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•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 
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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. 
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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. 

BENTON I TE 
1311 338 476 

Li 

120 2S! 419 

Na 

14 llG lllO 
Ca 

96 27 123 
A l 

A TTAPULGITE 

IOO ISi i51 PL Pl LL 
Na I ~· l I 

'O~ 202 307 

Ca 

IO! 214 322 
Al 

100 200 300 400 
WATER CONTENT _% 

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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Figure 10. Permeability coefficient of attapulgite 
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and void ratio. 

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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