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PREFACE

As is well known clay occurs suspended in river water and as a ‘solid’ in soils, Only
in the latter state can it be used for normal agricultural practices. In the ‘solid’ state
clavs and clay soils exhibit a certain swelling due to the adsorption of water at the
clay surface, but this swelling is limited in soils of agricultural importance.

Though the properties of suspensions of clay in water and of clay as a ‘solid’ have
been extensively investigated, the transition between these states has received
relatively little attention. Therefore the change from suspension to ‘solid state’
{aggregate) was studied by the determination of the influence of initial water loss of
homeoionic clay suspensions on the subsequent swelling of the resultant paste in excess
water. The lower this back-swelling would be, the more the clay will resemble a solid.
According to the older theories, treated in chapter I,1, the transition from suspension
to aggregate is initiated by flocculation with electrolytes and the limitation of the
swelling on saturation is also caused by the electrolyte concentration, As numerous
objections can be raised against this theory, the experiments mentioned above were
carried out at salt concentrations well below the flocculation value to ascertain
whether flocculation is necessary for aggregate formation or not. The clays were made
homoionic with respect to the saturating cation because it is known from agricultural
practice that the degree of swelling depends on the kind of saturating cation.

For the ease of comparison with theory, overlays have been constructed on which
the theoretical desorption curves are shown. The results of these investigations are
reported in chapter I, 2.

Although one can determine in this way whether granules with a limited swelling
are formed, no information is gained with regard to the stability of these granules.
In order to obtain a quantitative insight into the magnitude of the resistance of clay,
or clay-soil aggregates to mechanical dispersion forces, the latter was determined
by a procedure discussed in chapter II, 3.

The increase of this resistance with proceeding dehydration of a suspension was
investigated in two cases (II, 6}. The other experiments pertain to the influence of
the salt concentration on the stability of dried clay and soil aggregates. These
investigations are reported in chapter 1I, 4. In order to ascertain whether the
stability is better related with the electrolyte content of the solution than with the
moisture content at a low suction, the stability was plotted against moisture content
and against salt concentration. The results are discussed in chapter I1, 5.

The question as to how the stability in the saturated stage is changed by iillage, is
reported in chapter II1. A qualitative discussion on the influence of the moisture
content at tillage on the result of these operations is found in chapter I11, 1.

Qualitative and quantitative analyses of the stability afler model tillage opera-
tions at different moisture contents are reported in chapter III, 2 and chapter II1, 3,
In two cases also the influence of the salt concentration on the stability after tillage at
one moisture content was investigated,
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The application of the experimental results to agriculture are discussed in chapter IV,
both form the point of view of ‘dry’ agriculture (IV. 2) and from that of ‘wet’ rice
cultivation (IV, 3).

An explanation of the observed phenomena on a qualitative basis is given in chapter
V. It shows that if most of the existing theories are combined a satisfactory picture is
obtained. It follows that only a role of secondary importance may be assigned to
‘flocculation’.



I. THE INFLUENCE OF INITIAL WATER LOSS
OTF CLAY SUSPENSIONS
ON THE SUBSEQUENT SWELLING IN EXCESS MOISTURE

1 INTRODUCTION

1.1 DermITIONS

1.1.1  Suspensions

A suspension is defined as a homogeneous dispersion in water or other liquids, In a
stable suspension this situation does not change with time (days).

1.1.2  Aggregates

Apggregation may be defined as an association of clay particles into larger units. Two
main types of aggregation are distinguished,

1.1.2.1  Flock type
The flock-type is a very loose building of clay particles, which is characterized by a
low density, a corresponding low degree of orientation and a small resistance against
mechanical forces.

If flocks have been made by raising the concentration of electrolyte, they disap-
pear after lowering of the latter; therefore clay flocculation is a reversible process.

1.1.2.2  Granules

The second type of aggregation is characterized by a high apparent density and a high
degree of orientation. It is caused by desiccation. Whether this orientation is lost after
immersion in distilled water depends on the adsorbed cation. By additton of sufficient
electrolyte, orientation may be preserved irrespective of the cation. This type of
aggregation could have been called ‘true aggregation’ in this publication, had the
notion ‘aggregate’ not been so differentiated by the pedologists. As it is difficult in
this case, as well as immaterial, to discern between primary or secondary aggregates
(rot to speak of types and classes) the term ‘granule’ will be employed, with the
meaning used by Brapriern (1950) at Amsterdam, to indicate something that has
the aforementioned properties in contrast to flocks.

1..3 Crystals

The term crystal is used as a definition of the elementary unit of a clay mineral.
Depending upon the type of clay mineral, a crystal may be composed by one (mono-
plate) or more {multiplate) unit layers,

The number of unit layers (composition) of the sodium saturated clay mineral at
infinite dilution has been adopted as criterion for an elementary unit.
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So with montmorillonite the clay crystal is identical with a unit layer; with illite
the crystal is composed of four or more unit layers. Some swelling (22 10 A) between
the unit layers of a multiplate crystal is allowed, for the crystal does not lose its
identity by this limited swelling.

(This distinction is arbitrary. If the elementary units had been defined by the number of unit
layers of clays saturated with divalent ions, the montmorillonite would have been regarded as a multi-
plate crystal, since the unit layers do not separate completely, If the compesition of hithiurmn saturated

clays is chosen, then vermiculite should be classified with the monoplate crystals since unit layers
separate in that particular case. (WALKER, 1960).).

1.1.4 Polyplates

This term is introduced to define a dense parallel aggregate of crystals (usually
plates) which is nearly identical with 2 multiplate crystal.

Polyplates have been made by replacing the sodium-ions of monolayer crystals
in suspension by divalent ions, followed by dehydration.

They may differ from multiplate crystals by 2 lesser degree of orientation, but just
as the crystals they do not lose their identity at infinite dilution, No definite value can
be assigned to the dimensions of the polyplates, as much will depend on the mechani-
cal forces employed to destroy their aggregates,

1.1.5 Colloids

By the term colloid is designated the clay fraction without organic matter.

1.1.6 Elastic systems

Those systems exhibiting complete reversibility of the moisture desorption-adsorption
curve will be named elastic.

1.1.7 Systems elastic over a certain range

Those systems are named elastic over a certain range exhibiting complete reversi-
bility over a certain range of suctions, but changing into semi-elastic systems if a
certain suction is passed.

1.1.8 Semi-elastic systems

As semi-elastic systems will be designated those systems exhibiting partial rever-
sibility of the adsorption-desorption curve, i.e. limited backswelling, on increase of
the moisture potential after previous desorption.

1.1.9 Inelastic systems

Inelastic systems are those not exhibiting any backswelling upon increase of the
moisture potential after previous desorption.
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1.2 THE COLLOID-CHEMICAL CONCEPT OF S0IL STRUCTURE

This concept is based on the fact that the clay fraction of a soil has under certain
conditions colloidal properties, and on the assumption, that the rules which govern
the colloid-chemical behaviour of clay suspensions are applicable to the soil in situ,

This view will be elaborated upon later,

Clay is a colloid because the elementary units have colloidal dimensions and a
predominantly negative charge. The negative charge of these particles is caused
by a residual negative charge which is compensated by adsorbed cations {counter
ions}. In water the adsorbed cations give origin to a diffuse layer which surrounds
the particles. The properties of the diffuse layer have been considered by numercus
authors, whose concepts will be discussed partly in the last chapter of this thesis.

The thickness of the double layer and the stability of a clay suspension is a function
of the following factors:

A, The density of the negative charge on the clay minerat

a. The position of the negative charge in the clay mineral

b. The occurrence of positive charges on the edges. (Depending on pH)
B. The properties of the dispersion medium

a. The dielectric constant

b. The valency and radius of the cations

c. The electrolyte concentration of the equilibrium solution of the suspension

d. The pH of the medium

As water is the only dispersion medium in systems of importance to agriculture,
and as the other factors for a given clay are fixed, the thickness of the douhle layer can
only be influenced by factors B.b, B.c and B.d.

Irrespective of the cation adsorbed, stable suspensions can in general be made
from muost clays if the salt concentration is low enough.

If salt is added to a stable suspension the clay particles concentrate into flocks, The
salt concentration necessary to produce flocculation, the flocculation value, depends
on the valency of the ion. The flocculation value decreases according to the rule of
Scuurrze & Harpy with the valency of the cation. According to VErwey & OvVER-
BEEK (1948) the ratio of the flocculation values of mono- to di- to tri-valent cations
is 1+ {1/2)% : (1/3)%, but with decreasing surface potential this ratio may decrease
tol : (}/2)%: (1/3)%

This theory apnplies to colloids with a constant potential, where the quantity of
adsorbed cations increases with increasing valency and salt concentration. The
decrease of the repulsion energy with increasing valency of the counterions is therefore
less steep than with colloids which have a constant charge. Consequently it may be
expected that the ratio of the flocculation concentration between mono- to divalent
ions should lie near 1 : (1/2)%.

