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•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-
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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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