 0. 95 the interlaminar water 
content increased, but there was no s ignificant change in intensity. After p/p0 0. 95, 
intensity decreased. In general, the effective structure factor may be expressed as a 
combination of the contribution from the mineral structure plus the effect of the inter
layer cations and water molecules. At large separations, the ordering effect of the 
mineral surface is reduced and there is a buildup of electron population of water and 
the cations midway between the two sheets. Therefore, the 001 reflection would be 
reduced because the electron density would be exactly out of phase, although of a much
reduced amplitude. The decreased intensity suggests that the cations may now be 
centrally located, and prevention of further expansion is by symmetrical ion-dipole 
linkages between the layers. 

As pointed out, the ice-like configuration is completed in a very limited range of 
relative vapor p1·essure near saturation. The co.nfigura tion proposed in this study is 
not in basic contradiction with the ice structure proposed by Macey (29) and Demirel 
(16) nor with tbe nuclear magnetic resonance studies of Wu (49). At the present time 
there have been no nuclear magnetic resonance studies published concerning work con
ducted at relative humidities at which the ice-like configuration results. Perhaps future 
studies can be conducted so as to bring more light upon the interlayer water theories. 

Other alternatives for the arrangement of water were also considered. In the case 
of laminated stacking, a separation of 2. 76 A. would be caused by the adsorption of each 

Number of 
Molecular 
Layers of 

Water 

0 
1 
2 
3 
~ 
s 
6 

TABLE 2 

COMPARISON OF OBSERVED FIRST ORDER BASAL SPACINGS OF CALCIUM MONTMORILLONITE WITH 
THOSE CALCULATED FROM MONTMOR!LLONITE l>LA'l'lU-.ST THICKNESS (c0 ) AND 

HYPOTHETICAL MECHANISM OF THE ADSORPTION OF WATER 

Ice Conriguration Laminated Stacking 

Based on Based on Based on Based on 

Pyrophyllite doo1 of Pyrophyllile doo1 o[ 

Thickness 
Collapsed 

Thickness Collapsed 
Montmorillonito Monlmorillonitc 

Barshad's Alternativesa 

Alternative 1 Alternative 2 Altetnative 3 

9, 14 10.1 9. 14 10. l 10. 16 10. 16 10. 16 
11. 90 12. 86 !l, 90 12. 66 11.94 12.92 
14. 66 15. 62 14. 66 15. 62 14.03 14.70 15.68 
14.66 15. 62 17. 42 18. 38 16.12 17.64 16,44 
16. 5ob 17. 46 20.16 21.14 
19. 26 20. 22 22. 91 23. 90 
22. 02 22. 96 25. 70 26. 66 

0
8oiitd on a minimum d tpocing of 10.16 cs proposed by Sanhod (..:j), 

bcou'esponds too single-'-W'llt cell of ice-like structure l:>~ t W¢1ln Platelets. 
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additional molecular layer of water. Table 2 indicates that the ice configuration ex
plains the data in a better manner than does the laminated stacking concept. 

The hypothesis proposed by Barshad (4) for the configuration of the interlaminar 
water was also examined, and the spacings proposed by him are included in Table 2. 
As can be seen, these values can be utilized if one uses all three of his alternatives 
simultaneously. However, the configuration would be changed for each increment of 
water layers that entered. For example, alternative No. 1 could be used to explain 
the system with zero and one layer of water. Alternative No. 2 could be used to ex
plain the system with zero, one, and two layers. Alternative No. 3 could be utilized 
to explain the system with two layers of water only. The arrangement proposed in the 
preceding discussion, i.e., a buildup of water in an ice-like configuration, appears 
to more aptly describe the observed spacings. 

SORPTION DATA 

Figure 8 is a plot of the adsorption and desorption isotherms for the first and sec
ond cycles. The desorption branch for the first and second cycles did not return to the 
initial value of q = 0. For the entire range of the adsorption and desorption isotherms, 
the final point showed differences of 0. 3 percent and O. 25 percent in the first and sec
ond desorption runs, respectively. These differences may or may not be real, since 
readings of the calibrated dial on the automatic recording device or marking pen posi
tion may have introduced an error. However, if this difference is real it may be at
tributed to trace amounts of individual or clustered water molecules that were trapped 
within the interlayer positions if the pumping period were insufficient in length to re-
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Figure 8. Sorption isotherms of calcium montmori llonite, first and second cycles. 
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move the water from within the collapsed clay structure. Hence, the values for the 
BET function, the Langmuir function, and the free energy change for the second cycle 
were computed from the isotherm beginning at q = 0 and using the end point of the first 
desorption cycle as the new reference point. 

The isotherms show equilibrium moisture contents for the clay as the relative water 
vapor pressure increases or decreases. In the low relative pressure region the iso
therm is concave to the pressure axis, whereas in the high relative pressure region it 
is convex to the pressure axis. In an intermediate pressure range the isotherm ex
hibits a somewhat linear portion, the length and slope of which Brunauer (11) states is 
dependent on the adsorbent, the adsorbate and the temperature selected forthe investi
gation. Orchiston (1!!, 39) points out that the multimolecular adsorption theory is 
based on an adsorption on localized sites rather than on the formation of a mobile ad
sorbed layer. Using the Orchiston (39) approach, the concave section of the isotherm 
explains the completion of the first layer on these sites which may grow vertically and 
horizontally. The convex section of the isotherm shows a running together of the 
clusters of water molecules around the active sites. 

It can be seen that there is a drift on successive cycles with the same adsorbent, 
and the isotherms do not coincide. The shift in the curve is probably due to a re
arrangement of the surface areas as well as the changes due to pore size and shape 
during the first adsorption cycle. In the relative pressure range from p/p0 = 0. 85 to 
saturation, the effects due to capillary condensation are pronounced. 

Several interesting facets concerning the rate of adsorption were observed during 
the investigation. The spontaneity and instantaneousness of adsorption was indicated 
by the automatic recording device attached to the electrobalance. As soon as a small 
increment of water vapor entered the system, the response of the pen was immediate. 
At low relative pressures, the slope of the line described by the marking pen was very 
steep, and the slope decreased as the relative vapor pressure approached saturation. 
During desorption studies, this trend was reversed at high relative vapor pressures. 
If it is assumed that only a small fraction of the impinging waler vapor molecules are 
reflected back elastically by the solid, the rate of adsorption on a free surface would 
be quite rapid. If, however, the adsorbent contains long, very narrow pores and the 
vapor must diffuse into them, the adsorption would take a longer time to reach equilib
rium. If the incoming water molecules must displace any previously adsorbed mole
cules already there, the rate of adsorption may become very slow. In these studies, 
equilibrium was reached four hours after introduction of vapor and eight hours after 
removal of vapor for adsorption and desorption respectively. At low pressure, ap
proximately 90 percent of adsorption took place within the first 24 minutes after the 
valve controlling the water reservoir was closed. 

A similar 'trend was observed with the X-ray diffraction studies. After introducing 
a small amount of water vapor, the goniometer was set in motion, starting at a 28 angle 
two to four degrees lower than the apparent basal spacing for the previous transfer. 
The shift to the new vapor transfer peak position was observed within two minutes after 
stopcock S-1 was closed (Fig. 1). At all relative vapor pressures up to p/p0 = 0. 98, 
the new peak position determined within 30 minutes after closing the stopcock did not 
change in position or intensity during the next 24 hours. This would indicate that the 
basal spacing and intensity both change rapidly with the introduction of vapor. The 
shift in basal spacing was dependent on the amount of water adsorbed. 

For the final expansion or initial collapse of highly hydrated calcium montmorillonite 
there is either a force or strain to be overcome and/or the pores must be sufficiently 
filled or evacuated. 

Harrer and MacLeod (3) studied the sorption of non-polar and polar gases and vapors 
on montmorillonite. They reported that in theory Van der Waals adsorption should take 
place instantaneously, but that conducting of heat away from the sample causes a slight 
time lag. Additional slowing down is due to diffusion of vapors between particles of 
adsorbent, and redistribution of sorbed vapors by evaporation and condensation which 
proceeds until a uniform distribution of adsorbed material throughout the sample is 
achieved. 
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Brunauer (11), Foster (20), and McBain (31) have shown that hysteresis can be ex
pected with porous adsorbents. The adsorption and desorption isotherms fall on dif
ferent curves forming a hysteresis loop which closes in the range of p/p0 = 0 to p/ p0 = 
0. 25. The hysteresis loop indicates more adsorbate during desorption than during ad
sorption at a given pressure. Physical adsorption on the surface of the adsorbent is 
usually completely reversible, whereas the hysteresis shown by the desorption branch 
may or may not be reversible. If on repeating the experiment the desorption isotherm 
is completely reproduced, the desorption hysteresis can be considered as reversible; 
or it is irreversible if the second investigation gives a different curve. We may note 
that the hysteresis begins in the region of multimolecular adsorption. 

The first explanation for hysteresis was advanced by Zsigmondy in terms of capil
lary condensation (11, p. 394). He assumed that during adsorption the vapor does not 
wet the walls of thecapillaries in which absorption takes place. As the adsorption 
reaches saturation, the impurities are displaced and at saturation complete wetting 
takes place. The hysteresis due to trapped gases or adsorbed water molecules should 
be eliminated or r educed by effec tive evacuation of the system prior to investigation. 

Barre r and Ma cLeod (3) have explained hysteresis by s tating that the deso1·ption 
branch is the delay of the -development of an adsorbate-poor phase in the interlayer 
regions caused by strain and interfacial free energy until the pressure of the system 
has fallen below that for true equilibrium, whereas for adsorption, the development of 
an absorbate-rich phase in the interlayer regions is delayed due to strain and inter
facial tensions and the pressure exceeds the value for true equilibrium between the 
vapor and separated montmorillonite layers with or without interlayer adsorbate. 

Hirst (25) has shown that the forces tending to hold platelets together also prevents 
penetrationof the adsorbate. Interlayer adsorbate can only enter after a sufficient 
pressure is reached which would overcome the attractive forces and allow penetration. 
As the solid swells on adsorption, the free energy lowering of the solid may not be 
equated to the free surface energy since some energy will be used as work of expansion. 
As the interlayer attraction is reduced by the expans ion, less energy is necessary to 
expand the unit for addi tional pene tr ation of vapor . Brunauer (11) points out that even 
though adsorbents are usually regarded as rigid bodies, the adsorption process causes 
a change in pore volume, shape, and a rearrangement of the surface of the sample. 

The plot in Figure 8 tends to produce a completely reproducible isotherm up to 
p/p0 = 0.20, after which a well-defined hysteresis is observed. This is consistent with 
the s tudies conducted by Bering et al (6) on bentonite usi ng hydrocar bons as well as 
water vapor. Demirel (16) and Roderick (~ 44) observed that the adsorption branch 
of the homoionic bentonites investigated gave better reproducibility, and they chose 
the adsorption branch as the true equilibrium curve. Mooney et al (35, 36) observed 
that during their water vapor montmorillonite studies, the adsorptionisotherm was not 
reproducible, and they apparently used the initial water content at which the adsorption 
was begun. The desorption isotherm had a hysteresis which was reproducible, and 
because of the irreversibility of hysteresis and the close reproducibility of the de
sorption curves, they chose the desorption curves as the true equilibrium curves. 

Adsorption Models 

According to Martin (32), the adsorption of water vapor on montmorillonite is a very 
complex process and it isvery difficult to properly ascribe the phenomena to one single 
model of adsorption such as the Langmuir model or the multimolecular adsorption 
model for the entire range. It can be seen that the repeated cycles do not give a 
straight line for the Langmuir model, indicating that the Langmuir equation 

is not obeyed. The isotherm was therefore subdivided into a number of straight-line 
portions to determine if in the region between p/p0 equal to 0. 0 to 0. 28 any substantial 
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information could be obtained concerning unimolecular adsorption. Brunauer (11) has 
pointed out that a similar technique was applied to the adsorption of chlorine bysilica 
gel, and attributed straight-line relationships for the various sections to adsorption on 
fractions of the surface that had roughly the same heat of adsorption. The sample un -
der investigation had a crystalline surface, and one should expect several surface types 
corresponding to the different developed crystal faces. 

Van Olphen (48) conducted water vapor experiments on a sodium vermiculite to give 
clues for the interpretation of the intercrystalline swelling of montmorillonite. He de
termined that the second monomolecular layer of water entered only after the first 
layer was completed, and his isotherms showed a definite stepwise trend. Van Olphen's 
Langmuir plot gave linear relations, and "one-layer" and "two-layer" Langmuir plots 
were defined from the data. However, plots for the present investigation indicate that 
for Wyoming calcium bentonite, the Langmuir treatment does not give reasonable re-
sults (Fig. 9). · 

The multimolecular adsorption (BET) theory was developed in 1938 by Brunauer, 
Emmett, and Teller (11, 12). For adsorption on a free surface utilizing relative vapor 
pressures, they derived the equation 
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Figure 9. Langmuir plat for the adsorption of water vapor on calcium montmorillonite. 

(3) 



where V is the volume of vapor adsorbed at pressure p, V m the volume of the vapor 
adsorbed when the surface of the adsorbant is covered by a monomolecular layer of 
adsorbate, and p0 is the saturation pressure. The constant C can be determined by 
the equation 
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(4) 

where El is the average heat of adsorption in the first layer and EL is the heat of 
liquification. 

Equation 3 becomes 

1 
q c 

m 
(5) 

when the amount of vapor adsorbed is determined in terms of mass where q is the mass 
of the vapor adsorbed at pressure p and qm is the mass adsorbed at monolayer coverage 
at the adsorbant surface. 
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The BET multimolecular adsorption model gives a reasonably straight line in the 
region of p/p0 from O. 11 to O. 27 ., The region normally expected for the multimolecular 
adsorption model to be obeyed is between p/p0 = 0. 05 and p/p0 = 0. 35. . 

The BET plot in Figure 10 gives reasonably good straight lines within the range of 
applications from O. 11 to 0. 27 relative pressures. The parameters qm and C were 
calculated by a least-squares treatment of all the experimental data for both cycles. In 
order to estimate the accuracy of the values in the equation, the method proposed by 
Topping (46, p. 105) was used. The equation of the line obtained is 

y = (6. 523 ± O. 0625)x + (1. 682 ± 0. 0120) 

When the slope of the line and the intercept are known, the equation enables one to de
termine qm and C. The values of these parameters are O. 1219 gm/gm and 4. 878, 
respectively. The errors in qm and C were calculated from the principle of superpo
sition of errors. 

The values of qm and C corrected for the errors noted above are O. 1219 ± O. 0009 
gm and 4. 878 ± 0. 042, respectively. The data show very little error from a straight 
line determined by the least-squares method for the BET data; departures .from the 
straight line after p/p0 of 0. 27 are probably somewhat complicated by capillary con
densation, although of a minimal nature at this low range of p/p0 • 

The X-ray data indicate that initial separation of the platelets starts almost im
mediately as the relative pressure increases from zero. However, from p/p0 of 0. 00 
to O. 02 there is very little increase in spacing, indicating perhaps initial adsorption 
on the external surfaces. After 0. 02, the spacing starts to increase rapidly with an 
increase in pressure, indicating that the preponderance of water adsorbed is interlayer 
water. 