The rule of ScrurLze & HarDY can be illustrated by figures calculated from data of
JexNny & REerreMerer (1935) which are shown in table 1.
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Taste 1. Flocculation value of Putnam colloid {JEnny & REerremeier); concentration 1.085 g/l,
C.E.C. 0.6 me./g

Cation Li Na K NH, Cs H Mg Ca
Flocculation value (me./1} 16,95 9.64 5.09 3.20 2.74 0.234 0.45 0.36

From this table the following ratios of the flocculation values are calculated :
Mg/Li = 0.026, Mg/Na — 0.047, Mg/K = 0.076; Ca/Li — 0.021, Ca/Na — 0.037,
Ca/K = 0.070.

The calculated mean ratio of the flocculation value of divalent to monovalent
cations is 0,046 {theoretically, after VErwEY & OvErBrEK (.016 t0 0.25).

The influence of the pH on floceulation is demonstrated by the following experi-
ment of DEMOLON & Bastisse (1934). A clay isolated from a ‘terre 4 briques’ was used.
Suspensions with a different pH were made by adding a certain amount of a base to
a hydrogen clay. The maximum amount of salt which could be added without
causing flocculation within an hour was determined in these suspensions. Table 2
was derived from their graph No. 1.

TasLe 2. Influence of pH on flocculation value of different cations {Demoron & BasTisse)

pH

60 65 70 75 80 85 875 90 95 100 110

Floceculation value
(me.jl)

NaCi 11 14 23 50 87 127 149 143 127 113 86
Kcl 5 8 20 55 71 70 69 68 66
CaCl, 1 1 1 1 1

The influence of the pH of the suspension on the flocculation could be attributed to
the following causes.

a. Preferential adsorption of the hydrogen ions.

From experiments of Jenyy & RerreMerer (1935) itis apparent that the hydrogen
ion is even stronger adsorbed than divalent ions.

This would infer that the charge of the clay mineral is neutralized over a short
distance with as a consequence that the repulsive forces which interfere with the
flocculation are smaller than with saturation by other ions, and that the flocculation
value is lowest with hydrogen,

If a neutral salt is added the flocculation value will not be altered very much
since the clay will remain largely hydrogen saturated due to the preferential ad-
sorption of the hydrogen ion.

If however a base is added the hydrogen ions will form water with the hydroxyl
ions and the exchange can proceed. As the flocculation value of the hydrogen ions is
lower than that of the divalent and monovalent ions an increase of pH will auto-
matically cause an increase in flocculation value,
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This explanation is however not quite correct since BoLt & WaARKENTIN (1956)
have proved that freshly prepared hydrogen clay has the neutralisation curve of a
strong acid, meaning that the hydrogen ion is not strongly adsorbed. The fact that a
suspension made by exchange with hydrogen-resin acquired on aging the properties
of a weak acid is explained by the adsorption of aluminium ions on the surface of
the mineral, The alumina has been set free from the lattice of the clay mineral
in the acid medium. As in the litterature cited above aged suspensions have always
been used, the data refer to hydrogen-alumina clays which of course flocculate
rather well, the better the lower the pH. Clays, which have become acid by natural
processes will also be partly saturated with aluminume-ions, but it is not yet known
whether they are saturated to the same extent as the hydrogen clays used in the older
investigations because the reaction will have never been as acid as during the
preparation of the hydrogen clays.

b. Another cause involved is the one suggested by Van OvrHEN (1951) and elab-
orated by ScHoFIELD & Samson (1953).

According to their view floceulation is caused by the attraction between the
positive edges and the negative plane surfaces of the clay mineral plates. The positive
charge on the edges is caused by the broken bonds of the alumina ions present in the
octahedral layer.

If the double layer is swollen, these positive charges are neutralized by the
extended negative charge; this is not the case if the double layer is compressed (high
salt content) and flocculation is consequently possible.

By raising the pH the positive charge is first neutralized and then reversed as the
alumina groups have an amphoteric character. So at high pH (above pH 8) the edge-
to-plate mechanism of flocculation is inhibited and far larger quantities of salt are
needed for flocculation. Van OLPHEN's experiments corroborate this theory as he
found that the flocculation value increased considerably after reversal of the edge
charge by adsorption of organic molecules. ScrorieLp & Samson found that the
chloride adsorption decreased and the sodium adsorption increased with rising pH.

In the colloid-chemical concept flocculation is thought to be the chief cause of
aggregation. The flocks are then the smallest structual units. As flocculation is a re-
versible process much stress is laid on the concentration of the soil solution, since
below a certain value (depending on the composition of this solution) defloccu-
lation and consequently desaggregation must occur if excess moisture is present.

The colloid-chemical view is expressed most strongly by WieeNEr {1931), who,
commenting on his experiments relating the time of sedimentation with salt concen-
tration, states ‘Der Boden ist also eine reversibele Dispersion, die in ihrer Zerteilung
auf Elektrolytzusatz nach Art eines mehr oder weniger leicht verschiebbaren Dis-
persititsgleichgewichtes reagiert’.

This concept is shared e.g. by Mc Kenzie (1956}, Wikranper & HALLGREN
{1944/1945), VAN ScHUYLENBORGH (1947, 1951) and WesternOF (1936), Though
BraprFELD {1936) distanciates himself from the pure flocculation concept, by his
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statement ‘Aggregation is flocculation plus’. He still assigns to flocculation an im-
portant role in aggregate formation.

As a clay suspension is flocculated by a much lower concentration of divalent ions
than of monovalent ions, the adsorption complex and the soil solution should contain
preferably divalent ions, to ensure the stability of the aggregates.

This flocculation concept of the origin of soil structure is in accordance with many
observations in agricultural practice.

In particular the reclamation of saline and alkaline soils has been based on this
concept,

If salinity is caused by sodium salts the major difficulty in reclaiming these soils
lies in the fact that they tend to disperse when the salts are leached. The permeability
is lowered by dispersion to such a degree that leaching is no longer possible. By hy-
drolysis of the sodium clay the pH may rise so much that calcium carbonate becomes
completely undissociated.

The reclamation of these soils is based on the exchange of the adsorbed sodium
ions. If sufficient calctum-carbonate is present, sulphur- or iron- or aluminjum-
sulphate may be applied in order to lower the pH and to change the calcium car-
bonate into the more soluble gypsum. If no calcium carbonate is present, gypsum is
applied. If ferrous sulfide or pyrite are present in the soil, as is often the case with
reclaimed sea beds, no additions of gypsum are necessary since the sulfides will be
oxidized and form gypsum with the calcium carbonate present. The Russian littera-
ture on this subject is summarized by Jorre (1949), the Hungarian by pE S1GMOND
{1938), the American in the Agricultural Handbook No 60 (1954) and the Dutch by
Zuur e.a. (1953).

1.3 OBJEGTIONS AGAINST THE FLOCCULATION CONCEPT

The concept that the changes in soil structure can be explained by the behaviour of a
clay suspension soon met with objections, since the concept was not compatible with
the observations cited below and since some standard determinations or the prepara-
tions they required were at variance with it,

The swelling of clays, the change of the apparent density of flocks by drying and
freezing and the change in permeability by freezing, must be depending on other
factors than those taken into account by the flocculation theory. If the flocculation
theory would be applicable, the preparation for the particle size measurement would
be unnecessary, and the wet sieving method of aggregate stability determination, if
done in distilled water, would give identical results with those of the texture analysis,

The observations and methods cited will now be discussed in some detail.

1.3.1 Swelling of dried clay and of partly dehydrated suspensions

Commenting on his swelling experiments MaTtson (1929) makes the following
distinction between aggregation and flocculation.

“The process of breaking up of coherent aggregates, desaggregation, is independent of the pheno-
menon of deflocculation. Desaggregation is opposed by the cohesive forces, whereas the ferces holding
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the micelles together in the flocculated condition may be due to an interionic attraction. It is certain
that cohesive forces do not here come into play. This can be demonstrated by the following simple
experiment. If a piece of bentonite is placed in a NaCl solution of a concentration higher than that
required for flocculation, e.g. 0.02 N, it will swell considerably, and the individual micelles will niot
diffuse into the supernatant liquid but leave a sharp boundary between the gel and the liquid.

I{ the salt concentration is 0.005 N or even 0.0} N, the micelles will diffuse into the liquid forming
a suspension of decreasing density. In hoth cases there is desaggregation, but deflocculation only in the
latter, In both cases the cohesive force 1s overcome by the electrical and osmotic forces of the dissociated
ions and the particles are forced apart a distance equal two twice the thickness of the layer of osmotic
hydration. At this distance the farces of flocculation come into play, linking the micelles together. In
the weaker solution the micelles are not subject to any mutual attraction and are therefore carried
farther apart by the Brownian movement’.

MarTson also makes the very interesting observation that potassium saturated
Sharkey clay swells considerably if dehydrated to a gel, but loses much of its swelling
properties after complete drying,

Baver & WINTERKORN (1935) discuss the swelling of dried powdered clays with
regard to the colloidal properties of the suspensions as zéta potential, hydration
water {derived from the relative viscosity} and velocity of sedimentation. The differ-
ences between the clays saturated with different ions are rather small with regard to
zéta potential and hydration. As to sedimentation velocity the differences are more
pronounced, approximately a factor of 2, but with regard to the swelling the differ-
ences are large, Whereas the lithium and sodium saturated clays adsorb nearly as
much water as that which corresponds to the hydration in the suspended state, the
potassium saturated clay adsorbs only 1/8th of this quantity, and the clays saturated
with divalent ions 1/5th. The Wabash colloid, which they investigated, behaves
similarly to the Putnam clay,

The conclusion to which BAvER & WINTERKORN come discussing the behaviour of
potassium Putnam clay is cited in full as it concerns the subject of this thesis:

‘It appears that the potassium systems are unable to orient water around the
surfaces of the primary colloidal particles whenever much energy is required for the
dispersion of the secundary colloidal particles (granules). The lithium colloid attracts
watermolecules very strongly even to the point of complete dispersion of aggregated
systems, In colloidal suspension, where the individual particles have been brought
into suspension by some external force, the potassium saturated surfaces do attract a
rather large number of watermolecules as evidenced by viscosity measurements’,

The swelling of calcium, barium and hydrogen bentonite has also no relation with
the hydration of the suspended clays. In this case the potassium saturated clay swells
like the sodium saturated clay, but the calcium, barium and hydrogen clay swell to
a much lower degree and take up only 1/10th of their hydration water.

Out of these experiments it appears that only the lithium and sodium clays take up an
amount of water after drying which is proportional to the water of hydration, If the
clays are saturated with magnesium, calcium, barium or hydrogen the amount of
water is considerably less than the amount of hydration water, they exhibit a limited
swelling at low salt concentrations which is one of the conditions stipulated in the
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general introduction. The behaviour of potassium saturated clays is not consistent
but depends on the type of the clay mineral.

A further proof is given by the investigation of the compression curve of bentonite
by WarkeNTIN, Bort & MILLer (1957). They showed that if a calcium bentonite
suspension was dehydrated to a certain degree by compression, it did not swell back
to the original moisturecontent, if the pressure was lowered again. The deviation
between the moisture contents of the first compression curve and the swelling curve
was more pronounced the more the suspension had been compressed, Sodium ben-
tonite on the contrary, did swell back to its original water content. The swelling of
calciumn bentonite is limited even if the drying has proceeded to a small extent, in
other words, the suspension behaves like an semi-elastic gel.

The sodium bentonite however swells back whatever its degree of drying, it
behaves like an elastic gel.

Croney & CoreMan (1954) made the same observation on London clay when
they desorbed a slurry (mechanically prepared suspension) of this soil. They also
found a limitation of the swelling by small compressions. The swelling was least if the
soil had been dried completely. As the curves for London clay and calcium bentonite
have the same character the organic fraction does not seem to play a decisive part.

Further evidence is given by Norrsu (1953), who determined the interlayer
distance of bentonite crystals in relation to the saturating cation and salt concen-
tration. In agreement with the above cited experiments, he found that the distance
between the unit layers of sodium bentonite increased indefinitely with decreasing
salt concentration, whereas the distance between the calcium bentonite layers did not
increase beyond 10 A in excess pure water. This experiment proves very clearly that
the calcium clay swells {adsorbing between the plates about 409, of water) but that
this swelling is limited.

1.3.2 The flock volume before and after drying and the permeability before and
after freezing

That the mere flocculation of a clay suspension does not lead to granulation, but that
compression by drying is also necessary, follows from the experiments of GARDNER
(1945 a).

After drying and replenishing the moisture, the volume of the soil suspensions
chiefly saturated with calcium, had decreased to one sixth of the original volume,
whereas the sodium soil did swell after drying till 909, of its original volume was
obtained.

From this experiment GARDNER infers: ‘Apparently the electrical forces causing
flocculation are not able to bring the platey clay crystals into compact arrangement
unless supplemented by mechanical forces’.

The freezing of suspensions of bentonite and Ford Collins clay loam had similar
results. GarpNer (1945 b) found that the calcium saturated suspensions showed a
high apparent density after freezing, thawing and shaking, while that of the sodium
saturated ones was not increased by this procedure. The apparent density of the
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calcium clay suspensions was after freezing and thawing the same as that of the
original unpuddled material, which induces the conclusion that granulation had
been restored by freezing.

In the same paper GarpNER publishes his investigations of the influence of
freezing on the permeability for water.

He found that the permeability of the puddled soil, which was zero before
freezing, became the same as that of the dry packed soil after the third freezing and
thawing cycle. As the dry and puddled soil have the same electrolyte concentration,
they should have the same permeability if the structure depended only on floccula-
tion. The permeability of the puddled scil is however restored, not by flocculation but
by the compressing effect of freezing.

1.3.3 Permeability measurements

Further indications on the limited swelling of clay, saturated with divalent cations
are given by the permeability measurements of HarLorEN (44/43), WIKLANDER &
HaLLGREN (44/45) and Quirk & ScroFIELD (1935).

In every case it was found that if calcium or magnesium soils or clays were perco-
lated with distilled water a certain permeability was maintained, whereas the latter
decreased very much if the clays were saturated with sodium or potassium and the
concentration of the salt solution was lowered. That the permeability for the salt
solution is rot caused by flocculation but by limited swelling was proved by HALLGREN,

A soil was first percolated with seawater and subsequently with distilled water,
the filtrate became cloudy and the filtration rate was lowered considerably, When
seawater was used again as percolation liquid, the filtrate became clear indicating
that flocculation took place; but as the filtration rate did not increase again the soil
was nog restored to its original structure by flocculation.

1.3.4 The pretreatment for the determination of soil texture

From the pretreatment of soils for the analysis of texture it follows that dilution with
distilled water is insufficient to break down the aggregates into their primary particles.
After removal of cementing substances like humus, calcium carbonate and partly iron,
the procedure is to saturate the soil with a monovalent cation, usually sodium. This
is not only done to overcome the flocculation by divalent ions, but also because the
clays saturated with divalent ions have a limited swelling, as is demonstrated by
Pur1 & Rar (1944).

It appears from their experiments that only lithium- and sodium-saturated soils
are completely dispersed. :

It appears also that the degree of dispersion is not much changed by substitution
of the lithium ion by other ions, provided that the suspension is not dried during
the process,

1.3.5 Wet sieving method and dispersion ratio method of aggregate analysis

Dependent up on the size of the particles one is interested in, wet-sieving or
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dispersion ratio methods are used. With the wet-sieving method a set of sieves moving
in water is used to determine the dimensions of the aggregates after slaking and
swelling. With the dispersion ratio method use is made of the sedimentation velocity,
In both cases the results are compared with the texture of the completely dispersed soil.

Microaggregate analyses were already done in 1911 by Mour. An example of
testing a red latosol from Tjitjerep near Bogor {Indonesia) is given in table 3.

TasLE 3. Aggregate analysis of a red latosol (Monr)

particle size

in mm in micron

2-1  1-0.5 0.5-0.25 0.25-0.10 0.10-0.05 50-20 20-5 5-2 2-0.5 0.5-0.00

percentage
with H,O 1 7 47 18 6 18 5 1 0.5 G.1
with NH,OH 0 0.5 1 1 2 7.5 7 1T 19 54

Later on this type of analysis was used by Vacerer & ALTen (1931) and MIDDLE-
ToN {1930).

Obviously the wet sieving method derives its existence from the fact that all soils,
except the sodium- and sometimes the potassium-saturated ones exhibit only a
limited swelling.

In both types of determination the soil is shaken with an excess of water low in
electrolytes (this is certainly a condition for the dispersion-ratio method, since
flocculation would make the determination unreliable). If the soil would behave like
a reversible flocculated system desaggregation would cccur spontanecusly and the
methods would be unusable.

As Twwuiv (1933) stated: ,,A complete irreversibility in water is possible for gels
saturated with calcium, a complete reversibility takes place for gels saturated with
sodium. An aggregate analysis is on principle oriented on the test of the reversi-
bility or irreversibility of gels’.

As the aggregate analysis has been done with soils, the stability in excess water
might be attributed to the humus fraction.

Numerous authors have, however, noted that a positive correlation also exists
between the aggregate stability and clay content of soils, e.g. HEmoneN (1955) finds
that the stability was related both to the clay and to the organic matter content of the
soil and that 80 %, of the correlation was due to the clay. It is therefore probable that
the limited swelling of the soil is not merely caused by humus fraction but that it is
a property of the clay.

1.3.6 Conclusion

The following conclusion can be drawn from the experiments discussed above:
I. A close contact between the clay crystals is necessary to change a suspension
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into particles with a limited swelling ; mere flocculation is not sufficient to concentrate
the particles to the desired degree.

2. Only granules of clays saturated with lithium and sodium have an unlimited
swelling in dilute solutions, which leads to complete dispersion, Clays saturated with
divalent ions and hydrogen display a limited swelling in pure water and spontaneous
dispersion does not accur. Whether saturation with potassium will cause a limitation
of the swelling depends on the type of clay mineral and the degree of dehydration.

Apparently both the liquid and the solid states of clay have been extensively
investigated, but the knowledge of the transition region between these forms is
limited. Therefore the degree of moisture desorption necessary to change a sus-
pension into a granule with Iimited swelling has been studied extensively. Results
of this investigation are given in I, 2.