The problem of external area coverage as applied to the montmorillonite system 
might better be termed the areas accessible to polar and non-polar gases and vapors. 
As pointed out previously, nitrogen is adsorbed only on external surfaces. If a single 
non-swelling platelet is considered, then the area available to nitrogen and water vapor 
would be the same as indicated in Figure lla. On the other hand, if the system is 
constituted of a porous swelling powder, as is the system under investigation, then the 
area available to water might be considerably greater than that available to nitrogen, 
as in Figure llb. The smaller water molecules perhaps can either be accommodated 
in narrower intercrystalline channels or can penetrate into tapered channels that are 
inaccessible to nitrogen molecules. By using the Kelvin equation, one can see that as 
the relative pressure increases, the capillary radius available to a molecule for capil-
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lary condensation increases. Therefore, the following situation may occur with re
spect to montmorillonite powders. 
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fu Figures lla and llb, the pore spaces between the platelets act as capillaries and 
are accessible to water molecules when the diameter of the pore spaces is such as to 
allow the passage of a water molecule with diameter of 2. 76 A. The water will pene
trate between platelets as well as external areas, and the area available to water would 
be the total external area as well as the internal area of the agglomerate of platelets. 
In the case of nitrogen ads_orption, when the pore spaces are too small in diamete1· to 
pass the 4. 5 A nominal diameter nitrogen molecule, the areas within the platelets' 
agglomerate would not be accessible to the molecule. Ther efore, the ar ea associated 
with the nitrogen would be the external area of the agglomerate only. Roderick (43) 
found that the sodium montmorillonite area determined by water adsorption varied from 
83 to 145 m 2/gm to 172 m 2/gm. Both values of Roderick are considerably larger than 
those reported by others as determined fro m nitrogen adsorption, i.e., 41 to 71 m2/gm 
by Emmett (29), 33 m2/gm by Mooney et al (36), and 34. 5 m 2/gm by Zettlemeyer et al 
(~ . - -

Heat of Adsorption 

Brunauer (11) points out that the criteria of the application of the BET theory was 
based on the reasonableness of the two parameters qm and C evaluated from the straight 
lines. The average heat of adsorption less the heat of liquification of the first observed 
monomolecular layer was calculated by using Eq. 4 to obtain 

El - EL = R T ln C = 1. 987 x 298. 16 x ln C cal/mole 

However, this value for the heat of adsorption required a correction when C was re
derived by Clampitt and German (15). By using their correction, the equation for cal-
culation of El becomes: -

(5) 

where AHs is the heat of vaporization of the surface layer, and (AHs - EL) accounts 
for the difference in the heat of vaporization of successive layers and is equal to -1. 7 
kcal/mole (15). Both corrected and uncorrected values are listed in Table 3 for several 
calcium montmorillonites for which water vapor adsorption data are available, and show 
reasonably good uniformity. 

Free Energy Changes 

It is possible to determine the free energy changes that occur during adsorption of 
vapors on solid surfaces using the Gibbs equation. This indirect method was first 

TABLE 3 

AVERAGE HEAT OF ADSORPTION OF MONOMOLECULAR WATER ADSORBED ON 
CALCIUM MONTMORILLONITE, CALCULATED FROM BET PARAMETERS LISTED 

Mineral 

Hendricks et al (24)a 
Mississippi ca:montmorillonite 
California Ca-montmorillonite 
Wyoming Ca-montmorillonite 

Demirel (16) 
Wyomiilg Ca-montmorillonite 
Wyoming Ca-montmorilloniteb 

BET parameters 

0. 130 23 
0.133 15 
o. 125 6 

0. 130 6. 7 
0.1219 4.878 

0
BET parameters calculated by Oomirel (16, Fig, . 24 and 25). 

bBET parameters calculated by dato in thiS slvdy . 

Average Heat of Adsorption 
Less Heat of Liquification 

Ei -EL, Kcal/mole 

According to 
Brunauer (!!) 

1. 9 
1. 6 
1. 1 

1.1 
o. 94 

Corrected 
According to 
Clampitt and 
German~ 

3, 6-
3. 3 
2, 9 

2, 8 
2. ~ 
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proposed by Bangham and Razouk in 1937 (1, 2). Their treatment was vigorously ap
plied to nonporous solids (7, 27) and later the -method was shown to apply for porous 
adsorbent and not to depend onthe degree of compression (5, 17' 21). 

Boyd and Livingston (7) have shown that if the adsorption isotherm for a vapor on a 
crystalline nonporous powder is obtained and if the specific surface area is determined 
by the BET method (11), the change in free energy of a clean solid surface upon im
mersion in a saturated vapor can be calculated. Using the Gibbsian adsorption, Boyd 
and Livingston derived an equation for the free energy of immersion of a nonporous 
wettable surface in a saturated vapor. When relative vapor pressures are employed, 
it can be made to read 

1 

AF = (Yst - Yso + Ytv) = - ~11 d ~) 
Po 

0 

(6) 

where Y st is the solid liquid interfacial tension, y so the surface tension of the solid in 
a vacuum, Y w the surface tension of the liquid in contact with its own vapor, q is the 
mass of vapor adsorbed by a unit mass of the solid, and p/p0 is the relative vapor 
pressure. 

The clay mineral investigated consists of a solid powder absorbent that has a rigid 
structure. This structure is not influenced by the adsorption of water vapor except as 
far as the adsorbate enters the interstices of the interacting solid surface and causes 
swelling between the platelets. This separation is manifested in separation against 
the forces of interaction (27), and the equation for the free surface energy must be 
modified as given by Demirel (16): 

AF = (Yst - 'Yso) + a AV (7) 

where AF is the free energy change of wetting of the solid by the liquid, AV is the 
change in potential energy of interaction, or the free energy per square centimeter of 
the intersticial surface due to the separation of particles against the force of interac
tion, and Cl! is the interfacial surface area per square centimeter of total surface (40, 
p. 253). -

The values of the function q/(p/p0 ) versus p/p0 used to determine the free energy 
changes are plotted in Figure 12 for the first and second adsorption cycles, respec
tively. Demirel (16) and Roderick (43, 44) used similar plots to determine the free 
energy of wetting in their studies of montmorillonites. 

The second adsorption cycle agrees with the first cycle up to approximately p/p0 = 
0. 3. From p/p0 = 0. 3 to 0. 9, the first cycle points were from 0 to 12 m g/ gm higher 
than the second cycle. Between p/p0 = 0. 9 and saturation, the second cycle points 
passed through the curve of the first cycle. Slight changes in the pore size and shapes 
would cause this difference. However, since the second adsorption points agree with 
the first cycle in the low-pressure region and very nearly agree up to p/p0 = 0. 40, any 
slight swelling of the pores or material after the first cycle would not materially change 
the calculated free energy of wetting because the low pressure data are of the most 
importance in the energy change calculations. 

The free energies of wetting were actually calculated by using Eq. 6 and a graphical 
integration of the curves presented in Figure 12. 

The errors in the function were estimated to be ±0. 013 and ±0. 015 for the first and 
second adsorption cycles, respectively. The numerical values for the integral 

f_g__ d (..E...\ were found to be 0. 3858 and 0. 3844 ± 0. 015 gm/gm of calcium mont-
p/po PoJ 

morillonite for the first and second adsorption cycles, respectively. The specific 
surface ~ for Eq. 6 was determined from crystallographic data (47) for calcium mont-
morillonite by the relationship -
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Figure 12. Plot for the graphica I integration of the equation for the adsorption of water vapor on 
ca lei um montmori llonite. 

NA 
--a 
Mca 

(8) 

where NA is Avogadro's constant, Mca is the weight of the calcium montmorillonite 
unit cell, and a is the area exposed by one unit cell layer. Mca is equal to 732. The 
value of a may be determined from the unit cell dimensions a0 = 5. 16 A. and b0 = 8. 94 A.. 
Substituting these values in the expression above, the specific area is found to be 

6. 02 x 1023 x 2 x 5. 16 x 8. 94 

732 x 1010 x 1010 

L: = 759 m2/gm 

Using the value of the parameter qm obtained in the BET solution, the specific surface 
was also calculated: 

(9) 
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Substituting the values of qm = 0.1219 ands= 17. 5 A2 per molecule of water vapor in 
Eq. 9, the specific surface was found to be 

6.02x1023 x 0.1219 x 17.5 
~ = 

18. 02 x 1010 x 1010 

The value obtained by using the BET parameter is a reasonable value and compares 
very well with the theoretical crystallographic data. When !:: obtained from Eq. 8 is 
substituted in the equation, the free energy of immersion in saturated vapor or liquid, 
also referred to as the free energy of wetting, is calculated as follows: 

AF -1ii.T 0. 3858 

AF 

AF 

- 8. 314 x 10
7 

x 298. 16 x o. 3858 

18. 02 x 759 x 104 

- 69. 91 ± 2. 36 ergs/cm:i 

- 8. 314 x 10
7 

x 298. 16 x o. 3844 

18. 02 x 759 x 104 

AF = - 69. 66 ± 2. 72 ergs/cm2 

Demirel (16) reported a value of -76. 61 ± 4. 30 ergs/cm2 for calcium montmorillonite. 
He used a lOose powder in his study, yet the values obtained in both studies are in very 
good agreement. Craig et al (14) found similar results in their studies of compressed 
and uncompressed graphite powders, pointing out the importance of accurate low pres
sure range data. 

Expansion Energies 

Fu and Bartell (21), studying the surface areas of porous absorbents, evaluated 
Eq. 6 and found thaTihe change in free energy could be expressed by the relationship 

~ AF = a (p/p
0

){:l 

where AF is the decrease in the free energy per unit area, a and f3 are constants, p/p0 
is the relative vapor pressure, and~ is the area on which the adsorption takes place . 
They point out that this method can be utilized to study the expansion and deformation 
of porous materials caused hy adsorption of various vapors. For a given adsorbate
adsorbent system, a and B remain constant so long as there is no change in the mech
anism of adsorption. If changes in the mechanism of adsorption, such as capillary 
condensation or swelling occur, values of a and f3 change to another set of constant 
values. If only the external surface areas of the clay are involved in adsorption of 
the vapor, the relationship can be made to read: 

~ext AF = a (p/po)/3 

The change in slope of the ~AF curve observed by Fu and Bartell (21) was attributed 
to capillary condensation in the pores of the adsorbents. The exact point at which capil
lary condensation takes place cannot be determined, but it may be assumed to i:ihow its 
most pronounced effects at p/p0 values greater than 0. 9 to saturation. For clay min-



47 

erals, while capillary condensation undoubtedly has some effect, swelling (interlayer 
expansion) manifests itself more profoundly throughout the entire adsorption range. 

The values of the integral 
p/po = 1 

_ RT/ 1 d (_.£.) = !:.6.F 
M P0 Po 

0 

for increasing values of p/p0 from zero to saturation for the adsorption were plotted 
on log-log paper with !:.6.F on the vertical axis and p/p0 on the horizontal axis (Fig. 13). 
A close examination of the plot indicates six straight-line portions, the breaks occur
ring at p/p0 =' 0. 01, p/p0 = 0. 065, p/p0 = 0. 19, _p/p0 = 0. 85, and p/p0 = 0. 98. From 
the X-ray data, the initial adsorption at low relative pressures from zero to approxi
mately 0. 01 occurs on the external surface areas . Therefore, the straight-line por
tion of the log-log plot corresponding to a p/p0 range of 0 to 0. 01 (not shown in Fig. 13) 
was extrapolated to saturation, as indicated by a dashed line, assuming that the free 
energy relationship of Fu and Bartell (21) was obeyed. The differences between the 
extrapolated curve and the plot !:.6.F isthe free energy change of internal surfaces 
(expansion energy). This relationship may be expressed as 

~.6. F, 
ergs I gm 

!:. t .6.F. = !:.6.F - !: t .6.F m i ex e 
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Figure 13. Log-log plot of the free energy change vs relative vapor pressure. 
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where l:ext is the external surface area, ~int is the internal surface area, ~ is the 
specific surface area, and AFi is the expansion energy per square centimeter of in
ternal surface; AFi may be expressed in terms of an equation as follows: 

AF. = (y I - 'Y ) + AV 
1 s~ so 

where AV is the free energy change per square centimeter of internal surface due to 
the separation of the particles against the force of interaction. A Fi can be calculated 
by the expression 

~AF - l: AF ext e (10) 

and Eint AFi may be obtained from Figure 13 as the difference between the plot of I:AF 
and the dashed line extended to saturation, indicating the change in free energy due to 
adsorption on external surfaces. 
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Figure 14. Plot of free energy chonge due to adsorption on and separation of internal surfaces vs 
interlayer separation. 
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Figure 14 is a plot of !;int AFi vs platelet separation h. It can be seen that the 
changes in slope of the free energy change with increasing relative vapor pressure. 
Figure 14 can be conveniently divided into four major segments: segment I from 0 to 
2. 6 A, segment II from 2. 6· A to 5. 1 A, segment ill from 5. 1 'A to 6. 2 A, and segment 
IV from 6. 2 'A to 9. 1 A. The free energy change in segments I and II is about equal. 
The free energy change for segment III is substantially greater than a combination of 
the three other segments. 

The expansion energy of the first segment is the free energy change which includes 
the disappearance of the solid surface forming a solid-adsorbed film interface, and the 
partial hydration of the adsorbed cation plus the contribution due to separation against 
the force of interaction between platelets. This latter term will decrease the magni
tude of the free energy change. As the adsorption continues (segment II), the second 
layer of water penetrates between the first layer and the surface, and the free energy 
change is due to the extension of the film thickness and is probably less than that for 
disappearance of the solid surfaces and formation of a solid-adsorbed film interface. 
However, since the distance between the platelets is greater than that corresponding 
to the previous step, the interaction between platelets is decreased. In segment m, 
additional vapor is adsorbed in the interlayer region, further slightly reducing the 
interaction forces. In this segment, the free energy change is quite large because of 
the arrangement of the water molecules covering the active sites. No new surfaces ap
pear or disappear. The free energy on adsorption for the final expansion, segment IV, 
is due to penetration of additional water molecules between the layers. The forces of 
interaction between the platelets are relatively far removed from each other. 

Since the free energy change for segment IV is the smallest of any of the segments, 
the energy for penetration of water molecules between the water complexes existing 
must be less than for penetration between the clay surfaces, or due to hydration of the 
cations and arrangement of water molecules in the interlayer regions. 

Swelling Pressures 

The change in free energy at constant temperature can be expressed as 

dF = V dp (11) 

where Vis the molar volume of the adsorbed water and pis the external pressure. 
However, if we consider that the expansion is due only to the adsorption of vapor on 
the interlayer surfaces, the expression may be made to read 

!;, t dF. = V dp m i 

Since water is incompressible this equation becomes 

v dF. = ~ dp = h dp 
1 int 0 

(12) 

(13) 

where dFi is the expansion energy per square centimeter, V is the total volume of the 
interlayer at saturation per gram of calcium montmorillonite, ho is the maximum plate
let separation, and p is the applied pressure. When Eq. 13 is integrated, we obtain 
the following: 

AF. 

!; int f 1 

AF 
s 

dF. = 
l 

h dp 
0 

(14) 



tiU 

where AF s is the expansion energy when clay is in equilibrium with saturated vapor, 
p is the pressure required to prevent any platelet separation, and p = 0 is the pressure 
when the maximum separation is obtained. From Figure 14 the expression ~int 
AFi - ~int AFs for the expansion ene r gy may be obtained for platelet separation hand 
ho, respec tively. The swelling pressure may now be found by dividing the expr ession 
by the maximum platelet separation and the calculated internal surface area. Table 4 
is a computation of expansion energies and swelling pressures for the calcium mont
morillonite under investigation. 

The internal area used in the table was calculated using three different values for 
the cross-sec tional a r ea of adsorbed water molecules and the value of qm for the ex
ternal area obtained from the BET equation. Hendricks and Jefferson (23) reported a 
laminar stacking of interlaye r water such that the area occupied by a water molecule 
is 11. 5 A 2 • The area occupied per molecule of closest packing would be 10. 8 A 2• The 
data in the present study suggest an i ce - like configur a tion of water similar to the one 
proposed earlier (16) which gave a cross -sectional a r ea of 17. 5 A.2

• Use of these three 
values in Eq. 9 gave the calculated external surface areas. Internal areas were deter
mined by subtracting each external area from the to tal surface of 759 m 2/gm obtained 
fro m crys tallographic data. The value s for the internal areas we r e 653 m 2/ gm for 
10. 8 A 2, 646 rri2/ gm for 11. 5 A 2, and 587 m2/gm for 17. 5 A 2• 

Van Olphen (47) used the desor ption data of Mooney et al (35, 36) to estima te the 
pressure required to remove one monolayer of water from clay surfaces, by dividing 
the free energy change by the thickness of one monolayer of water. He found the en
ergy r equired to remove the interlayer water from between clay platelets to be from 
50 to 100 ergs/cm2 or 630 to 1260 tons/ft2. 