2 EXPERIMENTAL

2.1 OvurLke

From the evidence given in chapter 1, one may infer that dehydration of a clay sus-

pension is necessary to form aggregates of the density encountered in the field. Further-

more it appeared that most clays, saturated with monovalent ions did swell back afier
dehydration to such a degree that they could not have any stability in water, but
would go into suspension spontaneously. Granules of clays saturated with divalent ions

however showed only a limited swelling, and the suspensions of these clays showed a

gradual decrease in swelling if increasing suctions were applied changing the sus-

pensions into gels and pastes.
In order to investigate this reversibility of the swelling phenomena, experiments
were set up to answer the following questions,

1. Whether dehydration of a given suspension leads to the formation of waterstable
granules,

2. To which degree the dehydration has to proceed to obtain waterstable granules.
{To measure the dehydration, the suction which had to be applied and not the
percentage of moisture, was used}.

3. The influence of the salt concentration on the swelling of granules; of particular
interest for those clays which disperse spontaneously at low concentrations,

Although one can see quite easily whether a dry granule is waterstable, simply by
dropping it into the liquid and observing the changes, this method is not satisfactory
if a gradual change from suspension to waterstable granules is to be investigated. A
method therefore was developed, based on the empirical results described in the
previous chapter.

As the water retention of a swollen clay granule is always lower than that of a
suspension, a change from a suspension into a granule will be reflected by a decrease
of the moisture content at low suctions.
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Consequently the water content after swelling of the material, which had already
been subjected to increasing degrees of dehydration was chosen as a measure for the
formation of waterstable granules. The swelling was allowed to take place in the
presence of excess free liguid in order to avoid hysteresis (cf, 2.5.1.3.) and also because
under natural conditions the soil is often wetted by free liquid.

As it 13 impossible to determine the moisture content of a submerged sample, the
moisture percentage at pF | was taken as a measure for that of the submerged sample.
The range of moisture contents at pF 1 of the partly dehydrated material after back-
swelling, lies obviously between that of the original suspension and that of the oven-
dried granules at pF 1 after backswelling.

In the following discussion the relationship between the decrease in moisture
content at pF 1 after backswelling and the suction applied to the original suspension
or slurry prior to backswelling will be indicated by the term ‘backswelling characte-
ristic’ of the clay or soil.

2.2 MATERIALS

2.2.1 Origin and characterization

The backswelling characteristics of three clay minerals, viz. montimorillonite, illite
and kaolinite were investigated. In most experiments the clays and soils studied were
made homoionic with respect to the adsorbing cations.

In order to investigate whether the clay mineral governs the behaviour of soils
containing it, five soils were also investigated, containing mainly the clay minerals
mentioned above. A ‘margalite’ from Java was used as a representative of a mont-
morillonite containing soil. T'wo clay soils from Friesland and Groningen recently
deposited by the sea and a clay deposited by the Rhine branch Waal, were used as
representatives of illite containing soils. Finally a latosol from Java was taken as
typical for the kaolinite containing soils. The soils were in some cases investigated in
their natural composition. In other experiments the isolated clay fraction was studied,
in most cases after removal of organic matter. A more detailed description of the
material used in this or the next part follows below.

2.2.1.1  Montmorillonite
A sample of unground Wyoming bentonite, supplied by Ward’s Establishment
was used. The clay fraction was isolated in the following way. About 100 grams were
left to swell in 10 liters of distilled water. After 24 hours the bottle was shaken by hand
and left in order to allow the coarse particles to settle out by gravity. First a black
layer formed on the bottom and then a white layer settled out, thesuspension having
a yellowish tinge. After 48 hours the fraction << 2 ¢ was syphoned off. The advantage
of using unground rock over that of finely ground materials is, that in the latter the
impurities are so finely divided that they fail to settle within reasonable time,
especially if the suspension is as concentrated as 1 9.

The base exchange capacity of this clay was 0.91 me./g its carbon content was
zero, the surface area was about 900 m?/g.
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2.2.1.2 Margalite

The name margalite is used in accordance with MoHR & van Baren (1954) for the
black clays low in organic matter and high in smectite content found over extensive
areas of the dry tropics and subtropics,

The name margalite is a latinization of the older more common name of ‘marl’
soils, but it comprises also the black clay soils formed on vulcanic ash. The name
margalite was first used by DaMEs in 1948, For reason of the seniority of the Dutch
work it is used in preference to grumosol, introduced by Oakes & THorF (1930),

The clay fraction of the margalites has been investigated by HArRDON & FAVEJEE
(1939) and by Harpown (1939) and proved to consist chiefly of smectite. It is present
in a well crystallized form as is demonstrated by photograph no. 1.

The sample in stock at the laboratory consisted of blocky aggregates 0.2 -2 ¢cm in
diameter, neutral dark grey in colour. It contained some lime nodules, therefore the
parent material was probably a marl. '

As these lime nodules would be a handicap if small representative samples were
needed, the fraction smaller than 50 micron was separated by ovendrying the soil,
stirring it in excess of water, passing it through a 50 micron sieve and drying it again.
The texture of the fraction smaller than 50 micron is shown in table 4.

Tasrr 4, Mechanical composition of margalite, fraction smaller than 50 micron

fraction in 50-20 20-10 10-5 5-2 2-0.5 0.5-0.00
percentage 2.0 6.0 3.3 5.5 9.8 734

The carbon content was 1.04%,. The base exchange at neutrality 0.48 me./g. The
pH in water was 7.71,in 1 N KC16.95.
The adsorbed cations are reported in table 5.

TaBLe 5. Adsorbed cations of margalite

cation Ca Mg K Na
% of total 81.0 18.0 0.85 1.57

This soil, may, therefore, be regarded as a calcium clay. The salt content as cal-
culated from the resistance of a 1 : 5 extract, was equivalent to 0.23 me. calcium
chloride per 100 g.

Part of the experiments were done with the soil fraction described, others were
conducted on samples made homoionic with respect to sodium or petassium. In
addition the clay fraction, both with and without organic matter was investigated.

The colour changed after removal of the organic matter from dark grey to pale
yellow {5Y 7/3 Munsells notation). The base exchange capacity of the clay fraction
was 0.625 me. /g, the surface area 530 m?/g. Approximately 809, of the clay fraction
was smaller than 0.13 .

2.2.1.3  Illite
The clay was isolated from illite bearing shale from Fithian, IIl, as supplied by
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Ward’s. The clay fraction was brought into suspension by puddling and stirring, and
separated off by sedimentation. As later on it became apparent that the organic
matter fraction had a very decisive influence on the behaviour of the clay, the clay
from another piece of shale was isolated and oxidized. As a result the two batches
used in the experiments are not necessarily indentical. The data are represented in
table 6.

TasLe 6. Data of Fithian illite clay fraction

2nd batch
1st batch {oxidized)
carbon (%) 0.83
C.E.C. (me./g) 0.265 0.25
surface area (m?/g) 155 i30

2.2.1.4 Kmip clay

‘Knip’ clay is a subrecent sea deposit {400-800 A.D.) from brackish sea water {VEE-
NENBOS €.a., 1951). The sodium percentage is often still high enough to get a high
degree of dispersion without addition of a peptizing agent. Since only the clay
fraction of this soil was to be studied, the latter feature was advantageous and a
sample of this clay was therefore chosen for comparison with the pure illite,

The clay fraction consisted of 10%, montmorillonite, 10%, quartz, 7%, kaclinite
and 73 9, illite. {(Analysis by VAN DE PrLas, Lab. of Regional Pedology, Mineralogy and
Geology, Wageningen). The illite was badly crystallized. A suspension of the sodium
clay separated on standing into two fractions, a greyish opaque mass settled out in
48 hours leaving a blackish nearly transparent liquid in suspension. The two fractions
were separated by centrifugation, some properties are given in table 7.

TasLe 7. Some data of ‘Knip® clay, clay fraction

ine fr.
whole clay coarse fr, fine fr. (carbon free)
C.E.C. (pH 8.2; me./g) 0.55 0.35 0.75 0.73
carbon (%} 1.75 0.89 3.06
o of total 50.7 49.3
surface area {m?/g) 132 452

2.2.1.5  Ruver basin clay
The basin clays are recent heavy deposits of the Rhine and Meuse rivers and their
branches, (Edelman, 1950). As they are surrounded by higher levee soils, they are
poorly drained and they are used chiefly as haylands. The sample was taken in the
Bommelerwaard (between Waal and Meuse) at a depth of 5 to 30 cm. Some data on
the basin clay are given in table 8.

The colour varied with the organic matter from 10 YR 5/1 to 4/1 in the dry state,
being 10 YR 3/1 when wet. The pH (H,O} is 5.5, the pH (KC1) 4.9.

The fraction smaller than 0.2 1 was a dark transparent material and consisted of
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Tasre 8, Data on basin clay soil

fraction in o >250 250-50  50-20 20-10 10-5 2 2-0.128  0.128-0
percentage 1.3 2.6 24 10.0 11.0 19.4 23.6 28.8

carbon total £.069%, fraction =>50p 0.97%

fraction in < 2 2-0.2 < 0.13
C.E.C. {me.[g) 0.48 0.25 0.68
surface area (m%/g) 315 180 480
9%, of clay fraction 40 46

very fine and badly cristallized illite (X-ray analysis by courtesy of Ferro-Enamels,
Rotterdam). The coarser clay fraction, a light gray opaque material, consisted of
well-cristallized illite with small admixtures of quartz and kaolinite.