Roderick (43, 44) obtained a total free energy change of 40. 55 ergs/cm2 using a 
sodium Wyoming bentonite, and using the method outlined above he obtained swelling 
pressure values from 52 tons/ft2 to 339 tons/ft2

• The sodium montmor illonite did not 
swell initially and he was able to determine accurately an external area. Determining 
the external area in this study was more difficult since only a very short range of rela
tive pressure was observed where the adsorption was chiefly on the external surfaces. 

TABLE 4 

EXPANSION ENERGIES AND SWELLING PRESSURES FOR INDICATED SEPARATIONS DUE TO 
ADSORPTION OF WATER VAPOR ON THE INTERLAYER SURFACES OF 

CALCIUM MONTMOR!LLONITE 

Area Assigned Internal Expansion Swelling Swelling 
Separation to a Water Surface Area, Energy Pressure, p1 Presiwre, 

Molecule, A m2/gm erss/cm' dynell/cm ton•/ It' 

No interlayer 10. 8 653 377 394 
water present I I. 5 646 362 399 

17 . 5 567 419 437 

One molecular layer 10 . 6 653 3.1 370 366 
of interlayer water 11. 5 646 3.1 374 390 

17 . 5 567 3. 4 412 430 

One molecular layer 10. 8 653 6, 9 268 260 
of interlayer water II. 5 646 7. 0 271 263 
plus start of cation 17 . 5 567 7. 7 296 311 
hydration 

Two molecules of 10. 6 653 14. 7 176 184 
interlay~r w11tnr 11 . 5 646 14. 9 160 186 

(laminar stocking) 17 . 5 567 16. 4 196 210 

Three molecular layers 10 . 8 653 22. 2 63 87 
or interlayer water II. 5 646 22. 4 65 89 

17 . 5 567 24. 7 93 97 

Four molecular layers 10, 8 653 30. 6 37 36 
of waterlayer water 11, 5 646 31. 0 37 36 
in tetrahedral co- 17 . 5 587 34.1 41 43 
ordination (ice-like 
configuration) 

Five layers of 10 . 6 653 31. 2 
interlayer water II. 5 646 31, 6 

17. 5 567 34., 
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The data at relative vapor pressures between zero and p/p0 = 0. 01 are limited and the 
extrapolation of the straight line indicating the free energy change due to adsorption on 
external surfaces in Figure 14 may not be as accurate as those determined by Roder
ick (43, 44). 

Byusing the procedures outlined, the uplift pressures for calcium montmorillonite 
were found to vary from 38 tons/ft2 to 437 tons/ft2, higher at lower relative pressur es. 

CONCLUSIONS 

1. Upon adsorption or desorption of water, the first-order basal spacing of cal
cium montmorillonite varies in a continuous but nonuniform manner. 

2. X- r ay diffraction line breadths are a minimum for basal spacings of 16. 5 and 
19. 2 A, s uggesting uniform layer separations at these spacings. Simultaneously the 
diffraction intensity decreases, indicating that the inter layer wate r has s tructure . 
Combining X-ray with adsorption data indicates that at 16. 5 A the water has an i ce 
like configuration; the 19. 2 A spacing and sorption data may be explained by inti·us ion 
of one additional layer of water. 

3. At vapor pressures which give basal spacings less than 16. 5 A., line breadth 
and intensity data suggest simultaneous existence of varying numbers of water layers 
between the platelets, and steps in the basal spacings appear to be directly influenced 
by the interlayer cations. 

4. At ce r tain vapor pressures and doo1 spacings, strong secondary basal reflec
tions appeared in the neighborhood of 3 A. and 5 A., and may be explained by use of an 
electron density curve inferred from the mica-like structure of the clay layers. 

5. Interlayer swelling and shrinkage of calcium montmorillonite due to adsorption 
of water exhibit a hysteresis forming two loops, one from relative vapor pressure of 
zero to about 0. 40 and the other from about 0. 55 to saturation. X-ray diffraction line 
breadths during desorption suggest that at low pressures the water is very strongly 
attracted to the surfaces or around cation positions forming islands of water within 
the interlayer regions. As the sheets become undulated, the water may be trapped 
and the escape of water to the vapor environment is inhibited. The hysteresis in the 
high relative vapor pressure region is accompanied by an increase and then decrease 
of line breadth as the fourth and fifth layers of water are withdrawn. This water 
escapes quite easily indicating that it is not as strongly oriented as the water near the 
surface of the platelets. 

6. Calcium montmorillonite shows coloration after X-radiation. This was attrib
uted to prolonged X-radiation induced color centers. 

7. The sorption isotherms are completely reversible at a relative vapor pressure 
between zero and 0. 20. The adsorption isotherms are more closely reproducible on 
successive cycles and the rate of adsorption is greater than desorption as observed 
from the automatic recording device and X-ray diffraction pattern, suggesting that the 
adsorption branch is the equilibrium branch. 

8. The BET multimolecular adsorption model more closely fits the experimental 
data than does the Langmuir monomolecular adsorption model. 

9. The experimentally determined total surface area calculated from the BET 
parameter qm is equal to 714 m2/gm, which is in good agreement with the 759 m 2/ gm 
calculated from crystallographic data. 

10. The BET parameter C was used to determine the heat of adsorption of the first 
molecular layer of water on calcium montmorillonite less the heat of condensation of 
water (E1 - EL) and was found to be 2. 6 kcal/mole, which agrees favorably with pre
viously published data. 

11. The free energy of wetting, defined as the free energy of immersion less the 
free energy change du.e to particle interaction, was found on a compressed calcium 
montmorillonite powder to be -69. 91 ± 2. 30 ergs/cm 2 and -69. 61 ± 2. 72 ergs/cm2 

for the first and second adsorption cycles, respectively. This is in good agr eement 
with data of Demirel (16), who obtained -76. 61 ± 4. 30 ergs/cm2 using a loose powder. 
The magnitude of the free energy change is not affected by the degree of compression 
of the powder. The low-pressure region data are most important for determining free 
energy changes. 
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12. The X-ray diffraction data and adsorption isotherm data were used to estimate 
the external surface area at low relative vapor pressure regions. The free energy 
was divided into two components, one due to absorption on interlayer surfaces and 
particle interaction and the second to adsorption on external surfaces. These data 
enable one to estimate the expansion energies and uplift pressures. The swelling 
press ures exerted with the platelet separation corresponding to zero to four layers 
of water are 440 tons/ft2 to 40 tons/ft , respectively. 
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Engineering Properties of Several Pure Clays as 
Functions of Mineral rfype, Exchange Ions and 
Phase Composition 

EDELBERT VEES and HANS F. WINTERKORN, Princeton University 

•SYSTEMATIC study of the influence of exchange ions on soil properties of importance 
in highway engineering was already under way in the early 1930's, at a time when the 
only clay minerals that could be identified with any degree of ce rtainty were kaolinite 
and bentonite (_; ~. 10). This was just a short time after experience with the per
formance of subgrade soils had advanced sufficiently to allow classification in the first 
formulation of what has become the HRB-or AASHO-system. 

In the meantime great progress has been achieved in the elucidation of clay mineral 
structures and of their interaction with the water substance. However, the impact of 
this new and refined knowledge on highway engineering practice and economy has not 
been commensurate with its quality and quantity. It could be that the increasing so
phistication of apparatus and analytical methods and the emphasis on quantitative data 
in very limited fields of specialization has caused researchers to bypass the more com
plex phenomena and relationships that determine those properties in which the engineer 
is actually interested. Thus, there still remains the most important job of disentan
gling the complex and intricate skein of the engineering properties and separating the 
component threads before their quantitative study can be undertaken with profit. 

The earliest investigations of the cation effect on the engineering properties of clays 
and clay soils indicated its complex nature. Part of this complexity was found to be 
due to the influence of the exchange ions on the formation of secondary and higher 
structural units which may dominate the overall physical properties. The types and 
characteristics of the structures and structural units that are present in a soil speci
men at the time of test depend on the previous history of the specimen. Especially 
important is the occurrence of single or repeated instances of severe desiccation after 
the wet preparation of the cationic soil and clay variants. This effect of treatment on 
soil structure indicates the need for detailed description of all pertinent phases of the 
manufacture of test specimens if the data obtained on them are to be useful for theo
retical analysis. 

The purpose of this paper and the two companion papers (!, ~) is threefold: (a) to 
aid in the recognition, understanding and separation of the component factors that pro
duce the engineering properties of clays and clay soils as normally defined; (b) to pro
vide new data on certain physical properties of several relatively pure clays and their 
homoionic variants which may be directly useful for certain specific engineering pur
poses, or indirectly useful by defining probable r anges of particular engineering proper
ties in cases where specific data ar e not ava ilable; and (c) to add new theoretical and 
experimental building blocks to those already available in order to aid future master 
builders in the construction or perfection of a useful and dependable body of theory. 

MATERIALS AND METHODS 

Clay Minerals 

The kaolinite came from a sedimentary Georgia deposit and is commercially avail
able under the brand name of Grantham clay. It has a specific gravity of 2. 6 and is 

Paper sponsored by Committee on Physico-Chemical Phenomena in Soils and presented at the 46th 
Annual Meeting. 

55 



56 

TABLE 1 

CHEMICAL COMPOSITION OF CLAYS STUDIED 
(in weight percentages of respective oxides)a 

Oxide 

Si02 
Ah03 
F~:-0.1 
CaO 
MgO 
K,O 
Na,O 

Kaolinite 

46. I 
38. 1 

0. 55 
<O, l 
<0.1 

0. 11 
<Q, 10 

Attapulgite 

56. 3 
8. 5 
3. 1 
3. 75 

10. 0 
0. 65 

Benlonite 

56. 5 
20. 0 

1. 8 
1. 8 
4. 0 
0. 7 
3. 5 

0
According to onol~is by the supplier ond by the Deportment 
of Geology, Princeton Uni versity, 

quite similar to the Putnam brand em
ployed by Andrews, Gawarkiewicz and 
Winterkorn (1). According to Dr. Phelps, 
of the United-Clay Minerals Corporation, 
Trenton, New Jersey, which furnished this 
clay, its average particle size is 0. 5 micron. 

The attapulgite came from the same 
batch as the sample studied in the com
panion paper (1). It has the brand name 
Attagel 30, and was kindly furnished by the 
Minerals and Chemicals Division of the 
Philipp Corporation, Menlo Park, New 
Jersey. According to the producer, this 

clay has an average particle size of 0.12 micron and a specific gravity of 2. 36, lhough 
our own tests gave the values of 2. 61 in water and 2. 57 in DMSO. 

The knollenmergel came from a weathered reddish-brown Keuper deposit near 
Stuttgart, Germany. Kromer (5) found it to consist predominantly of a mixed layer 
mineral of intergrown illite-montmorillonite-sudoite with small amounts of free sudoite, 
kaolinite and illite present. The air pycnometer method gave a specific gravity of 2. 7 4. 
About 70 percent of the knollenmergel had a particle size smaller than 5 microns. 

The bentonite was of the brand called Geisenheimer in the German trade. According 
to the producer, it consists of 90 percent montmorillonite, 5 percent quartz, and 4 per
cent Na-carbonate. It has a specific gravity of 2. 6; more than 90 percent of its weight 
consists of particles smaller than 1 micron. 

The consistency tests performed on the natural materials yielded the following 
values: 

Mineral LL PL PI 

kaolinite 64.2 33.6 30.6 
attapulgite 283 104 179 
knollenmergel 62.9 27 35. 9 
bentonite 418 120 298 

The chemical composition of the kaolinite, attapulgite, and bentonite studied is given 
in Table 1. 

Base Exchange Capacity 

The base exchange capacity of the different clays was determined in accordance with 
the method described by Davidson and Sheeler (3) and in the case of the kaolinite also 
by potentiometric titration of the H-clay. The fullowing average values expressed in 
milli-equivalents per 100 g of clay were obtained: kaolinite, 5. 3; attapulgite, 16. 6; 
bentonite, 76. O; and knollenmergel, 29. 5. 

Preparation of the Homoionic Modifications 

In the case of the kaolinite and attapulgite, the homoionic modifications were prepared 
in batches of 4 kg each, using the method described by Schachtschabel (7 ). According 
to its author, this method results in practically complete cation exchange. First, a 
10-liter aqueous solution was made containing 10 times the amount of cations required 
for base exchange in the form of a soluble salt. This salt was the nitrate in the case 
of thorium, the sulfate in the case of aluminum, and the acetates for the other modifica
tions. These solutions were placed in the bowl of an industrial model Hobart mixer 
which, along with its paddle, had previously been coated with a chemically inert synthetic 
resin film. The powdered clay was added slowly while the mixer was running, and the 
resulting dispersion was mixed for two days. Then it was placed in a container and 
left at rest for seven days. Subsequently, the supernatant clear solution was decanted 
and the dispersion or paste was concentrated and washed either in a filter press or by 
means of large Buchner funnels connected to a vacuum. The filtrate was frequently 



Figure 1. Device for sorption experiments. 

2f 

Figure 2. Schematic presentation of 
conso lidometer. 
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tested for anion content, and the process 
was considered completed when no anion 
presence could be detected by a pertinent 
chemical method. For the washing process, 
about 25 liters of distilled water were 
required when the Buchner funnels were 
used and half that amount in the case of 
the filter press. 

The homoionic bentonite modifications 
carrying monovalent exchange cations 
were prepared by adding solutions of the 
required amounts of the respective hy
droxide to a dispersion of H-bentonite. 
This clay had been prepared previously 
by treating the commercial bentonite 
with dilute HCl and washing out the 
released cations and the excess HCl by 
means of distilleci water. For the cations 
of higher valency, their chlorides were 
used, and the cationic variants were 
prepared and washed as described in the 
preceding paragraph. The same method 
was used in the case of the knollenmergel 
except that the removal of salt impurities 
was achieved by repeated sequences of 
dispersing the clay in distilled water, 
centrifuging, and removing the supernatant 
washing water. 

The kaolinite and attapulgite modifica
tions were dried in air at room tempera
ture, pulverized in a ball mill supplied 
with well-rounded quartz pebbles, and 
stored in polyethylene containers. Sam
ples to be used in any of the experiments 
were wetted 24 hours before the start of 
the test. The modifications of the knollen
mergel were also dried after preparation 
and stored in this form. For the bentonite 
samples, it was considered better to store 
them with a water content that approximated 
their liquid limits. 

EXPERTh'IENTS 

The experimental work comprised the following items: 

1. Consistency tests, PL, LL, and PI (ASTM). 
2. Sorption with the device described by Baver and Winterkorn (8 ), shown in Figure 1. 
3. Consolidation tests were performed on homoionic kaolinite and attapulgite speci

mens in Casagrande-type oedometers into which the specimens were puilt at liquid 
limit consistencies. The loadings employed corresponded to 1

/ 8, 
1/'1, 1

/2, 1, 2, 4, and 8 
kg/cm 2

• From the data recorded in the consolidation process, the coefficients of per
meability were calculated for the pertinent void ratios. 

4. Shear of clay-water systems without air phase. Special care was el'nployed to 
insure the absence of an air phase in the specimens. The powdered clay samples (230 
g for kaolinite and 100 g for attapulgite) were thoroughly dispersed in 1. 5 liter of distilled 
water by the action of a Waring blender run for 30 minutes. The dispersion was left 
standing for 24 hours in a closed container which was connected to a vacuum line. 
De-airing was assisted by frequent tapping of the container at the bottom and sides. 