2.2.1.6 Winsum clay

This soil is comparable to the Knip clay from Friesland. The sample had been taken
near Winsum {(Groningen) from a field under permanent pasture at a depth of 20 to
60 cm. The clay content was about 469, and the carben content 0.68%,. The colour
changes on moistening from 3 Y 7/1 to 5 Y 5.5/1. The pH in H,O was 7.0, the pH in
KC15.8.

The properties of the clay fraction are summarized in table 9,

Tarie 9. Data on Winsum clay, clay fractions

particle size in

<2 2-0.2 < 0.13
C.E.C. (me./g) 0.40 0.33 0.59
surface (m?¥g) 250 nd 460
9% of clay fraction 46 43

The coarse fraction consisted of 359, illite and muscovite, 109, kaolinite and
559, of quartz. The finest fraction consisted of some kind of expanding illite. (Ana-
lysis by courtesy of FaveJeg, Lab. of Regional Pedology, Mineralogy and Geology,
Wageningen. )

2.2.1.7  Kaolinite

The kaolinite (Dry Branch Georgia) was dispersed by puddling, shaking and raising
the pH to 8 by addition of sodium carbonate, whereafter the clay fraction was isolated.
The adsorption capacity of this fraction was 0.068 me./g and the surface 50 m?/g.

22.1.8 Latosol

The latosol investigated came from Pasar Minggu, a few miles south of Djakarta
(Indonesia}. According to the old Dutch nomenclature it is a deep old red lateritic
clay soil, derived from andesitic tuf. Colour, 2,5 YR — 5 YR 4/6 dry and 2.5 YR
3/6 wet. The texture of the soil is given in table 10.
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TasLe 10. Texture of Latosol

fraction in y =50 50-20 20-5 5-2 20
percentage 1.5 0.8 5.5 43 88.0

The carbon content was 0.53%,, the reducable iron content 7.8%, calculated as
Fe, probable occurring as haematite (WegeN1G, 1951), the base exchange capacity was
0.12 me./g at pH 6.5 and 0.15 me. /g at pH 8.0. The pH {H,0) was 4.8 and pH (KC1)
was 4.25. The surface was 125 m?/g. The clay minerals present (Photograph no. 2)
were fine and badly crystallized kaolinite, and crystoballite, the latter was probably
present in the parent material {(RacHMAT, 1956).

2.2.2 Methods of sample preparation and characterization

2.2.2.1  Isolation of the clay fraction

If the material was not largely sodium saturated like the bentonite, the saturation
with sodium was achieved by washing with | M sodium chloride, until all calcium
was removed, The soil was then peptized by dilution with distilled water and shaken
up. The clay fraction was syphoned off at the depth indicated by Stokes’s law. The
remnant was shaken up again with distilled water and the fractionation repeated
until the clay fraction had been removed completely.

2.2.2.2  Removal of organic matter

In those cases where the clay colloid was to be investigated, the organic matter was
removed prior to the saturation with sodium. The removal was effected by treatment
with 309 hydrogen peroxide reagent grade. As the peroxide decomposes spontane-
ously in neutral and alcaline soil, these soils (e.g. margalite} were acidified with
acetic acid prior to oxidation.

2.2.2.3 Determination of the surface area

The surface was measured by the ethylene-glycol retention method of Bower &
GoerTzEN {1939). It proved that the weight of the glycol saturated sodium mont-
marillanite continued to decrease after 30 hours of equilibration, whereas the cal-
cium clay showed a constant level. The sodium margalite and ‘Knip’ clay reached a
constant level, significantly lower than that of the calcium clays. The surface deter-
mination was therefore only done on calcium saturated oxidized clay samples.

2.2.24 Preparation of homotonic clay suspensions

In order to obtain suspensions with the maximum degree of dispersion it was
necessary to prepare the suspensions saturated with divalent cations from dispersed
suspensions of sodium clay without drying. For this purpose the sodium clay suspen-
sion was washed repeatedly with normal solutions of calcium or magnesium chloride
and the supernatant liquid was decanted after sedimentation. The flocculated
suspension was then washed with water until it became deflocculated. The last
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traces of salt were removed by dialysis until the outside solution became free
of chloride ions,

The sodiuin clay was prepared by washing the clay or soil with normal chloride
solutions, until no calchumn could be detected in the supernatant liquid. As none of the
materials used contained calcium carbonate, acid treatment was not necessary.
Washing with distilled water followed until the material started to peptize.

This suspension was then dialyzed with an outside solution of 10~% N sodium
hydroxide to repress hydrolysis. Potassium clays were made either like the suspen-
sions saturated with divalent jons or like the sodium clays depending on the charac-
teristics of the clay mineral.

Instead of dialysis against 10— N sodium hydroxide the suspension was in some
cases washed with ethanol to remove the salt. In this case it proved necessary to dry
the soil since with continued washing the suspension deflocculated even in ethanol,
while the dried clay did not peptize. To remove traces of alcohol still present after
drying, the clay was beiled with distilled water for halfan hour, the clay concentration
being about 1%,. No appreciable difference due to the way of preparation of the
sodivm clays was found, though the pH of the ethanol prepared clay was usually
slightly higher,

Though the purpose had been to obtain suspensions with very low salt concen-
trations by removing the last traces of chloride ions, this aim was not achieved. All
suspensions remained near 10— N, probably due to the hydrolysis of the clay itselll

2.2.2.5 Preparation of slurries
Slurries or mechanical suspensions were prepared by adding moisture gradually to
the dry clay or soil, while working the material continuously. When the consistency
of a stiff paste had been reached, the working was continued till the paste was quite
homogeneous. Then some more water was added and worked through the soil to
facilitate the subsequent dispersion by stirring,

If more than a few grams had to be converted into a slurry, then encugh water
was added at once to bring the moisture content to that of the paste and the working
was started after equilibration of the moisture.

2.3 EXPERIMENTAL PROCEDURE

2.3.1 The desorption curve

The desorption curve was established by applying the required suction {expressed as
pF, the logarithm of the suction in cm of water) on the sample and determining the
moisture content after equilibrium had been established. If necessary a correction for
the salts in the solution was made. An amount of suspension containing approxi-
mately 100 mg of dry matter was used for each determination, as the moisture content
could be determined accurately enough with this quantity, using an analytical
balance.
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For the range from pF 1to pF 2a Szigmondy funnel was used with a membrane
from the Membranfilter Gesellschaft Géttingen (medium type) supported by filter-
paper. The distance from the membrane to the outlet was regulated by the height of
the narrow outlet of a rubber U-tube. Funnel and U-tube were filled with water or
the equilibrium solution used. Evaporation from the sample was prevented by a
rubber stopper with a capillary tube.

For the range from pF 2 to 3 sintered glass funnels were used, ScrHoTT & GEN,
type 4or 5. Since above 100 cm of water, this medium became too cumbersome, the
suctions were applied with the aid of mercury using RusseLL’s apparatus (1941). The
suspensions sealed the larger pores of the sintered glass perfectly and suctions up to
65 cm of mercury could be applied. If granules were investigated, 46 cm of mercury
was the maximum suction obtainable. Later a special pressure membrane apparatus
was designed for the range between pF 2.5 and 3.5, pressure was applied with a bicycle
purnp, air tight fittings were provided with rubber O rings and thin cellophane or
Goéttingen membrane was used as membrane. For the range from pF 3.5 t0 4.2 a
pressure membrane apparatus designed by Janse (1954) with a cellophane membrane
{100 g/m?®) underlain by two layers of nylon gauze was used. The pressure was applied
by compressed air and regulated by a reducer. For pF values between 4.2 and 5.13 a
remake of BoLr’s apparatus, BoLr & MiLLer (1955), was used. Though with the
latter the whole range between pF 1 and 5 might have been investigated, the ad-
vantage of the use of several instruments is that the results are obtained in a shorter
time. To prevent drying through the prolonged contact with the comnpressed air in
the cylinders the samples were covered with a plastic film. Since suspensions could not
be handled without difficulty in BoLTs apparatus, pastes were used instead (pF 2).

For the range between pF 5 and 6.2 the vapour pressure equilibrium method with
sulfuric acid of known concentration was used in some cases. The results were rather
unsatisfactory as only an air thermostat was available. Later a saturated sodium
chloride solution was used to determine the moisture content at pF 5.6.

2.3.2 The swelling after previous desorption {backswelling)

Part of a sample which had been equilibrated with a certain suction was completely
immersed in the equilibrium solution used and allowed to swell for 24 hours. Care
was taken not to change the structure of the paste.

As the moisture content of the completely saturated sample could not be deter-
mined, the backswelling was estimated by comparison of the moisture content of the
swollen paste at pF 1, with that of the original suspension or slurry.

2.3.3 The influence of the salt concentration on the swelling

In order to establish this relation ovendried granules were submerged in the salt
solution and left to swell for a period of 24 hours or longer. After the completion of
the swelling, the moisture content at pF 1 was determined. Usually the swelling and
the equilibration with pF 1 took place in the same vessel, the outlet being closed or
raised during the swelling period. The moisture contents were corrected by sub-



21

stracting the weight of the imbibed salt from the dry weight. The weight of the salt
was found by multiplying the waterloss by the salt content of the solution determined
as g solid: g water.

2.4 TREATMENT OF DATA

2.4.1 Representation of the results

The results are shown in graphs. The pF is represented on the abscissa and the loga-
rithm of the moisture content in equilibrium with the applied suction on the ordinate.
By the term pF is meant the decimal logarithm of the height in centimetres of a
column of water, corresponding to the free energy difference between free water and
that held by soil, excluding the effects of salts, expressed on a gravitational scale. The
moisture content is expressed as percentage of the dry weight. The logarithm of the
moisture content has been adopted, because the lower moisture contents, which are of
most interest in these investigations are then relatively enlarged.

In order to get the clearest representation, the scales should be adapted in such a
way that the curve or line hasa 1 : 1 slope.

From theoretical considerations, first published by ScroreLp (1946) it follows,
that for salt free systems the relation between pF and the log of the moisture content
should be 2 : 1. Therefore the scale of the log of the moisture content was chosen
twice as large as the pF scale.

The moisture content of the samples at pF 1, which had been subjected to a cer-
tain suction and were then allowed to swell under positive water pressure is indicated
by an arrow at that suction.

The influence of the salt concentration on the swelling is shown in separate figures.
As the swelling is primarily influenced by the concentration of the cations in the
solution, the log of the osmotic pressure of the cations {log RTc. } is plotted on the
abscissa. On the same axis the molarity of the solution is represented on a logarithmic
scale. On the ordinate the log of the moisture precentage is plotted.

2.4.2 Comparison with theoretical values

As a complete theory has been developed for the swelling pressure of clays by
ScuorELp (1946) and Bor e.a. (1952, 1953, 1954, 1955, 1956, 1958) it is desirable
to compare the experimental data with the theoretical ones. In 1956 Bort published
a table from which the relation between interplate distance and suction at various
salt concentrations can easily be derived. In order to facilitate this comparison four
overlays have been constructed with the aid of BoLt’s data, to which the following
minor corrections have been applied.

2,421 Correction for the radius of the kydrated cations
A double layer can no longer be regarded as diffuse if the ions are situated in one
plane. This situation must occur, when the moisture content is decreased to the point
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where the half-distance is equal to the radius of the hydrated ion. At this point the
ions will be forced into the midway position because the energy required for dehy-
dration exceeds by far the kinetic energy of the ions. At smaller separations the
repulsive energy will be increased with an amount equal to the energy of hydration,
Since this energy increase is very large in comparison to the osmotic effects taken into
account by the standard double layer theory, all calculations have been terminated
at the point where the half-distance equals the hydrated radius of the ions. Since this
radius Is not known with accuracy a standard half distance was adopted, roughly
equal to the ionic radius plus the diameter of one molecule of water, i.c. 4 A.

As a result the half-distance calculated from the moisture content according to
Borr {cf. 2.3.8.2.} must be increased by 4 A. This tends to flatten the slopes of the
pF curves at high suction values,

2.4.2.2 Correction for the presence of lateral incompressible free pore space
In the second place the calculation of the half-distance from the moisture content
according to the relation:

M where d is given in A
d= - S (specific surface area) in m?fg
5.10 M (moisture content) in cm?fg (1)

does not seem satisfactory upon close consideration. Thus the irregularity in shape of
the clay crystals in the direction of the a and b axis will prevent close fitting of the
plates in that plane. In contrast to the suggestion made by Bort (1956) to introduce
a constant ‘dead volume’ it seems that at least the extra pore space due o mis-match
at the contour should increase with increasing moisture content {cf, fig. 1). In fact one
could even imagine that upon increase in roisture content the plates would separate
in all directions. Since, however, the respulsion at the edges is presumably much less
than between the plane surfaces it would seem reasonable to assume that upon
increase in moisture content only the transversal distances would increase, while
the lateral spacing remains roughly constant. This is also evidenced by the obser-
vation that a disc of oriented clay swells practically only in the direction perpendic-
ular to the plates. Departing from the above assumption the moisture content corres-
ponding to a given spacing 2d will be equal to:

M=10454d.(1 +¢ + % = 10-¢8.d" )
2 e

= — .d.(1+e)+ - 3
oA ( ) 5 &)

in which p == density of the solid phase in g/cm?
A = plate-thickness in A
¢ = volume of incompressible voids, due to mis-match: volume of solids.
Taking e equal to § (= 1/3 incompressible porespace) and p as2.75, (cf. Low and

AnDERSON, 1958) one thus finds for montmorillonite:
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2

M=-——m:.
2,75 x 10

1
d.1 e = 0.109d + 0.182
e Y +

2.4.2.3  Corrections applied to the caleulation of the pressure

Obviously not only the moisture content but also the swelling pressure is affected by
the introduction of a variable ‘dead volume’ as mentioned above. As the pressure in
the larger interstices, M (Fig. 1) is less than in the smaller voids, O, the constancy of
the moisture potential throughout the entire system requires that a difference be-
tween the gauge pressures at M and O must exist (BorT & MILLER, 1957).

A s
Ly Wi :
a7 ]

F16. 1. Model of swallen clay. Incompressible lateral pore space = 1/3 ie. void ratio e, = §.
d = halfdistance; A = thickness of plates; e, = incompressible part of pore space; O =
region at large distance; = region at large distance.

Neglecting the edge effects on the electric fields and on the corresponding ionic
concentrations one can show that at equilibrium the gauge pressure at O is positive,
while being negative at M. Thus the moisture potential, and accordingly the swelling
pressure, must be decreased in absclute value in comparison to the value found
from the uncorrected theory using (d + x, — 4) as half distance, to be indicated
hereafter as P,; {cf. Bolt, 1956) table 1). Evidently the reduction of the swelling
pressure, as compared to P, is now dependent upon the assumed magnitude of the
‘dead volume’ and upon the type of arrangement of the particles. It can be shown
that the actual swelling pressure may vary roughly between the approximation
mentioned above divided by (1 + e,) as a maximum, and the value P,4’, obtained
from the same theory substituting &’ = d. (1 + ¢,} as a minimum,

Or: Py <P <Pyl + e,

The effects of the corrections applied to the distance and to the pressure are illus-
trated in figure 2. In this figure the relation between P and d according to the un-
corrected theory is plotted for a salt free system. A second axis is also given on which the
moisture content is indicated according to eq. {1) which is the basis of the calculation
neglecting dead volume. The corrections for the introduction of different types of
dead volume, according to eq. (2) then lead to a moisture content as indicated with
MQ. As was stated above the actual pressure corresponding with this moisture con-
tent, lies now between P,/ +e, and P ;. Although in principle the actual pressure
should strive toward its minimum value, i.e. P,4’, the arrangement to obtain this
value is fairly improbable. Therefore an intermediary value of P, corresponding to a
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Fic. 2. Pressure-moisture relation for calcium montmorillonite, and changes caused by the introduc-
tion of pore space.

P {ordinate) = pressure in cm water; 5 — surface of clay plate; X — planeof infinite potential ;
x, = distance between § and X; r = radius of hydrated ion; d = halfdistance between the
plates in A; m.c. = moisture content in cm?/g; Pog = pressure corresponding to d in the
absence of incompressible pore space; Ppgr = pressure corresponding to

e
' =d {1 + e + ;——S-; P = pressure corresponding to d in the presence of incompressible

pore space for plate-hole matching.

more probable type of arrangement, was selected as the basis of calculations. This
value corresponds with:

P=1"% r 4 8+ =2 ¢ 3A 4 (4)
—1+co--(+x« Pt T A R—

in which f. (d + x, — 4) signifies the functional relationship between P and {d + x,
— 4) according to Bort’s ideal case.

As at values of d, large compared with (3A + %, -4) and ate, =0
f(2d -+ LA + x,—4) = } f{d + x,—4), one obtains in that case using €, =}, P ==9/8,
P, = 1. P,,. For systems containing salt its value must be evaluated numerically for
each case.

The curves shown in the four overlays (no’s 3a, 4a, 5a, 6a) were calculated
according to the chosen arrangement employing a value of e, equal to %, corres-
ponding with an incompressible pore space of 1/3. A comparison with figures 3, 4, 5
and 6, where only the 4 A correction had been applied, shows the influence of the
pore space. The difference is most pronounced at low specific surface, high valency of
the saturating cation and high salt concentration. Obviously the influence of incom-
pressible pore space is felt the stronger the lower the moisture adsorption becomes.
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Fi6. 3. Theoretical desorption curvesof 281
montmorillonite v = 1; 20
surface area = 730 m?/g 134
Ly = 102, 9
II, ¢, = 10-4; 6
111, ¢y = 1072, 44
1V, ¢, = 5.10-9;
V, ¢g = 5.1072;
VI, co = 5,101 M, pF
Fic. 4. Theorctical desorption curves for R
montmorillonite v = 2; surface 21?
area = 730 m?/g 12
Ico= 100 7
II, ¢, = 10-4; 5
I, ¢, = 10-3; 4
IV, ¢y = 5.10°8%;
V,cq = 5.107%; .
VI, o = 5.10°1 M, pF 5
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Fic. 5. Theoretical desorption curves for
illite v = 1 ;surfacearea = 120 m/g

v 1, ¢, = 10-%;
II, ¢, = 10-%;
2 I ML ¢, = 2.10-%;
20 IV, c, = 10-%;
13 V, ¢y = 5.10-%;
P VI, ¢ = 5.10-%;
7 . \ ) VII, ¢, = 5.10-1 M.
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% H0
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% {2 Fic. 6. Theoretical desorption curves for
2 illite v = 2; surface area = 120 m¥g
30 it L ¢y = 10-%;
2 : II, ¢y = 104
13 i} III, ¢, = 2.10~%;
: / 11 IV, 0o =103
V, ¢p = 5.1078;
3 VI, ¢, = 5.107%;
oF 5 & 3 5 1' ° VII, ¢y = 5,101 M.