58 

Figure 3. Device for cutting shear test specimens. 

Subsequently, the suspensions were carefully filled into specially constructed oedome
ters by letting the liquid stream flow down the wall of the specimen container which was 
tilted at an angle of 60 deg. The construction of the oedometers is shown schematically 
in Figure 2. The cylinder and piston were of Plexiglas, the base and loading plates of 
aluminum, and the guide rods of steel. The inside diameter of the cylinders was 2. 5 in.; 
they were available in heights of 8 and 12 in. 

The loading steps were (a) the weight of the piston alone, about 0. 008 kg/ cm a; (b) the 
weight of piston plus loading plate, about 0.12 kg/cm 2

; and (c) surcharges of 0. 5, 1, 2, 
and 4 kg/cm2

• The maximum consolidation stress that was employed in a particular 
case never exceeded the normal stress used in the respective subsequent shear test, 
except in those tests that were definitely identified as having been performed on pre
viously over- consolidated specimens. 

Each of U11: l uadiugs ill t ile first and second steps was held for 24 hours. Each of 
the subsequent surcharges was kept for two days except for the final loading, which 
was kept for 4 days. At the end of the consolidation, the samples were carefully pushed 
out of the cylinder by means of the piston, wrapped in Saran Wrap, and sealed in a 
plastic bag, which was placed in a polyethylene container provided with a well-fitting 
lid. The samples were kept that way until the time of testing. 

From these cylindrical samples shear test specimens of 3
/ 4 in. height were cut with 

a wire saw. For this purpose a device was used which consisted of a Plexiglas cylinder, 
mounted on a flat base. The cylinder had a thin slot for the passing of the saw blade 
at a distance of 3 /4 in. from the base. The slot ended at the interior wall of one side of 
the cylinder; the remaining thick wall section was sufficient to provide mechanical 
stability to the device (Fig. 3 ). 

The shear tests were of the quick type employing a rate of shear displacement of 
0.08 in. per minute. Two series of tests were made. In one series, the specimens had 
been preconsolidated under normal stresses of 1, 2, and 4 kg/cma, respectively, and 
were sheared at these stresses. In the other series, the specimens had been over
consolidated under a normal stress of 4 kg/cm2 and were sheared at the lower stresses 
of 0.5, 1 and 2 kg/cm2

, respectively. Since removal of the samples from the consoli
dometer, cutting of the specimens and transfer to the shear apparatus cause a certain 
amount of stress relief, the specimens were kept in the shear apparatus before testing 
under the respective normal loads until they had reached constancy. Maximum shear 
stress was obtained at a shear displacement of 0. 5 in. 

The apparatus used for the shear test was the automatic shear tester developed by 
Herbst (4). It was provided with an adapter to take the cylindrical clay specimens 
(Fig. 4).-

TEST RESULTS 

Consistency Properties, Atterberg Limits 

The results of the plastic and liquid limit tests are shown in Figures 5 and 6. The 
plastic limit is defined as the lowest moisture content, exlJressed as a percentage of 
the dry weight of the soil or clay, at which it can be rolled by hand into threads of Ya in. 
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Figure 4. Shear box and adapter device. 

diameter without crumbling. This implies the presence of either true cohesion, as 
provided by water films that have interacted with the mineral surfaces and have ac
quired cohesive properties, or apparent cohesion, caused by the water- air interfacial 
tension of the many menisci existing in the solid-liquid-air system represented by the 
test sample, or both. A good example of the action of apparent cohesion is moist dia
tomaceous earth. 

The volume of water required for the plastic limit may be divided into that needed 
for actual lubrication of the mineral particles and that which fills capillary pore space. 
In soils that possess a continuous granular skeleton of sand particles, the pore water 
requirements are determined largely by the difference between the volume of the in
tergranular pore space and the volume of the soil fines and their lubrication require
ments. In the case of pure clays, the capillary or non-lubricating portion of the water 
requirement is determined largely by the effective secondary structure. This may 
range from disperse to flocculated and from practically nonelastic to highly elastic 
and springy. A good example of structures with a high degree of springiness is the 
case of attapulgite in which the needle-like crystallites form felt-like structures that 
may absorb water like a sponge while the individual particles are still able to slide 
over each other. 

In the case of small clay particles possessing a large base exchange capacity and 
an extreme tendency for dispersion, a pseudostructure may be formed by addition of 
water. Each particle wants to adsorb all the water it can, and because of the limited 
amount of the latter a structure is formed that has a minimum of free energy. In the 
normal three-dimensional space, the ideal structure that tends to be formed consists 
of dodecahedron-like water cells whose walls consist of flat clay particles. Such cells 
can be easily broken and as easily reformed. 

All these physical responses of clay to water have an influence on the Atterberg 
limits. Inspection of Figures 5 and 6 leads to the following conclusions: For bentonite, 
the position of the plastic limit on the water content scale is determined mainly by the 



Figure 5. Consistency properties ofthehomoionic 
modifications of kaolinite and knollenmergel. 
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Figure 6. Consistency properties of the homoionic 
modifications of bentonite and attapulgite. 

water affinity of its individual crystallites. This water affinity decreases from the 
Li- to the Al- modification. The higher plastic limit of Al-clay as compared with 
Ca- clay is due to flocculation structure. The course of the plasticity index as a func
tion of the exchange ion shows what is usually considered normal behavior. Assuming 
that the structural effect is of comparable magnitude for both the plastic and the liquid 
limit, the PI becomes a measure of the water affinity of the soil. 

In the case of the felt-like structure of the attapulgite, the location oi the plastic 
limit is determined mainly by the springiness of the structure which derives from that 
of the individual crystallites. The latter appears to increase with increasing valence 
of the exchange ions, with greater effectiveness at high than at low water contents. At 
low water contents, restraint is imposed by the apparent cohesion resulting from the 
presence of numerous capillary menisci. Similar cation effects have long been known 
for felts made of wool. 

For kaolinite, the plastic limit increases with increasing valency of the exchange 
ions, which indicates increasing flocculation effect, while the water affinity itself does 
not change very much. An exception in the course of the plastic limit is the position of 
the Al-clay. This, however, may be due to a lubricating effect of adsorbed Al (OH}s. 

The knollenmergel shows exchange ion induced structural effects similar to those 
observed on attapulgite. In view of the complex nature of this material, more detailed 
conclusions are not warranted at this time. 

Results of the Water Sorption Experiments 

The rate of water sorption into pulverized or coherent dry soil systems of comparable 
capillary porosity depends primarily on the effective permeability of the system, while 
the ultimate volume of sorbed water is a measure of the type and degree of water in
teraction with the surfaces of the component soil minerals. The permeability depends 
on the total porosity, the djspersive or flocculative structure of the secondary aggrega
tions, the rate of destruction of interparticle bonds by the capillary water, and the type 
and amount of water bonding to the surfaces of the mineral particles (_!_!, ~). 
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Figure 7. Water sorption of kaolinite as a function of type of exchange ions and time. 

Figure 7 shows the water sorption of kaolinite powder as a function of the type of 
exchange ion and time. The Th-clay shows the highest initial sorption rate and the 
lowest ultimate intake. This is to be expected from its flocculated structure and its 
low water affinity. For the other ions the picture is not so clear-cut. Considering 
the relatively low base exchange capacity of the kaolinite, the observable ion effect 
appears to be markedly influenced by the type of secondary structure induced by the 
different cations rather than by the individual water affinities of the ions themselves. 
Of particular interest is the closeness in rate and final volumes in the water sorption 
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Figure 8. Water sorption of attapulgite as a function of type of exchange ions and time . 
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by Na- and Mg- kaolinite, which indicates 
a similarity in water affinity that has been 
observed on other occasions. 

A beautifully simple picture is presented 
by the attapulgite data plotted in Figure 8. 

The ultimate volume intake is determined by the springiness of the needle-shaped crys
tallites and of the felt-like structure formed by them. This springiness increases with 
increasing valency of the exchange ions while the water affinity of the clay mineral sur
faces decreases. Accordingly, the rate of water intake as well as the ultimate volume 
increase with increasing exchange ion valency. 

Permeability Coefficients Calculated From Consolidation Test Results 

Figures 9 and 10 show the coefficients of permeability of kaolinite, knollenmergel, 
attapulgite and bentonite as a function of void ratio and type of exchange ion. The in
fluence of the valency of the exchange ions is most clearly defined in the case of atta
pulgite and bentonitc. It is quite evident also in the knollenmergel and the kaolinite, 
though the Al- and Ca-knollenmergels behave quite similarly as do the Na- and Ca
kaolinites. 

Results of Shear Tests 

Tests on Systems in Equilibrium With Normal Pressure Employed in Shear Test
Figure 11 shows the shear resistance of homoionic modifications of kaolinite and atta
pulgite as a function of normal pressure, which is also the consolidation pressure. The 
curves demonstrate an arithmetic linear relationship between the normal pressure with 
which the system is in equilibrium and the shear resistance. The effect of the exchange 
ions on the shear resistance for the attapulgite is the same as that on the sorption and 
permeability tests, i.e., Al> Ca> Na. Hence, it is due to the degree of springiness 
imparted to the crystals and not to the degree of interaction with water, which would 
give the reverse sequence. In the case of the kaolinite the sequence is Th> Al = Na> 
Ca. This also indicates a predominant influence of the tendency to form flocculated 
structures. 
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Figure 12. Shear resistance of homoionic kaolin
ite samples as a function of void ratio with rela
tionship of void ratio to consolidation pressure. 

Figure 12 shows the same shear data 
for kaolinite as a function of the void ratios 
reached under the respective consolidation 
pressures. This time, the logarithm of 
the shear strength increases linearly with 
decreasing void ratio. At low void ratios, 
the structural influence is most effective 
as indicated by the order of the cation 
effect: Th> Na> Al> Ca. With increasing 
void ratio, the effect of the Th-ion de
creases rapidly and falls below those of 
Na and Al at a void ratio of 1. 4 and 1. 45, 
respectively. 

Figure 13 shows the corresponding pic
ture for attapulgite. Because of the pre
dominant influence of the springiness of 
the attapulgite system, the three curves 
are more closely clustered together. At 
low void ratios, the sequence of the cation 
effect is Al > Ca> Na; it is completely 
reversed at the high void ratios. 

Tests on Samples Preconsolidated at 

Normal Pressures of 4 kg/ cm2 and Sheared 

at Normal Pressures of 0. 5, 1 and 2 kg/ 

cm2-The results of these tests are shown 
in Figure 14. For the kaolinite, the data 

show a sequence of cation effect at high normal pressures similar to the virgin curves 
in Figure 11. The sequence is inverted, however, in the case of the attapulgite. Be
cause of this and the fact that the data showed a greater pressure dependency than is to 
be expected for quick tests on previously over consolidated specimens, the void ratios 
of the samples were calculated from their moisture contents determined after the test. 
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While the test specimens had been cut trom the same consolidation samples it was 
felt that there might be some variation in moisture content, depending on the location 
where a particular specimen was cut, and an accompanying difference in elastic ex
pansion when the specimens were being transferred to the shear apparatus. Figure 15 
shows the plots of the shear strength data as a function of the void ratios calculated 
from their actual water contents during testing. 

For the kaolinite the sequence of the cation effect was the same at the low void ratios 
as for the virgin samples; however, the magnitude of the shear resistance was at a 
lower level than previously. This could be due to an ordering effect of the overcon
solidation. The same trend is evident from the plots of the attapulgite data. Obviously, 
the overconsolidation left its effect on the soil structure which is reflected in the shear 
strength data. 

CONCLUSIONS 

On the basis of the data and discussions presented and of the evidence in the refer
ences cited, it can be concluded that: 

1. The engineering properties of clays and clay soils depend to a marked extent on 
the type and degree of formation of secondary and higher structural units. 

2. The different exchange ions favor the formation of different types of structures 
but the extent to which these are actually formed and influence engineering properties 
depends on the type of clay mineral and even more on the history and the treatment of 
the particular sample. This is comparable to the role played by carbon in steel. 

3. The primary effect of a particular exchange ion on an individual clay crystallite 
is a modification of its interaction with water and determines the effective size and 
properties of the clay micelle. Among the properties affected is the elasticity or 
springiness of the crystallities, which is especially important if they are fibrous or 
needle-shaped. This effect may counteract or even exceed that on the size and turgidity 
of the micelle. 
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4. The secondary effect concerns the mutual interaction of the clay micelles which 
leads to microstructures that range from disper sive to flocculated. The strength of 
these structures and their elasticity have a major impact on engineering properties 
similar to that resulting from the elasticity of needle-shaped crystallites and their 
felt- l ike s econdary structur es. These microstructures are present and effective even 
if, as in the case of the shear test specimens, every possible attempt is made to sup
press the formation of higher types of structure like those found in natural cohesive 
soils as a result of repeated wetting and drying and/ or freezing and thawing. 

5. While the data and discussions presented may not lend themselves to immediate 
incorporation into a set of equations or specifications , they should teach the neophyte 
appreciation of the compleXity of clay soil behavior and help the experienced soil engi
neer to coor dinate some of his hitherto unexplained observations into r eadily available 
knowledge. In addition, many of the data pr esented are of direct pertinence for such 
problems as the amelioration of saline and alkaline soils and the proper handling of 
late rites and lateritic soils, as well as for such established engineering uses of base 
exchange as described or indicated in earlier works (~, 10 ). 
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Comparison of the Interaction of Three Clay 
Minerals With Water, Dimethyl Sulfoxide, 
And Dimethyl Formamide 
RICHARD E. ANDREWS and JOSEPH J. GAWARKIEWICZ, U. S. Navy, and 
HANS F. WINTERKORN, Princeton University 

•THE central problem regarding the engineering properties of clay soils is their in
teraction with water. The better the interaction is understood, the more easily and 
economically can clay soil systems be made to serve satisfactorily for engineering 
uses. One path to such understanding is to compare the interaction of clay soils and 
particularly pure clay mineral systems with water and other liquids. This has been 
previously followed by Russell (23), Baver and Winterkorn (2, 30), Waidelich (29) and 
others. Specific motivation for the present work arose from the recent discovery of 
many interesting properties of dimethyl sulfoxide (DMSO) and especially its interaction 
with the water substance in living biological systems bearing close resemblance to 
clay -wat r systems (6, 7 ). It seemed also worthwl)ile to include a few experiments 
with dimethyl formamlde (DMF), an equally interesting liquid (8). 

The experiments performed were of the simplest possible nature, such as the deter
lllination of specific gravity, liquid and pl:lBtic limits, sorption of thP. liquids by the 
powdered clay minerals, sedimentation volumes, optimum liquid content and maximum 
density of compaction, and cracking patterns of thin clay-liquid films. This restriction 
to s imple tests has the double advantage that the experimental results can be easily 
checked in even a rudimentarily equipped laboratory and that the evaluation of the re
sults provides an opportunity to reexamine the physical meaning of a number of tests 
that have become of such routine nature that little thought is normally given to their 
actual physical significance. 

CHARACTERISTICS OF THE LIQUIDS 

Properties of the three liquids used are given in Table 1. The peculiar properties 
of the water substance which result from the structure and polar nature of the water 
molecule are exemplified by the data in the table. Their bearing on clay-water rela
tionships has been discussed extensively in previous publications (22, 23, 24, 27 , 34, 
3 5 ). Those of particular pertinence will be cited in the discussion Of the experimental 
results. 