2.5 EXPERIMENTAL RESULTS

2.5.1 Montmorillonite

2.5.1.1 Sodium bentonite in aquaeous solutions and in ethanol

Comparing the desorption curve of the dialyzed suspension (cf. fig. 7) with the theoret-
ical curve (fig. 3a) it is seen that the curve fits well at an electrolyte concentration
between 10-2 N and 10-* N. As the suspension had been dialyzed until free of
chloride it was expected that the desorption curve should follow a straight line well
below pF 1.
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Fic. 7. Desorption curves for Na-

bentonite

(1) in 510t M;

(2) in 5.107% M;

(3) in 5102 M;

(4) in 2,101 M;

(58) in 51071 M;

(6) in 77%, ethanol;

o 2
{2)
{3}
{a)
(s)
- 8]
M 41

1 i i 1 b, L

(7) data of MooNEY c.a. oF 6 5 4 3 2 1

That the outside concentration was higher than expected may be caused by the
part-solution of the clay mineral. Between pF 1.5 and 3.5 the slope of the curve is in
accordance with the theoretical one but it lies slightly above the latter (factor 1.32).
This has been also found by WARkKENTIN, BoLT and MILLER. At suctions higher than
pF 4.2 the deviation from the theoretical curve becomes pronounced, the theoretical
moisture being higher. Near pF 5 the curve merges into that of MooNEy, KEENAN
and Woob (1953a). The steps in the last part of the desorption curve may have been
caused by the stepwise desorption of successive waterlayers. The large step in the
region of pF 4 would represent a decrease in interplanar distance (2d} from 56 to
12 A if no allowance is made for pore space, and from 32 to less than 8 A, if the pore
space is 1/3. The exact distance can not be ascertained if the pore volume is not
exactly known. The above jump lLies, however, in the region where NorrisH {1954)
found a sudden increase of interplate distance when the salt concentration was
lowered below a critical value,

Thus it might indicate that other forces than those considered by the double
layer theory become active in this region.

The swelling of sodium bentonite proved to be unlimited as was to be anticipated.
Discs of dried sodium montmorillonite after three weeks of swelling at a suction of
10 cm of water, reached the same moisture content as the original suspension at that
suction.

The influence of the salt concentration was also investigated. The shape of the
curve of the 0,05 N suspension checks with theory except that the curve Hes higher
than might be expected. This last feature is also observed with the 0.05,0.2 and 0.5 N
suspensions.

Furthermore the form of the curves is more or less sigmoidal which may have been
caused by the presence of a flock structure. The frame of the flocks would have to be
compressed by the suction force when moisture is withdrawn, So in addition to the
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osmotic forces of the double layer the sirength of the flock structure must be overcome
if water is desorbed from flocculated suspensions. This explanation is confirmed by
the fact that the reproducibility of the determinations decreased with increasing salt
concentration.

In order to investigate whether the interplanar swelling of bentonite in dependance
of the salt concentration as analysed by Norrigr, had also a macroscopic and readily
measurable effect, the following experiment was carried out. Flakes of dialysed sodium
montmorillonite, dried at 105 C, were put into a series of beakers with decreasing
concentrations of sodium chloride.

As is shown in photographs 3 and 4 the flakes retain their shape at electrolyte
concentrations above 0.5 N.

In the range from 0.4 to 0.2. N the sharp edges of the flakes seemed to fold open
and the whale flake became an ill defined mass with blurred contowrs; the colour
changing from yellow to whitish.

Further lowering of the concentration does not result in an observable alteration,
until at concentrations below 0.01 N the clay did spontaneously go into suspension.
The swelling of sodium bentonite in distilled water locks in the beginning very much
like the swelling in about 0.2 N NaCl, but while the swelling in 0.2 N stops at a
definite point, it continues in water, till the unit layers finally float away. This
change has also been noted by Marrson, whose observations on the subject have
been cited in the introduction, The change of the flakes into the blurred mass looking
like a dense flock is well illustrated by the increase in moisture held at pF 1. (see
Fig. 8). In this figure the relation between the salt concentration and the moisture
content at pF 1 is given,
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The salt concentration is represented on the abscissa on a logarithmic scale and 1s
plotted against the log of the moisture content. The theoretical relationship, taken
from fig. 3a, is also shown. The agreement between the two curves is poor, especially
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near (.4 N the clay contains more moisture than predicted. In the same graph the
moisture contents at different concentrations of sodium chloride as found by Norrisk
are shown. The data were obtained from this authors fig. 5 by transforming the inter-
layer distance into moisture content,

A difficulty is that NorrisH determined the interlayer distance in excess liquid,
whereas the other graphs give the moisture content at 10 cm suction. Nevertheless the
agreement with BoLTs curve is not bad though the moisture content is about 0.55 of
the theoretical value. The only agreement between the authors and NorrisH’s curve
is the sudden change, taking place here between 0.8 and 0.6 M, and in Norrise’s
experiment at 0.4 M. The much higher moisture contents found by the author are
most probably due to the effect of the change in structure from granule to flock, in
addition to the rise in interplanar distance.

The moisture content at which this change of structure begins to manifest itself
visually is too low, (2009, giving a mean distance of 50 A), to allow for a change in
stacking of all the unit layers in the granule. It is more probable that within the
package of unit layers, the polyplates, orientation is maintained while the orientation
between the polyplates is changed. The orientation in the polyplates will be broken
up gradually with proceeding dilution, the best oriented ones at the lowest con-
centration.

As the swelling pressure of a clay is proportional to the square root of the dielectric
constant of the medium, the lowering of this constant may have a similar effect on the
swelling of a clay as a rise of the salt concentration.

This was investigated by increasing the ethanol content of the distilled water in
which flakes of dried sodium bentonite were immersed.

The suppressing action of ethanol was demonstrated by a preliminary experiment
(photograph 3). Flakes of about 1 cm?® were put into a series of Petri dishes with
ethanol water mixtures of increasing ethanol content.

The dimensions of the flakes were noted at different intervals. It proved that up
to 579 ethanol the initial swelling was not much suppressed. In this concentration
the flakes had changed after about 5 hours into lumps of gel. After 24 hours the clay
in 0 and 199%, ethanol had dispersed completely. With a conceniration of 38 and
579, ethanol the gel like lumps were still in existence. With 67 9, the swelling resulted
in some fragmentation after one day, with higher percentages no visible swelling
occurred.

The swelling was also evaluated by determining the moisture content at pF [. The
results were expressed as cm?/g and are reproduced by table 11.

The theoretical values are only put in to show that the decrease of the moisture
retention with decreasing dielectric constant is a gradual one. They do not necessarily
apply to this case as the salt concentration will have been about 10-% M,

It is seen again that there is a sharp transition in moisture content correlated with
a change in aggregation from granule to lump of gel. This transition takes place near
709, ethanol. As the commanding factor changes only gradually, whereas an abrupt
change is observed, it is probable that a barrier of some kind is present which must
be surmounted by the swelling pressure before the latter can manifest itself.
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Tabre 11. Influence of ethanol on swelling of sodium bentonite

% ethanol diel. liquid content at pF 1 theoretical value

(vol} const. after rewetting {(cm?/g} (zero salt concentration)
0 81 19.40 37.90

19.2 72,5 20.50 36.00

38.4 62.7 19.70 33.60

57.6 50.6 16,90 30.04

76.8 39.1 0.609 (13.42)% 26.40

86.4 33.6 0.702 24.60

96 28.1 0.482 2240

* This sample was not dried, but was brought from water directly into the ethanol medium.

To demonstrate, that the formation of a diffuse layer by the cations is not pro-
hibited once the crystals are separated, the following experiment was carried out.
A suspension of sodium bentonite in 77 %, of ethanol was prepared by stirring a 39
clay suspension with enough ethanol to obtain the ethanol content desired. Part of
the p¥ curve was obtained which is shown in fig. 7. The liquid content of the sus-
pension at pF | (table 11) is of the same order as that of gels obtained by letting the
flakes swell at lower ethanol contents.

The desorption curve is very similar to that of the sodium bentonite in 0.05
M Na(Cll. The backswelling from pF 2.7. is strong (nearly the original value at pF 1),
in comsequence it may be anticipated that sodium bentonite in 779, ethanol is an
elastic colloid up to high suctions, above which its elasiticity will be limited.