Dimethyl sulfoxide-(CH3 )aSO-is a commercial solvent chemically related to ace
tone-(CH3)9CO-and is presenUy produced by oxidation of lignin-derived dimethyl sul
fide. It is a colorless liquid, completely miscible with water and extremely hygro
scopic. Properties of special interest in soil engineering a1·e its solvent power for 
both water and many organic substances, its very rapid diffusion through hydrophilic 
systems of high water content (which suggested its use as a carrier for drugs and other 
chemicals in living systems and for reactive organic chemicals in soil stabilization), 
its suppression of ice formation in deep-cooled biologic preparations and in moist soils, 
its own chemical reactivity, and its catalyzing and directing effect on other chemical 
reactions ( 6, 7 ). 

Dimethyl formamide-(CHs):aHCON-is a very powerful solvent and has many indus
trial applications. It is a colorless, mobile liquid with faint amine odor and is com-

Paper sponsored by Committee on Physico-Chemical Phenomena in Soils and presented at the 46th 
Annual Meeting. 
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TABLE 1 

PROPERTIES OF THE LIQUIDS EMPLOYED" 

Property Water DMSO DMF 

Formula H,O (CIU),SO (CH,),HCON 
Specific gravity (20 C/20 C) 0. 99823 1. 1008 0. 950 
Molecular weight 18. 00 78.13 73 . 09 
Melting point, deg C 0.0 18. 45 -61. 0 
Boning l'Olnt, de g C, at 760 mm Hg 100. 0 189. 0 153. 0 
Liquid range, deg C, at atmospheric pressure 100 170. 55 214. 0 
Speclfk heat, cal/g 1.0 o. 47 0. 5 

(29 . 4 C) (20 C) 
Mole heat, cal/ mole 18. 0 36. 7 36 . 6 
Mole volume, cc/mole 18. 0 71. 3 77 . 0 
Heat capacity, cal/ cc 1.0 0. 517 0. 475 
Average atom heat1 cal/atom 6. 0 3. 67 3. 05 
Surface tension, dyne/cm 72. 75 42. 8? 35. 2 
Molnr surface energy, erg 495 737 637 
Viscosity, centipcise (20 C) 0. 894 1. 98 0. 802 
Refractive index I. 33 I. 4783 !. 4269 

(20 C) (20 C) (25 C) 
Dielectric constant 80. 00 48. 9 26. 6 

(20 C) (20 C) (25 C) 
D1PQlc moment, Dcbye units 1. 89 3. 9 3. 85 
(Dlclectrlc constnnl) ' (mole volume)'" 209 204 113 

aRefe rences: ~·~·~·~·~·~· 

pletely miscible with water and organic solvents. It is a good carrier solvent for gases 
and is often used wherever a solvent with a low rate of evaporation is required (8). 

DMF vapors are harmful and may be absorbed through the skin. DMF is highly 
irritating to the skin, eyes, and mucous membranes. Liver inju1·y has resulted in ex
perimental animals through prolonged inhalation of 100 ppm (17). Because of this, 
appropriate precautions were used in the laboratory when working with this liquid and 
also with DMSO, though for different reasons, since the latter cannot be considered as 
toxic in the same sense as DMF. 

Both DMSO and DMF are acidic solvents. Their polar nature is shown by the di
electric constants and dipole moments listed in Table 1. Though the dielectric con
stant of DMSO is only 48. 9 at 20 C, as compared with that of about 80 for water, the 
respective products of the dielectric constants with the cube roots of the mole volumes 
show that the capacity of reducing the strength of an electric field is about the same 
per molecule of HaO and DMSO while that for DMF is about one-half of the value for 
HaO. The dipole moments of DMSO and DMF (3.9 and 3.85 Debye wiits, respectively) 
are larger than that of HaO but their positive pole is not as accessible as that of HaO. 
Also, the sizes of the DMSO and DMF molecules are considerably larger than that of 
HaO. While the fatter can be considered as essentially spperical with a diam~ter of 
about 2. 7 A, the DMSO molecule has a length of about 6. 2 A a.pd a width of 4. 0 A; the 
DMF molecule has corresponding dimensions of 6. 4 and 3. 5 A. On the other hand, the 
values of the molar heats of evaporation at the respective boiling point at one atmo
sphere (which for water, DMSO and DMF are respectively 12000, 10300 and 9900 cal/ 
mol) and the molar surface energies (495, 737, and 637 ergs/mol for H20, DMSO and 
DMF, respectively) are indicative of similar overall bond str ength between the mol
ecules of the three liquids. Also, the molecular assemblies of the three liquids appear 
to be equally loose-much more pore space than volume of solid molecules-with the 
difference that the holes in the DMSO and DMF are considerably larger than those in 
water and can easily accommodate molecules of the latter. 

In both the DMSO and DMF molecules, the positive end of the dipole is not as acces
sible as in the case of HaO. This shielding makes the interaction of the dipoles with 
anions considerably weaker than with cations. Therefore, dissolved anions and anionic 
surfaces are relatively free from interaction with the liquid while cations become 
solvated. Since the solid surfaces of clay minerals in aqueous systems are of pre
dominantly anionic character, this property of the DMSO and DMF molecules is of 
particular interest. 
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CHARACTERISTICS OF THE CLAY MINERALS 

The clay minerals used were kaolinite, attapulgite and Na-montmorillonite. The 
crystal structure and general characteristics of these minerals have been thoroughly 
investigated and are well described in the pertinent literature ( 4, 10, 11 ). The kaolinite 
came from a sedimentary Georgia kaolin. It had an average particle size (equivalent 
spherical diameter) of 3 microns. X-ray diffracliun showed the clay to be well crys
tallized with some disorder along the b-axis. The kaolinite was furnished by the United 
Clay Mines Corporation of Trenton, N. J. The attapulgite came from Attapulgis, 
Georgia (18); it had an average particle size (equivalent spherical diameter) of 0.12 
microns. The clay was supplied by the Minerals and Chemicals Division, Philipp 
Corporation, Menlo Park, N. J., under the brand name Attagel 30. The sample of 
montmorillonite used was No. 200 Vol clay, supplied by the American Colloid Company, 
New York. X-ray diffraction studies performed by the Geology Department of 
Princeton University showed that the sample was essentially a Na-montmorillonite. 

TESTS PERFORMED 

Specific Gravity and Specific Volume 

According to Russell (23 ), the specific volume (the inverse of the sp. gr.) of clay in 
a particular liquid depends on (a) the specific volume of the clay substrate; (b) the 
weights and volume of the exchangeable ions on the clay; (c) the interaction between 
the exchangeable ions on the clay particles and the wetting liquid; (d) the interaction 
between the clay substrate and the wetting liquid; and (e) for dried clay crumbs, the 
sizes of the pores in the clay crumb, which determine both the accessibility of the 
liquid molecules to the clay surface and the compression of the liquid in the pores due 
to interfacial tension forces. 

These factors must be kept in mind in the evaluation of the data obtained in Lhe 
present and in preceding investigations. Also, it should be pointed out that interfacial 
tension forces may result in expansion and not only in compression of the pore liquid 
(33 ). From independent evidence on the behavior of cations in aqueous solutions we 
may conclude that their interaction with polar liquids results in the densification or 
electrostriction of the liquid portion associated with the cations. On the other hand, 
interaction of the liquid molecules with the solid surfaces may result in either ex
pansion or contraction or both on dilferent parts of the mineral surfaces, depending 
upon tne nature of the liquid and the topochemical composition and geometry of the mineral 
sw·faces. Thus it is possible that water be expanded on the 0-basal planes uI kaolinite while 
it may be densified at the OH-planes and on the corners and edges of the crystal plates. De 
pending on the relative amounts of such surfaces and on the type and amounts of exchange 
ions, either expansion or densification may prevail or they may compensate each other. 

The tests were made in accordance with ASTM designation D 8 54- 58 with such mod
ifications as were indicated by the high hygroscopicity of the DMSO and of the atta
pulgite and montmorillonite clays. All clays were dried al 105 C, and cooled and kept 
until tested in a vacuum desiccator over powdered P20 5• The exact method employed 
in this and the other tests performed have been described by Andrews and Gawarkiewicz (_~). 

Atterberg Limit Tests 

As one abstracts water from an aqueous clay suspension, the system passes succes
sively from a liquid to plastic, semisolid, and solid state s. The moisture contents at 
which the changes of state occur are determined in greater or lesser approximation by 
the liquid limit, plastic limit and shrinkage limit tests. The position of these limits 
on the moisture scale is determined by the water affinity of the mineral components 
of the clays or soils, their tendency to form secondary and higher structural units, and 
their granulometric composition, which controls packing properties and pore space 
geometry. 

The limit tests were run in accordance with the pertinent ASTM specifications ex
cept for such modifications as seemed desirable in the case of liquids other than water 
(~). The shrinkage limit test could be run only with water since systems with the other 
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liquids gave only weak casts that disintegrated into powdery masses when even slightly 
disturbed. This in itself was a good indication that the DMSO was unable to form 
polymolecular layers that could bond adjoining clay particles. 

Dietert Compaction Test 

The Dietert compaction device was originally developed by the American Foundry
men's Association for the preparation of foundry sand test specimens. It was modified 
and adopted by the Portland Cement Association in the late 1930's for the manufacture 
of small cylindrical soil-cement test specimens which required less material than the 
standard Proctor specimens. Later, it was standardized by the British Road Research 
Laboratory to serve as a method for determination of optimum moisture or liquid con
tent and maximum density in soil compaction (12, 21). 

The apparatus employed in this study wasthesame as described by Winterkorn 
et al (32). The cross section of the mold was 20. 3 cm 2

; a molded specimen 2 in. 
in height has a volume of 103 cm3

• For determination of the optimum liquid con
tent and the maximum density, a weighed amount of dry clay was used to give a sample 
of about 2 in. in height. From the weight of the dry soil used and the length of the 
sample measured after compaction at the respective liquid contents, the dry density 
was calculated in grams per cubic centimeter and multiplied by 62.4 to give the com
pacted dry weight in pounds per cubic foot. The actual liquid content was determined 
by weighing before and after oven-drying of the specimen. This also served as a 
check on the weight of the solid matter in the :.ample. Compaction was accomplished 
by dropping the compactor weight (18 lb) through a distance of 2 7/s in. Five such blows 
are employed, 2 with a fork placed between the specimen cylinder and the base and 3 
after removal of the fork. This procedure results in a "Iloating" of the molding cylinder 
and in a reduction of loss of compacting energy. 

When using the DMSO, the clay samples were oven-dried and cooled in a vacuum 
desiccator over P205. Usually 6 samples of the oven-dry clay were mjxed with dif
fe rent amounts of the liquid and allowed to stand overnight in a desiccator to reach 
equilibrium before being tested. 

Sorption Tests 

A description of the device used is found in Baver's book on soil physics, which also 
contains early sorption data of various clays tested by Winterkorn and Baver (2, 30). 
It consists essentially of a Buchner funnel with a fused-in porous glass plate. -The 
outlet tube is bent twice, first by 180 deg and then by 90 deg, to make the direction of 
the extreme section parallel to, and at the same height as, the filter glass plate. To 
the end of the tube a microburette is welded having a capacity of 1 ml. The burette 
could be read accurately to the nearest ± O. 001 ml. In the case of highly swelling clays, 
a 3-way stopcock connected with a liquid reservoir is inserted between the Buchner 
funnel and the microbtu·ette to permit filling of the latter during the experiment with
out Wldue interfe r ence. 

A few clecigrams of the powdered clays were placed in sections cut from an old 
glass blll'ette, having a capacity of about 3 ml and being provided at the bottom with a 
fine -mesh nylon screen. After placement, the samples were densified by gently tapping 
the container on the table 6 times. The densification thus obtained was reproducible 
for the samples of the same clays. The sample container was then placed on top of 
the glass filter. This marked the start of the experiment. The top of the Buchner 
funnel was sealed with a rubber stopper provided with a small-bore capillary tube. 
This allowed pressure equalization on both open ends of the test device while reducing 
potential evaporation losses to a degree that they could be neglected. 

The special characteristic of this test is that no work is being supplied by the out
side as in the LL test. All phenomena that occur result from the initial free energy 
of the system ·Whose decrease supplies the energies needed to break the bonds between 
the individual clay crystals in the secondary aggregations in which the clays a.re 
present and to produce the various otller phenomena that take place dtn·ing sorption 
including the heats of wetting and swelling. 
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The samples were dried in a desiccator over powdered P205 and held the following 
percentages of hygroscopic moisture a:t the beginning of the test: kaolinite, 0. 05 percent; 
attapulgite, 7. 4 percent; bentonite, 4.9 percent. Readings were taken over a time in
terval of 6 days, which was sufficient for all tests except for bentonite sorption of wate r. 
For this r eason the final value for bentonite was taken from data previously obtained 
with the same melhod. 

Sedimentation Volumes 

Determination of the sedimentation volume is a time-honored colloid-chemical test 
but little has been written about it in the soil engineering literature. This may be due 
to the fact that considerable colloid-chemical knowledge and judgment are required for 
proper evaluation of the test results. An excellent exposition of the significance and 
proper use of this tesl is contained in a paper by Fischer and Gans (9). In general, 
flocculated particles settle rapidly to high equilibrium volumes while deflocculated 
particles settle slowly to low volumes. The equilibrium volume of deflocculated par
ticles is an indication of the size of colloidal micelle formed by interaction of the solid 
particle with the liquid medium. In the case of flocculated particles and of those that 
tend to flocculate upon contact of their micelles, the equilibrium volume is an indication 
of the strength of the .flocculating forces. 

The test is usually performed by dispersing a known amount of the solids in a large 
excess of the liquid which is contained in a graduate cylinder that can be stoppered to 
prevent pollution and evaporation during the test. The relative rate of settling is noted 
and the final volume of the sediment is recorded. 

In the present case, water, DMSO and DMF were used as dispersion media; the 
amount of oven-dry clay was 10 g for the kaolinite and 5 g each for the attapulgite and 
the bentonite. The dry c.l::iy samples were placed i n the cylinders , then 50 to 75 ml of 
the liquid were added. The cylinders were stoppered and thoroughly shaken until 
satisfactory dispersion had been obtained. Subsequently, the cylinders were placed in 
the thermostat and the sediment was permitted to form and reach equilibrium volumes 
which were recorded. 

Tests were performed with all combinations, except for bentonite and water, at a 
temperature of 22. 7 C. Additional tests for the H20 and DMSO systems were run at 
temperatures of 30, 40 and 50 C. However, no temperature effect could be observed 
on the sedimentation volumes. 

Cracking Patterns of Thin Clay Slurry Films 

The laws governing the formation of shrinkage cracks have been discussed in detail 
by Thompson (28) and applied to engineering soil problems by Winterkorn and Tsche
botarioff (34). -

When thin films either of homogeneous solutions, such as shellac in acetone, or of 
cohesive slurries or pastes containing dispersed solids are formed on a surface in 
which they can anchor themselves, and are permitted to lose solvent by evaporation, 
then tensile stresses are set up and act parallel to the film surface. These stresses 
may be relieved in one or more of several ways. First, if the particles are relatively 
large and if there is no cohesion inducing interaction between the liquid and the solid 
surfaces, the liquid will evaporate and leave a uniform chalky film. 

If the system possesses cohesive properties and if the particles are of such nature 
and so oriented that they can move easily over each other, they will rearrange them
selves as the solvent evaporates and will form a thinner but still continuous film. In 
the case of clay slurries, the closer the plastic limit lies to the shrinkage limit, the less 
is the danger of crack formation. This, however, is not the whole story. A very low 
shrinkage limit, as in the case of Na-montmorillonite, indicates the ability of particle 
movement even at low moisture content, provided that time is given for such movement, 
i.e., if the liquid loss occurs at a slow rate. Also, the PL is determined at low pressure 
intensities which are not comparable to those existing in a drying clay. Therefore, if 
there exists a great difference between the PL and the optimum liquid content for com
paction, conclusions should be drawn from the OLC rather than from the PL. 
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If large shrinkage stresses occur in a system that cannot provide stress relief by 
movement of the component solid particles, then such relief will be provided by crack 
formation. In this process, the law of least energy is obeyed. This means that the 
greater the tensile strength of the system, the smaller is the number of cracks formed 
per unit of surface area. For the same reason, shrinkage cracks in a homogeneous 
system tend to form a hexagonal pattern. From this discussion it should be obvious 
that the more one already knows about a system the more one can learn from its crack
ing pattern. 

The films for this study were made in the following manner: 

1. Oven-dry samples of each of the three clays were thoroughly mixed with each of 
the three liquids to a consistency above that of the liquid limit. 

2. The mixtures were allowed to remain overnight in desiccators to reach equilib
rium conditions. 

3. The respective slurries were spread in thin films on unglazed but smooth por
celain plates and allowed to dry. 

4. The appearance of the films was photographically recorded. 

It was considered important that the films made of the same clay but with different 
liquids have the same thickness. This was accomplished by placing two parallel layers 
of masking tape on the porcelain plate, putting a small sample of the slurry between 
these strips and spreading it by means of a spatula sliding on the surface of the two 
strips of tape. One layer of the tape represented a thickness of about 0.15 mm. The 
films of the attapulgite clay were made to a thickness of 0.15 mm, those of kaolinite 
and bentonite to 0. 45 mm. 

DISCUSSION OF TEST RESULTS 

Specific Gravity and Specific Volume 

The specific gravity data in Table 2 are about as expected for kaolinite but are 
higher than reported in the literature for both attapulgite and montmorillonite. The 
tests were repeated several times with utmost care but without change in the results. 
Despite this fact, we shall place emphasis on the difference of the respective values 
for water and DMSO, rather than on the absolute values for the specific gravities and 
the specific volumes. 

The specific volumes of both kaolinite and attapulgite are 0. 8 percent and 1. 5 percent, 
respectively, smaller in water than in DMSO. This may be due to a small electrostric
tion effect and/or to a better accessibility of some of the pores in the attapulgite to the 
smaller water molecules. The most interesting fact is that the specific volume of the 
bentonite is about 16. 4 percent larger in water than in DMSO, even if we do not take 
into account the e lectrostriction effect Of the dissociated Na+ ions, which is about 
8. 5 A3 per ion. Since it is difficult to imagine that the solid crystal matter has ex
panded, one usually assumes that in the vicinity of the clay mineral surfaces the water 
molecules have acquired a looser packing. Assuming this packing density to be only 
0. 9 of that of normal water, about 56 percent of water based on the weight of bentonite 
would be involved. However, the packing density may have other values; also, it may 
and probably does vary with distance of the water molecules from the mineral surfaces 
and from the dissociated Na+ ions. At any rate, the interaction of the Na-montmoril-

Clay 
Mineral 

Kaolinite 

Attapulgite 

Montmorillonite 

TABLE 2 

SPECIFIC GRAVITY AND SPECIFIC VOLUME 

Specific Gravity Speciiic Volume 

H,O DMSO H,O DMSO 

2, 61 2. 59 0. 383 0. 386 

2. 61 2. 57 0. 383 0. 389 

2. 51 2. 92 0 .398 0 . 342 

DMSO - H20 

+O. 003 

+0. 006 

-0. 056 
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TABLE 3 

ATTEREERG LIMITS 

Clay Liquid LL PL PI PI H,O 
SL PI OMSO 

Kaolinite H,O 62 33 29 0. 53 29 
DMSO 105 50 55 

Attapulgite H,0 291 110 181 1. 17 80 
DMSO 309 155 154 

Na-Bentonile H,0 506 55 451 7. 5 
DMSO 140 80 60 

lonite crystal surfaces with the water molecules appears to be of a different character 
than that with the kaolinite and attapulgite surfaces. 

Regarding the great difference in specific volume of the bentonite in water and in 
DMSO, it is possible that some of the hygroscopic water on the bentonite solid, which 
heating to 105 C did not remove, dissolved into the large intermolecular pores of the 
DMSO without increasing its volume. If this is the case, it would mean that DMSO and 
stabilizer carried by it could break through the water barrier around bentonite particles 
and react with the mineral surface itself. This may account for the beneficial effect 
of DMSO when used in aniline-furfural stabilization. 

Atterberg Limit Tests 

The results of the Atterberg tests are given in Table 3 for the three clays, using 
water and DMSO, respectively. Judging from the shrinkage limit data with water, the 
Na-bentonite forms the most disperse or leaRt flocculated secondary structure while 
the attapulgite forms a very open type of secondary structure. This is also borne out 
by the PL data with water; the higher PL of the bentonite as compared with that of the 
kaolinite clay is due to its very high ability to bind water. While no SL values could be 
obtained with DMSO, the reaction picture indicated a more flocculated structure of all 
clays with this liquid. This is also reflected in the PL data where each clay required 
more DMSO than water to get into the plastic state. Since the same structural effects 
influence both the PL and LL values, their difference (the PI) has traditionally been 
considered as a measure of the interaction between mineral surfaces and contacting 
liquid. For attapulgite and bentonite, the degree of interaction is obviously less for 
DMSO than for water; however, in the case of kaolinite, DMSO appears to interact more 
strongly than water. This points to a basic difference between the character of the 
kaolinite surface and the attapulgite and bentonite surfaces. 

There exist several empirical relationships between the PI and the LL of what are 
considered as normal soil materials. Best known of these is that graphically ex
pressed in the plasticity chart of the Unified Soil Classification System. If the PI falls 
above the line expressing the normal relat ionship, this indicates soils and clays of 
especially high water binding capacity; if it falls below the line, this indicates elasticity 
or springiness of the soil material. The relationship incorporated in the Unified Sys
tem was preceded by those of Woods and Litehiser, and Burggraf (36 ). The respective 
mathematical expressions are -

Unified System: PI= 0. 74 (LL - 20) 
Burggraf: PI = 0.625 (LL - 14) 
Woods and Litehiser: PI = 0. 60 (LL - 9) 

From the liquid limit values obtained for the three clays using water and DMSO, 
respectively, the "normal" PI values were calculated by the three methods given. Their 
arithmetic means are given in Table 4 together with the experimentally determined 
values and the difference between them in percent of the calculated values. According 
to these data, the bentonite qualifies as a very "fat" clay , with high wate r affinity and 
high plasticity, while both the kaolinite and attapulgite-water system exhibit a certain 
amount of expansiveness or structural elasticity. 
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TABLE 4 

COMPARISON OF EXPERIMENTAL AND CALCULATED PI VALUES 

H,O DMSO 
Clay 

Pl Exp. PI Cale. % Difl. Pl Exp. PI Cale. iour. 

Kaolinite 29 31 -6. 4 55 59. 2 -7 . 1 

Attapulgile 161 161 0 154 193 -20. 

Bentonite 451 322 +140 60 82. 2 -27. 

In combination with DMSO, the PI of the bentonite has shrunk to less than % of its 
value with water, that of attapulgite has decreased 15 percent and that of kaolinite has 
increased 90 percent. Also, the bentonite-DMSO system possesses definite elastic 
expansive characteristics, absent in the HaO system, while the attapulgite has con
siderably increased its expansive nature. On the other hand, the interaction of the 
kaolinite with DMSO did not have any marked effect on the elastic properties of the 
clay-liquid system. All this points to a basic difference in the character of the ka
olinite mineral surface from that of the attapulgite and even more from that of the 
bentonite. 

Dietert Test 

No major difficultieo or peculiarities were encountered in these tests except for 
bentonite with both water and DMSO. Using water, a maximum density of 73 lb/ cu ft 
was achieved at a moisture content of about 10 percent, which is little more than this 
clay has in air-dry condition. While this is meaningless from a practical engineering 
point of view, it indicates strikingly the essential "mobility" of Na-montmorillonite 
under stress even at very low moisture contents. This of course is also reflected in 
its extremely low shrinkage limit. From this maximum, the density decreased uni
formly with increasing moisture content. For tabulation, an optimum liquid content 
of 50 percent was chosen, which seemed reasonable in view of a corresponding plastic 
limit of 55 percent. 

Addition of DMSO to bentonite produced first a bulking effect, which in the compacted 
specimens reached a maximum at about 35 percent of DMSO, while the maximum den
sity was obtained at about 76 percent. The test data are given in Table 5, together 
with ratios of the optimum liquid contents and of the maximum densities. 

The optimum liquid contents (OL) for compaction were larger for DMSO than for 
HaO in the case of kaolinite and bentonite and smaller in the case of attapulgite. Also, 
in kaolinite and bentonite, the OL values wer e a few points below the corresponding 
PL values while for attapulgite PL/OL was 2. 25 for water and 4. 3 for DMSO. This was 
one of a number of indications of the springiness and turgidity of attapulgite-liquid sys
tems which yielded to the greater effort of the compaction method but not to the gentle 
pressure of the hand making the PL test. 

TABLE 5 

DIETERT COMPACTION TEST 

Clay Liquid 0.L. M.D. ~ DMSO M.D. DMSO 
(%) (lb/ cu ft) > H,O M.D. H,O 

Kaolinite 
H,O 28 65 

1. 43 0. 83 DMSO 40 71 

Attapulgite H,O 49 39 o. 73 o. 92 DMSO 36 36 

Bentonite H,O 50 65 
I. 52 o. 74 DMSO 76 46 

Note: 0.L. = optimum liquid conten t, M.O. = maximum density. 
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TABLE 6 

LIQUID SORPTION OF OVEN-DRY CLAYS 
(In ml per g of clay) 

Sorption Tests 

Time 

1 hni1r 
1 day 
6 days 

F'in~l 

H,O/DMSO 

Kaolinite 

11.0 DMSO 

0. 762 0. 956 
0. 666 1. 040 
1. 024 1. 454 

1. 03 1. 46 

0. 7 

Attapulgite 

lbO DMSO 

2. 640 1. 890 
2, 926 2.128 
3. 330 2. 304 

3. 34 2. 31 

I. 45 

Bentonite 

H.0 DMSO 

0. 304 
u. 880 
1. '114 

11+ 

7. 2+ 

I. 334 
I. 460 
i. 516 

1. 52 

For all clays except kaolinite the final sorption data were higher for water than for 
DMSO (Table 6). The respective ratios were 7. 2+ for bento11ite, 1. 45 for attapulgite 
and 0. 7 for kaolinite. In all cases, except for attapulgite with DMSO, the sorption values 
were higher than the corresponding LL values, indicating that slight disturbance would 
put the saturated systems into the liquid state. In the case of attapulgite the sorption 
value at any given time was always higher for water than for DMSO, while in the case 
of bentonite the amount of liquid sorbed was for the first few days higher for DMSO 
than for water. The sorption values for kaolinite, the same as the corresponding LL 
values, indicate a greater affinity for DMSO than for water. 

Sedimentation Tests 

In accordance with the data in Table 7, the liquid volumes associated with one gram 
of the clays arc in Lhe following ratios for HaO : DMSO : DMF, respectively: 

Kaolinite - 0. 63 : 1 : O. 64 
Attapulgite-2.6 : 1 : 0.65 
Bentonite - : 1 : 1. 08 

The volumes of DMSO associated with one gram each of t he clays are in the propor
tions 1 : 0.9 : 0.6 for kaolinite, attapulgite and bentonite, respectively. Hence, kaolinite 
interacts more strongly with DMSO than with either water or DMF. Attapulgite inter
acts most strongly with water, followed by DMSO, and least with DMF, and bentonite 
interacts also most strongly with water, but to about the same degree with both DMSO 
and DMF. The strong interaction of DMSO with kaolinite and its weak interaction with 
bentonite, which is of the same order as that with DMF, are especially noteworthy. 

Cracking Patterns 

The drying of the kaolinite film produced no cracking pattern with any of the three 
liquids; however, the film produced with DMSO had the best appearance (Fig. 1). With 
respect to the film from the water slurry it is pertinent that the SL of the kaolinite was 

Liquid 

Water 
DMSO 
DMF 

TABLE 7 

SEDIMENTATION VOLUMES 

Kaolinite Attapulgite Bentonite 

(a) Sedime ntation volume in ml per g of clay 

3. 0 
4. 25 
2. 65 

9. 74 
4. 0 
2. 74 

2. 6 
2. 8 

(b) Volume of llquld associated with each g or clay 
(sedimentation \•olumo minus specUic volume of clay) 

Water 
DMSO 
DMF 

2. 62 
3. 67 
2. 46 

9. 36 
3. 61 
2. 35 

2. 26 
2. 45 

29, the PL 33 and the optimum moisture 
for compaction 28. The smoother film 
with the DMSO derives from its great in
teraction with the kaolinite. 

The attapulgite-water film showed a 
few cracks forming relatively large struc
tural units indicating relatively large 
tensile strength of the clay-water system 
and also good mobility of the clay particles 
at relatively low water contents. Of 
pertinence are the high shrinkage limit 
of 80, the PL of 110 and the optimum 
moisture for compaction of only 49. 
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DMSO produced the smallest structural units, while those with DMF were of inter
mediate size. 

The bentonite-water films produced no cracks; the cracking of the DMSO system 
produced secondary units of larger size than did the DMF system. 

SUMMARY AND CON CL USION8 

1. Comparison of the r esults obtained with simple soil tests run with water and also 
with or ganic liquids of well-defined molecular and bulk properties m ay not only aid in 
a better u nderstanding of the physical meaning of the results from normal soil tests but 
may also bring out diffe r ences in the characteristics of the surfaces of various s oil
and especially clay-minerals. 

2. If the PI values ar e taken as a meas ure of the interaction between mineral sur
faces and liquids, then the interaction with water was, as expected, greatest with ben
tonite and least with kaolinite. With DMSO, however, the absolute PI value was greatest 
for attapulgite and much less for both bentonite and kaolinite. On the other hand, the 
PI value for kaolinite with DMSO was about twice that with water. 

3. The very strong interaction of DMSO with kaolinite showed itself also in all the 
other tests. Thus, in the sorption and sedimentation tests, the amount of DMSO as
sociated with the kaolinite was about 30 percent greater than that of water. 

4. The great difference in interaction of DMSO with kaolinite and bentonite, respec
tively-with attapulgite lying in between-points to marked differences in their respec
tive surface characteristics and, probably, the manner in which water molecules are 
associated with their surfaces. 

5. The much greater specific gravity (and correspondingly smaller specific volume ) 
possessed by bentonite in DMSO as compared with water deserves further study be
cause of its bearing on the problem of water structure and energy conditions at water
mineral interfaces and their consequences regarding water- proofing stabilization of 
cohesive soils of high water affinity. 

6. While the work with DMF, because of its toxicity, was limited to sedimentation 
and film tests , this liquid showed (as did DMSO) good wetting power for the highly 
water-affine clays combined with much smaller sorption, dispersion, and swelling 
values. 

7. Because of its demonstrated good wetting power but limited disper sive action on 
highly water -affine clays s uch as bentonite , DMSO may become an important ingr edient 
in the stabilization of heavy clay soils by chemical means where excessive dispersion 
of the natural or artificial secondary soil aggregates signifies an increase in stabilizer 
requirements. Thus the addition of 2 percent of DMSO to soils containing various types 
of clay resulted in a remarkable improvement in strength and water resistance when 
these soils were stabilized by aniline-furfural alone or in combination with various 
mineral binders, including Sorel cements and plaster of paris. 
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Thermal Conductivity of Kaolinite Clay as a 
Function of Type of Exchange Ion, Density and 
Moisture Content 
W. H. RENO, U. S. Army, and HANS F. WINTERKORN, Princeton University 

•HEAT transmission through soil is of major importance in highway construction and 
maintenance, in agriculture, in the engineering of buried power cable systems, and in 
many other areas of human activity and interest. This importance is matched by the 
number and complexity of interacting phenomena that are normally involved in such 
transmission. These phenomena comprise true conduction in the solid, liquid and 
gaseous phases, micro-convection in the liquid and gaseous phases and micro
distillation-condensation sequences. A synoptic view of the total problem was given by 
Winterkorn in 1962 (6). While considerable experimental data are already available, 
they are quite insufficient for a thorough theoretical comprehension and true scientific 
analysis of the total problem. Especially remarkable is the almost complete lack of 
dependable data on pure clay systems. To remedy this situation, a comprehensive 
systematic effort has been started in our laboratory. The present paper reports on 
data obtained with the natural kaolinite clay and its Na-, Ca- , and Al-modifications at 
different moisture contents and porosities; it also offers theoretical explanations for 
the effect of the exchange ions and the other compositional variables on the thermal 
conductivity of the investigated systems. 

MATERIALS AND METHOD 

Materials Employed 

The starting material was a sedimentary Georgia kaolin composed of hexagonal 
platelets which possessed a mean diameter of 0. 5 micron and a mean thickness of 0. 08 
micron, yielding a surface area of approximately 21.4 m2/g. X-ray diffraction showed 
the kaolinite particles to be well crystallized with some disorder along the b-axis. 

The homoionic Na-, Ca-, and Al-modifications were prepared as described in the 
companion paper by Vees and Winterkorn ( 5) . The base exchange capacity was 5. 3 
milliequivalents/100 g at pH 7; it was determined by the method described by Davidson 
and Sheeler (1). 

Distilled water was used in all pertinent phases of sample preparation. 

Test Method and Apparatus 

For the thermal conductivity determinations, the transient method of Stalhane and 
Pyk (3) was used in the form previously described by Van Rooyen and Winterkorn (4), 
who also discussed the theoretical basis and the practical advantages of this method. 
Of particular interest is the short time required for the actual test which minimizes the 
possibility of moisture migration during the test period. 

TEST VARIABLES INVESTIGATED 

The variables whose effect on thermal conductivity was investigated were density, 
moisture content and type of excha,nge ion. In the respective tests, two of these vari
ables were kept constant while the third was varied as described below. 

Paper sponsored by Committee on Physi co-Chemica I Phenomena in Soi Is and presented at the 46th 
Annual Meeting. 
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Of each clay, samples were prepared in the six moisture percent ranges 1. 24-1. 44, 
5.24-5.76, 11.01-12.62, 15.81-17.90, 22.80-24.60, and30.56-34.78. Atthenominal 
surface area of 21. 4 m 2/g of clay, these water contents correspond to thickness of 
water films with the following average number of water molecules: 2, 9, 19, 28, 40, 
and 55, respectively. The water required was supplied either in the form of distilled 
water or steam. The samples with less than 20 percent of water were passed through 
a No. 200 sieve and kept in sealed containers for 24 hours to enhance uniform moisture 
distribution. Samples having moisture contents above 20 percent were kneaded thoroughly 
and kept in sealed containers for the same period. 

The samples were placed and compacted in test cylinders (4 in. inside diameter, 6 
in. height) in three lifts. The compaction energy required for the desired densities 
ranged from 7. 0 to 56. 5 ft-lb per lift. Specimens of different densities were made and 
tested for each of the moisture content ranges listed. This technique permitted plotting 
of the thermal conductivity as a funcfam of density (porosity) for each moisture content 
used and subsequent interpolation from the pertinent graphs with respect to the influence 
of moisture content on heat conductivity at chosen identical porosities. 

One major problem arose in the molding of test specimens with moisture contents in 
the vicinity of the plastic limit. Despite greatest care, complete homogeneity of the 
specimens could not be obtained. While the actual influence of this cannot be estimated 
with any degree of accuracy, the test data are presented with reservation, and in Fig
ures 4 to 6, a dotted line is drawn to separate them from those data which are consid
ered to be completely dependable. At water contents below 25 percent all specimens 
were homogeneous and the experimental results were accurate and consistent. All 
tests were made at room temperature in an air-cqnditioned laboratory. 

TABLE I 

SOIL THERMAL CONIJUC'l'IVl'l'Y lJA'l'A >"OR NATURAL KAOLIN!TI!: 

w Yrn yd 
k* (Lb/It') (g/cc) n 

3. BO 42. 400 0. 6546 74.90 I. 2773 
3. BO 43. 850 o. 6770 69, 50 I. 3440 
3. 80 46, 610 o. 7196 72. 43 I. 4470 
3. BO 51. 570 0. 7961 60. 69 1.6250 

11. 73 75. 670 1. 0710 5B, 96 6, 1890 
II. 73 70. 757 1.0150 61. 11 4. 9B70 
11. 73 66. 377 o. 952B 63. 73 4. 4140 
II. 73 58. 660 0. 8413 67. 76 3. 4760 

16. 34 70. 910 o. 9767 62. 58 6. 0642 
16. 34 68. 8BO 0. 948B 63. 65 5. 6960 
16. 34 63. 040 0. 8683 66. 73 4. 8640 
16. 34 5B. 450 o. 8051 69, 16 4. 2110 

18. 38 78, 214 I. 05B9 59. 04 7. 4600 
18. 3B 76. 490 1, 0350 60. 30 7. OB30 
18. 38 69, 457 o. 9594 63. 24 6. 3310 
18 . 38 62. 571 0. 8470 67' 55 4. 7890 
18. 38 58, 608 o. 7934 69. 60 4. 3970 
18. 38 54. 854 0. 7424 71. 56 4. 0000 

24. 60 86. 452 I. 1120 57. 40 10. 3890 
24. 60 82. 640 I. 0628 59, 38 9. 9450 
24. 60 80. 299 I. 0320 60. 46 B, 4030 
24.~0 74. 459 0. 9575 63. 32 8, 0760 
24. 0 67. 263 O.B651 66. 86 6. 5870 

32. 30 103. 138 I. 2490 52.15 13. 7750 
32. 30 99. 905 I. 2100 53, 64 13. 5760 
32. 30 97. 040 1.1750 54. 99 12. 9490 
32. 30 91, 720 I. 1100 57. 4B 12. 2000 
32. 30 90. 720 I. 0990 57. 90 11. 2100 
32. 30 BB. 846 I. 0750 58. 82 11. 3310 
32. 30 88. 430 I. 0710 58. 97 10. 71BO 
32. 30 82. 950 I. 0040 61. 54 10. 2970 
32. 30 B2. 124 o. 9947 61. 89 10. 2400 
32. 30 77. 118 0, 91BI 64. B3 9. 5400 

*k = milliwatt/ deg C-cm. 

CONVERSION TABLE 

Multiply B~ To Obtain 

BTU/(hr) (rt') (deg F/!t) 4, 134 • 10-' c:i.l/(socl (cm') (deg C/cm) 
Watts/(cm ') (deg C/ cm) 57, 780 BTU/(hr) (It') (deg F/!t) 
Watts/(crn'l (deg C/crn) 0. 239 cal/(secl (crn'l (deg C/crn) 
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TABLE 2 

SOIL THERMAL CONDUCTIVITY DATA FOR SODnJM KAOLINITE 

w ym yd 
n k• (lb/ft') (g/cc) 

1. 240 66. 640 1. 0550 59. 58 1. 8990 
I. 240 61. 788 o. 9780 62. 53 I. 6990 
!. 240 59. 810 o. 9470 63. 72 I. 5260 
I. 240 56. 570 0. 8950 65. 71 I. 4200 

5. 237 71. 280 !. 0850 58. 43 4, 0645 
5. 237 68. 358 1. 0410 60 . 12 3. 5030 
5. 237 66. 640 1. 0150 61. 12 3. 2820 
5. 237 61 , 320 o. 9340 64. 22 2. 7490 

11. UlO 75. 430 1, 0890 58. 28 5. 8340 
11. 010 72 . 790 !. 0510 59. 73 5. 7060 
11. 010 68. 980 o. 9960 61. 86 4. 8710 
11. 010 66, 530 0. 9600 63. 22 4. 6990 

16 . 820 79 . 460 I. 0900 58. 24 8. 2090 
16. 820 76 . 330 1. 0470 59. 88 7.1810 
16 . 820 72. 950 I. 0001 61. 65 6. 8470 
16. 820 69, 350 0. 9513 63. 55 5. 5780 

23. 980 82. 430 !. 0650 59. 20 9. 5620 
23. 980 78. 890 1. 0190 60.96 8. 8270 
23. 980 75, 710 0. 9790 62. 50 7. 7500 
23. 980 71. 850 o. 9290 64. 41 6. 7700 

30. 560 100. 790 I. 2370 52. 61 13. 2140 
30. 560 92, 550 I. 1350 56. 52 12. 2000 
30. 560 88 . 740 I. 0890 58. 28 10 . 7550 
30. 560 88, 640 I. 0880 58. 32 9. 6740 
30. 560 85. 410 I. 0480 59 . 85 8. 7640 
30. 560 81, 450 0. 9990 61. 73 7. 8500 

*k = milliwatt/deg C~cm. 

NOTE: See conver~ion table with Tobie I. 

TABLE 3 

SOIL THERMAL CONDUCTIVITY DATA FOR CALCnJM KAOLINITE 

w 
ym yd 

k* (lb/ It') (g/cc) 

I. 44 65. 490 I. 0350 60. 34 I. 7020 
!. 44 61. 267 o. 9680 62.92 I. 6160 
I. 44 58. 560 o. 9250 64. 56 I. 4560 
I. 44 43 . 640 o. 6890 73 . 61 I. 2890 

5. 76 69. 450 !. 0520 59 . 70 3. 4780 
5. 76 67. 320 I. 0200 60. 89 3. 3390 
5. 76 63 . 720 o. 9655 63. 01 2. 8140 
5. 76 59 . 390 0. 9000 65. 52 2. 3350 

11. 01 75. 140 I. 1000 57. 86 5. 6850 
11. 01 73. 050 1. 0540 59. 53 5. 2960 
11. 01 68. 460 0 . 9980 61. 87 4. 5290 
11. 01 64, 710 o. 9340 64. 22 4. 0370 

17. 90 79. 830 1. 0850 58. 43 7. 0920 
17 . 90 78, 160 I. 0620 59. 32 6. 4930 
17. 90 73. 880 I. 0040 61. 53 6. 0860 
17. 90 70. 440 0 . 9570 63. 34 5. 3310 

23 . 60 80. 670 I. 0460 59. 93 8. 1418 
23. 60 75. 378 0. 977 5 62. 55 6. 9390 
23. 60 68. 090 o. 8830 66 . 17 5. 7020 

33. 66 104.130 I. 2490 47. 85 13 . 9100 
33 . 66 94. 010 1.1270 56 . 82 12. 3850 
33. 66 92. 810 I. 1128 57. 36 11. 2900 
33. 66 87 . 130 I. 0447 59. 97 10 . 1040 
33. 66 82. 540 o. 9896 62.11 10. 5400 
33 . 66 80 , 040 o. 9597 63. 26 9, 4700 

•k = mi lliwott/deg (-cm. 

NOTE: See conversion table with Table I. 
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TABLE 4 

SOIL THERMAL CONDUCTIVITY DATA FOR ALUMINUM KAOLINITE 

w ym yd 
k* (Jb/ fl 3

) (g/ cc) 

I. 23 63. 19 I. 0000 61. 69 I. 4740 
I. 23 55. 37 0. 8770 66. 38 I. 2000 
I. 23 53. 49 0. 8470 67 . 55 I. 2180 
1. 23 52. 35 0. 8290 68. 24 1. 2160 

5. 67 70.18 I. 0640 59. 24 3. 5550 
5. 67 67. 00 I. 0160 61. 08 3. 2740 
5. 67 64. BO 0. 9830 62. 34 3. 1080 
5. 67 SB. 19 0. BB20 66. 21 2. 4BOO 

12. 62 74. 35 I. 0580 59. 46 5. 4880 
12. 62 72. 06 I. 0250 60. 73 5. 2570 
12. 62 68. 05 o. 9680 62. 92 4. 9150 
12. 62 63. 98 0. 9100 65. 14 4. 0580 

15. 81 78. 47 I. 085B SB. 40 7. 0150 
15. Bl 75. 9B I. 0370 60. 25 fi. 4580 
15. 81 71. 64 0. 9913 62. 02 5. 7140 
15. 81 67. 83 0. 9386 64. 04 5. 1250 

22. 80 81. 34 I. 0610 59. 35 7. 7330 
22. 80 78. 68 I. 0270 60. 65 7. 5090 
22. 80 75. 72 0. 9881 62. 14 7.0920 
22. 80 70. 34 0. 9180 64. B3 6. 0490 

34. 7B 104. 70 I. 2450 52. 30 13. 8500 
34. 78 95. 26 I. 1320 56 . 63 11. 6600 
34. 7B 92. 86 I. 1040 57 . 70 10. 5300 
34. 78 88. 75 1.0550 59. 58 9. 5950 
34. 78 84. 62 I. 0060 61. 47 8.1770 
34. 78 Bl. 13 0. 9650 63. 03 9. 5780 

"'k = milliwoH/ deg (-cm, 

NOTE : See cooversion table with Tobie 1. 

TEST RESULTS AND DISCUSSION 

The numerical test results are given in Tables 1 to 4. Each thermal conductivity 
coefficient given represents the average of three tests in which three different heat in
tensities were used. This was done by varying the amperage in the heater circuit be
tween 75 and 140 milliamperes. 

The data for the thermal conductivity k are given in milliwatts per degree C-cm. 
The quotient 1000/k is the thermal resistivity in "thermal ohms." A conversion table 
is provided to facilitate conversion of the conductivity data into other commonly u~ed 
units. 

Figures 1 to 3 show graphs of the logarithm of k versus porosity at constant mois
ture content. From these figures, k values were selected for the porosities 57. 5, 60 
and 65 percent ru1d plotted in Figures 4 to 6 as arithmetic functions of water content at 
constant porosity. 

The order of magnitude of the thermal conductivity coefficients obtained in this study 
is compatible with the data reported by Farouki for graded silica sands containing more 
than 16 percent kaolinite (2). This percentage represents a limit where the binder 
interferes with the interpa1·ticle contact of the sand grains. Decrease in porosity at 
constant moisture content resulted in an exponential increase in thermal conductivity. 
Increase in moish1re content at constant porosity yielded an increase in conductivity in 
a manner that pointed to the interaction of several factors which included one of the 
microstructure, dependent on the type of exchangeable cations in the clay system. 

The gross effect of different exchange ions on the physical properties of a particular 
soil or clay usually cleri ves from a primary effect on the individual clay particles which 
endows them with different tendencies to dispersion or flocculation . If the effect is a 
dispersive one, then great packing· density and a high degree of orientation of the indi
vidual clay particles is achieved in the formation of the secondary aggregations with 
which one normally deals in soil engineering. In the case of a strong flocclllating ef
fect, the particles form open clusters and card-house-like stri.1ctures in a random 
fashion which results in considerable porosity of the secondary aggregations. One cau, 
therefore, speak of dispersive, intermediate and flocculated structures, Tendency of 
a soil or clay to dispersive structure is indicated by a low shrinkage limit and to 



9 

8 

6 

>- 5 
I-

> 
I- 4 u "' :::> u 

a a~ 
z~ 
0 I-u., 

31: 3 
...J ..J Nol.24 
<t 

..J - Col.44 :::; "' a: 
w 
I 
I-

Figure l. Logarithm of thermal conductivity vs 
porosity of homoionic kaolinite clays at constant 

water contents. 

NATURAL KAOLINITE POROSITY 

Figure 3. Logarithm of thermal conductivity vs 
porosityofnatural kaoliniteclayatconstant water 

contents. 

83 

20 

10 
>-
I- 8 
> 

t; ~ 6 
:::> I a i' z,,. 4 0 I-
u .. 

31: 
...J:::; 
<t ::'I 0 
:::; 2 

9 a: 
w 
I 8 
I-

7 

6 

Figure 2. Logarithm of th ermal conductivity vs 
porosity of homoionic kaoli nite clays at constant 

water contents. 

13 

12 ""AT 

II /l'i' Co 
l.11. 

10 ~ P? ~ 
I ~ v 

' ,lfh ~ I 

I 

/; w. I 

I 

/II I 

I 

/ /' I 
I 

lj I 
I 

/JV I 
POROSITY•57.5 

I 

//, I 
I 

1 $ I 
I 

•0 '" a~ 

WATER CONTE NT 
~o 

Figure 4. Thermal conductivity vs water content 
at a constant porosity of 57 .5 percent. 



84 

13 

II Nt.T 

10 
,, l/· Co 

#KS ~A1 
V.1 ~ 

"No 

.A ~ I 
I 

j 7 I 
I 

w J 
I 

/J I 
I 

I~ I 
POAOSI TT• 60 

I 

2. Iii I 
I 

f 6 I 

I 
I 

•C iO •o •o 
WATER CONTE NT 

Figure 5. Thermal conductivity vs water content 
at a cons tan I f"·" osi ty of 60 percent. 

13 

12. 

I t 

10 

NAJ. 

V' 
/ 

)v ' 

v !Al& 
Di 

~ Y ' 
I " 

,/}/ I 
I 

~ 
. 

I 
I 

~ 17 I 
I 

POROSITY,65 

8 v I 
I 

{d I 

I I 
10 <U •v 'V 

WATER CONTFNT 

Figure 6. Thermal conductivity vs water content 
at a cnmtnnt porosity of 65 percent. 

flocculated structure by a high one. Conclusions can also be drawn from other simple 
soil tests. Normally, the dispersive effect of cations on clays increases with decreas
ing vale11ce and size of the cation with the exception of H+. The flocculating effect of 
the cation increases with increasing valence and decreasing hydration. Accordingly, 
the Na- clay should have the most disperse structure and the Al- clay the most floc
culated structure of the three investigated. The matter is, unfortunately, not so clear
cut. It is practically impossible to produce a. true Al- clay; one either ends up with 
both Al- and H- ions on the clay mineral surface or with some Al(OH) 3 coating it. Hence 
it is difficult to be certain of the actual difference in flocculated state of the Ca- and 
Al-modifications employed in this study although the Al- clay is probably more floc
culated than the Ca- clay, while the Na- clay has the most disperse structure. 

The effect of the different exchange ions on the thermal conductivity is quite marked 
and interesting in its course from low to high porosities and low to high water contents. 
The dispersive structure and high degree of orientation of the Na- clay favors heat con
duction at low porosities and water contents, while at high porosities and water contents 
the flocculated stn1ctures appear to be more effective for heat conduction. This is 
explainable by the fact that at high porosities and water contents the dispersed clay 
particles become isolated from each othe1· by intervening water of lesser conductivity, 
while in a flocculated structure there is more of a particle-to-particle contact. Also 
not to be overlooked is the fact that at the higher moisture contents, the lubricating 
effect of the water and the densification procedure may favor orientation and s imulation 
of dispersive structure even of the Ca- and Al- clay samples. 

SUMMARY AND CONCLUSIONS 

This investigation has produced data on the thermal conductivity of a natural kaolin
ite clay and its Na-, Ca- and Al-modifications. It has been shown that for pure clays 
the same predominant role is played by the concentration of solids in the system (dry 
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density) as in previously investigated soils of predominantly granular compositions. 
Also, the more complex influence of the water content is in line with previous observa
tions. The marked effect of different exchange ions, especially at low porosities and 
low moisture contents , was explained as an effect of the structure of the secondary clay 
aggregations. A similar structural effect is responsible for the fact reported by 
Farouki (2) that clay-water systems at the same low moisture content and dry density 
give higher thermal conductivities when the moisture content is reached by drying from 
a higher one than when it is obtained by adding the particular amount of water to a dry 
soil and compacting it to the desired density. 
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Amount of Soil Moisture Transferred in a 
Thermo-Osmotic Process of Freezing as a 
Function of Porosity of Soil 
A. R. JUMIKIS, Professor of Civil Engineering, Rutgers-The State University, 

New Brunswick, New Jersey 

This paper reports on the author's continued research on soil 
moisture migration in freezing soil systems. Previous papers 
pertained to the soil freezing experiment, effective soil mois
ture transfer mechanisms upon freezing, and the amount of 
soil moisture transferred upon freezing as a function of soil 
porosity. In this paper, besides the amount of soil moisture 
transferred, the transmissibility of the experimental soil to 
water, the induced streaming potentials upon freezing, the 
ratio of thermal conductivity of the frozen soil to that of the 
unfrozen experimental soil, and the frost penetration depth in 
the experimental soil are reported as functions of porosity of 
the soil. The graphical presentation of these factors as a 
function of porosity bears out vividly the qualitative relation
ships between the factors mentioned and porosity of the ex
perimental soil. 

•BECAUSE of the many unknown and obscure factors involved in the behavior of a 
freezing soil system, particularly concerning the amount of soil moisture transferred 
as a function of soil porosity, the author studied such systems experimentally. This 
means that the systems were studied in their entirety, and their performance was eval
uated by the total end result of the system as a whole between the entrance and the exit 
of the freezing soil system (!, ~) . 

MATERIALS AND METHODS 

Soil 

The soil type used in these freezing experiments is a frost-prone silty glacial out
wash soil, called Dunellen soil. The experimental soil contains the following basic 
fractions: 

gravel 

sand 

silt and clay 

> 1.00 mm 

1. 00 mm-0. 05 mm 

< 0.05 mm 

8% 

78% 

14% 

This soil was used to prepare test specimens for a porosity range from n = 27. 8 per
cent ton= 47.8 percent (tests B-4, B-5, B-6, B-7 and B-9-see Fig. 1). The size 
of the cylindrically shaped soil specimens was 15. 24 cm in diameter and 30. 48 cm 
high (5553 cm3>. 
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Figure l. Amount of soil moisture transferred upon freezing as a function of porosity of soil. 

87 



88 

Equipment 

The freezing equipment and instrumentation used in these experiments are the same 
as described in earlier papers (.!_, ~. -~:. ~. ]). 

Principle of Experiments 

The soil freezing systems were studied as an organic entity, that is, the freezing 
experiments were so arranged as to simulate nature as closely as possible. There 
was a provision for groundwater as a source of water supply for the freezing soil 
system, and the laterally insulated soil specimens were frozen from the top down. 
The temperature of the groundwater was kept on the average at +8 C. 

The duration of each freezing experiment was 168 hours (7 days). All experiments 
were performed under identical laboratory conditions, thus facilitating comparison of 
experimental data. 

EXPERIMENTAL RESULTS 
Data Recorded 

Immediately after the commencement of freezing, the supply of groundwater con
sumed by the freezing soil system from a burette during freezing was recorded, tem
peratures within the soil system at various levels were measured, and induced sec

ondary electrical potential differences and 
the amount of heat transferred from 
groundwater to the cold front and the co -
efficient of the system's transmissibility 

__ to water were determined. In addition, 

Figure 2. Ice layers, soi I freezing 
experiment B-9. 

the frost penetration depth was measured 
at the end of the freezing experiment. 

Presentation of Results 

The experimental data arc shown in 
Figure 1, which indicates the amount of 
moisture transferred upon freezing as a 
function of the initially prepared porosity, 
n, of the soil. The following can also be 
seen from the figure: 

1. The quantity of soil moisture trans
ferred from groundwater to the cold front 
upon freezing as a consequence of a freez
ing temperature gradient extel'naliy ap
plied to the soil system is a function of 
porosity of the soil. 

2. Depending upon the magnitude of 
the porosity of the soil, moisture may be 
transferred upward from the groundwater 
to the cold front by way of various mois
ture transfer mechanisms. 

3. The effective soil moisture trans
fer mechanism is by way of the water 
film flow (unsaturated flow) within the 
porosity range between about n = 27. 8 
percent and n = 47. 8 percent (soil parti
cles in contact). 

4. Between porosities of about n = 60 
percent and n == 100 percent vapor trans
fer is a relatively ineffective soil mois
ture transfer mechanism; that is, soil 
moisture transfer in the film phase takes 
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place virtually unaccompanied by vapor 
diffusion (here n = 100 percent means an 
empty cylinder). 

5. For the experimental soil used in 
these studies the maximum amount of soil 
moisture transfer from groundwater into 
the soil system takes place- at about n = 42 
percent porosity. 

6. The soil moisture transfer graph Q 
also indicates that the amounts of water 
transferred in the film phase (up to ap
proximately n = 47. 8 percent porosity) 
are about five times greater than by way 
of pure vapor diffusion (from n = 60 per
cent to n = 100 percent). 

7. The induced electromotive force 
(EMF) values (m;u:ked in the figure as 
streaming potential) reported here in 
millivolts appear to i·eflect the form of 
the parent soil moisture transfer curve Q. 

Figure 3. Porous ice structure below the 8. Tbe maximum magnitude of devel-
frozen surface. oped streaming potential (EMF) in the 

freezing soil system studied, as seen in 
Figure 1, can be scaled off as being 350 
millivolts at about 41 percent porosity. 

9. The frost penetration depth curve, ~. as a function of porosity, n, justifies 
the statements that (a) the maximum frost penetration depth, ~. occurs at the same 
porosity, n, as the porosity at which the maximum amount of soil moisture, Q, is 
transferred; and (b) it occurs at the same porosity at which the maximum magnitude 

Figure 4. Ice crystals formed on the underside of the Plexiglas cover. 
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of induced streaming potential occurs. There appears to be no time lag among these 
three phenomena. 

10. The coexistence of both the vapor transfer mechanism and the water film mech
anism does not necessarily give rise to greater soil moisture transfer. Apparently 
the size of the voids (from n = 47. 8 percent to n = 60 percent) is not large enough to 
permit effective vapor transfer, and at the same time too large to permit effective 
water-film transfer. 

Figure 2 shows a photograph of the B-9 soil specimen after freezing. Note the 
zone of ice layers near the lower frost boundary. The process of ice banding is de
scribed elsewhere (2_, .§_). 

Figures 3 and 4 show ice (snow) fo1•mation within the experimental cylinder as a 
result of vapor dilfusion upon freezing at a porosity of n == 100 percent. Note the very 
porous structure of the ice. 

DISCUSSION 

It is well to remembe1· that Darcy's law of permeability to water (in bulk) is not 
valid for colloidal soil systems suc'h as clay and clayey silt. In colloidal soil systems 
the transmissibility of such soils to water is not governed by gravity flow (gravity 
potential), but rather by other kinds of potentials such as electrical (in the phenomenon 
of electro-osmosis) or thermal (in the phenomenon of thermo-osmosis) potential, 
whichever is the case. 

Also, because there is always some air and/or gas present in the soil, the soil 
moisture translocation from higher energy potentials to lower ones may be character
ized as being an unsaturated (water film) flow rather than saturated flow of free bulk 
water. Air in the voids of a soil can also become liberated from soil water upon 
changes in its tempe1·ature. 

Relative to the induced electrical potential (streaming potential) in a freezing soil 
system, this phenomenon may be satisfactorily explained by means of the Helmholtz
Gouy-Chapman-Stern electric diffuse double-layer theory (b ~. ~. 1)· In essence, 
this theory says that the upward-flowing moisture through a porous medium (colloidal 
soil) drags with it the cations (positive charges) which occur in the moving water near 
the walls of the solid soil particles. It is to be remembered that the negative charges 
reside on the surfaces of the solid particles. The occupation of the surfaces of soil 
colloidal particles by the excess negative charges brings about an electrical field with 
a relatively large negative electric potential, called the zeta potential, which attracts 
the positive ions (cations) if water is at rest. Upon thermal agitation (under the in
fluence of a thermal potential as a driving force), however, the positive ions are 
dragged upward by the upward-moving water. When the water stops moving, the posi
tive charges in the diffuse layer are mutually attracted by the negative charges. Thus 
the charges become neutralized. 

As corroborated by the author's soil freezing experiments and soil moisture migra
tion studies in freezing soil systems, it is possible to measure the induced electrical 
potential differences (streaming potential) in the zone of the unfrozen part of the freez
ing soil system where an upward motion of soil moisture takes place (Fig. 1). 

With regard to the upward drag of cations by the upward-migrating soil moisture 
films in a thermo-osmotic process such as soil freezing, one may ask (a) what happen: 
to the upward-migratin~ cations, where do they collect, or is there a closed circuit 
formed for the cations (in that they would return to the groundwater level via the bulk 
water), and (b) why can no induced electric potential diffe1·ence be measured between 
points in the frozen zone and the unfrozen zone? 

The answers to these questions may be sought in the nature of the electrokinetics 
of the moisture migrating through a porous, colloidal system. The streaming or in
duced electrical potential in a porous medium occurs only when there takes place a 
flow of water through the porous medium, such as a colloidal system of c1ay and clayE 
silt, for example (~ 7). In the vertical soil systems studied, the moisture flow thrm 
the freezing soil system Js upward, i.e., the moisture flow takes place in the directic 
of the thermal gradient (heat is the motive power). At the cold front (lower frost 
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~enetration boundary) the upward-flowing water chills and is converted into ice crystals 
(a change in phase of aggregation of water from the liquid into the solid state). Hence, 
the velocity of the upward-flowing soil moisture decreases to zero at the cold front. 
At this point the water films are no longer in motion; hence there is no longer a stream
ing potential measurable because the positive charges (cations) in the diffuse part of 
the electric diffuse double layer neutralize themselves if there is no motion of water 
through the porous medium. The explanation of neutrnlization may be based on the as
sumption that the total number of negative charges is equal to the total number of posi
tive charges. Since, in the frozen zone, water is in a solid state of aggregation (no 
water in motion), there are no free cations available, because they are neutralized by 
the negative charges. Motion of water means thermal agitation, and hence dish'ibu
tion of positive and negative charges. 

At this point, however, considering the possibility of undercooling of soil water, 
there may be some unfrozen water in the frozen zone of the soil (dependent on the 
temperature of the lowering of the freezing point>. However, this unfrozen water in 
the frozen zone is very dense, strongly attracted to the soil particles, and therefore 
difficult to set in motion along a dropping temperature gradient because the heat en -
ergy (motive power) in the frozen zone is very small for the purpose of shearing this 
dense water film. Because of the change in phase of water in the frozen zone from 
liquid to solid (ice), there is no motion of water films, hence no free cations present. 

The measurements made in the auther's experimental studies comprehend the total 
effects of soil moisture transfer caused by all possibly and simultaneously acting en
ergy potentials. This corresponds to the natural processes as they occur in the field 
under freezing conditions: the freezing thermal gradient (externally applied to the soil 
system) induces within the soil during the freezing process an upward flow of moisture. 

The foregoing discussion on the theory of water film transport mechanism for soil 
moisture translocation upon freezing shows that the property of a colloidal soil particle 
of carrying on its surface an electrical charge (-), and the functioning of soil moisture 
films surrounding the soil particles as an electrolyte, are of basic significance in the 
process of the translocation of soil moisture in the film phase set in motion by an ex
ternal, primary thermal potential-freezing. 

CONCLUSION 

All in all, these studies, which pertain to unsaturated upward moisture migration in 
a freezing soil system, permitted: 

1. The formulation of various soil moisture h'ansfer mechanisms (2, 3, 4, 7) and 
verification of the intervals of their existence as a function of soil porosity (Fig-;- 1), 
and 

2. The establishment of the concept of a soil freezing system theoretically and ex
perimentally as a thermal system, thus strengthening one of the highway and foundation 
engineering disciplines, namely, thermal soil mechanics. 

Because the unknown and obscured factors and their associated processes in a freez
ing soil, which are of an intricate nature, are still many in number, this continuously 
challenges us to devote more studies on freezing soil systems than before and justifies 
our efforts in pursuing frost action research in soils. 
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