2.5.1.2  Potassium bentonite

A homoionic suspension of this clay was prepared by the dialysis procedure.

The desorption curve (not reproduced) coincides best with the theoretical curve
without free pore space, concentration 103 M.

The part between pF 1 and 2.5 lies slightly higher than the theoretical one (factor
1.2); between pF 2.5 and 4.5 the theoretical curve is crossed and at higher suctions it
coincides with the curve of Mooney, KEENAN and Woon (1953a). A stepwise dehy-
dration is not observed, except near pF 6.4.

Ags dried potassium bentonite attained its initial moisture content when allowed
to absorb moisture against a suction of 00 cm, the conclusion was drawn that it
behaved like an elastic gel.

Also the potassium bentonite was left to swell in a series of potassium chloride
solutions of decreasing concentrations. A previous observation that granules of
potassium bentonite lose their shape only at low concentrations was confirmed. This
took place between 0.025 and 0.01 N. The data are represented by fig. 9.

The curve lies below the theoretical curve. It does not agree at all with Norrisi's
data for potassium bentonite which would yield a line parallel to the abscissa. In
comparison with the curve of sodium bentonite a shift of nearly 1.5 logarithmic units
has gccurred to the right, The change of sodium bentonite from a granule into a flock
takes place at (L5 N, whereas that of potassium bentonite occurs at 0.017 N. The
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moisture content in the steepest part of the curve is the same: about 4009, giving a
distance of about 100 A, but with sodium bentonite the change starts at a lower
moisture content.

From these experiments the conclusion can be drawn that the saturation of the clay
by potassium decreases its susceptibility to dispersion compared with sodium.

2.5.1.3 Calcium bentonite

The agreement of the desorption curve of the calcium bentonite (Fig. 10) with the
theoretical one (10-* — 10-4 M, no pore space) must be fortuitous. This is seen by
the arrows indicating the amount of backswelling after previous equilibration at
increasing suctions, (cf 2.3.2). It is seen that this back-swelling is limited by some un-
known force or forces, which should also influence the desorption curve. As the
desorption proceeds the lesser becomes the amount of back-swelling, the difference in
swelling between a paste with a moisture-content of 309, and an ovendry sample
being negligible. This swelling in distilled water gave a visible increase in volume
but no marked change in the shape of the particles. From these experiments, which
are quite in accordance with those of WARKENTIN, BoLT & MILLER {1957), it follows
that calcium montmorillonite behaves like a semi-elastic gel.

The last part of the desorption curve nearly coincides with that of MoonEy
KEeENan & Woob, (1953 a).

Raising the calcium chloride concentration resulted in an increased moisture
content atlow suctions, the higher the salinity the higher this moisture content became.
The reproducibility of the determinations decreased thereupon as was the case with
sodium bentonite. With sodium bentonite the deviation from the theoretical value
increased also with increasing salt content, but compared with the dialyzed suspension
the moisture content was lowered, whereas in the case of calcium bentonite the mois-
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ture content was increased upon salt additions. The calcium ion seems to give rise to
a more open or stable type of flocculation,
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Frc. 10. Desorption and backswelling characteristic of Ca-bentonite
A = dialyzed suspension; (1) in 0.0025 M; (2} in 0.025 M; (3) in 0.25 M; (4) data of
Mooney e.a.
B = granules; C = slurry

Curve B (Fig. 10) is the desorption curve of ovendried granules which had
swollen during 24 hours in distilled warter. The granules were the remnants of the
moisture-determinations at various suctions. Though the granules increased in
volume and became rather weak, they did not lose their form or disperse spon-
taneously. The slope of this desorption curve is much weaker than that of the sus-
pension. The moisture content at low suctions is much lower but it must be the same
or nearly so at high suctions, as there the hydration of the cations begins to determine
the moisture content which is then equal for the suspension and the granules.

From the dried bentonite a slurry was prepared by the procedure outlined in
2.3.2,

There was little difference in settling between the original suspension and the
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slurry. Both had a whitish colour and from both some material settled out after
prolonged standing. The desorption curve of the slurry is shown in fig. 10 curve C and
in fig. 11. Though it is doubtful whether comparison with the theoretical curve is
permitted, the low suction part of the desorption curve coincides with the 0.001 M
line after lowering the abscissa by 0.34 logarithmic moisture units, which might mean
that the surface has been diminished with regard to swelling by a factor 2.2 from
800 to 366 m* The back-swelling of the slurry deviates from that of the dialyzed
suspension as it swells back to its original water content as determined at pF 1, going
into suspension during the swelling. Only at suctions above pF 4.2 does the slurry lose
its elasticity.

If the salt concentration was raised to 0.001 M the suspension became semi-elastic
as is seen by the dotted arrows in fig. 11.

From these experiments it follows that a slurry of calcium bentonite which
represents the highest degree of dispersion in agricultural practice, has the character
of a system which is elastic over a certain range of suctions but which loses its elasticity
if higher suctions are employed and then becomes semi-elastic.

This experiment was repeated with another Wyoming bentonite, this time a
finely ground sample. It had been calcium saturated by passing it as a 0.59, sus-
pension through a calcium resin column. The conductivity was lowered by rotating
the suspension with hydroxyl resin until the pH rose to 9, and then with hydrogen
resin till the pH fell to 6, and so on until further treatment gave no lowering of the
conductivity, The ultimate conductivity of the suspension was equivalent to 0.5 X
10-* M calcium chloride and the pH 8.3. The desorption and swelling are shown in
fig. 12, which does not differ appreciably from fig. 10, only the difference hetween the

Fic. 12, Desorption and backswel-
12 ling characteristic of resin
prepared Ca-bentonite
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- 1 A = suspension in 0.5 X
10+ M, pH 8.3

] B = oriented granules

. . . ; . 1 C =slurry in 0.87 x 0
pF 6 5 4 3 2 1 M, pH 8.5

swelling from pF 5 and ovendry is a bit larger. (This observation is of some importance
as it shows that the way of preparation is not very influential provided that high
acidity is avoided).

The 0.5%, slurry was prepared by vigorous stirring of a paste of the same clay
which had been desorbed by a pressure of 4 atmospheres (pI* 3.6) .
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The conductivity was lowered in the same way as that of the suspension, the
concentration being 0.87 x 10-* M, the pH 8.5. The desorption and swelling are
shown in fig. 12, Though the stirring had been vigorous the moisture content at low
suctions was only about half the moisture content of the suspension, which might
indicate that the active surface had been reduced during the previous desorption by
a factor 2. The reduced surface can not be increased to its original value by me-
chanical manipulations, though the compressive force had been low compared with
complete drying. Up to suctions of pF 4.2 the pastes went into suspension and the
swelling was consequently not lowered. After desorption at pF 4.2 the paste remained
intact in excess of liquid. It is interesting to observe that at pF 4.5 the back-swelling
of the slurry exceeds the back-swelling of the suspension.

As Avimore & Quirk (1959), studying the uptake of water by dry calcium
bentonite, found only a moisture content of 91 %,, whereas here 2009, was found on
desorption, some investigations were made into the matter. Because a difference in
degree of orientation within the granules may play a role, oriented granules were made
by partial dehydration of the resin prepared suspension on a Géttingen membrane
(suction 0.5 atm.) and ovendrying. The granules were left to swell at pF 1 on the
membrane for different periods; after 3 days the clay contained 106.59, of moisture,
after 18 days 167 %, and after 60 days 163 %,. After 60 days swelling at pF | the other
half of this sample was inundated for 2 days and then equilibrated at pF 1 for another
2 days; the moisture content was 2139,

Another batch of these granules was allowed to swell at pF 1, inundated for 24
hours and then equilibrated with various suctions for another 24 hours. The results
are represented as curve B in fig. 12, It nearly coincides with curve B, fig. 10, where
unoriented samples had been used.

As the moisture content of the inundated samples at pF 1, was nearly 2009,
while the not inundated samples obtained only a moisture content of 1659, there
exists a substantial hysteresis, which will be due to internal friction hampering ex-
pansion and shrinking.

Accordingly with calcium bentonite at least.three main types of aggregation are
distinguished (exempting the flocks), which may be simultaneously present at the
same low electrolyte concentration. The first is represented by the original suspension,
made by changing the sodium clay into a calcium clay without drying; it behaves
ike a semi-elastic gel. The second is the dried bentonite which shows a limited swell-
ing, like a normal soil. The third type is the slurry, made from dried clay, which may
be regarded as the maximum of dispersion to be encountered in agricultural practice;
it behaves like an elastic gel up to suctions between pF 4 and 5.

Tentatively the differences in moisture characteristic may be explained as follows.
In the original suspension the clay crystals are united into relatively thin polyplates
consisting of stacks of 3-4 clay crystals (cf. BLackMore & MILLER, 1961). These
polyplates increase in thickness with increasing suction, after ovendrying and
rewetting they form a coherent mass.

The swelling between the crystal is limited to 10 A. That the swollen clay con-
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tains more water than corresponds with the 10 A spacing, pore space of 1/3 included,
may be caused by the air entrapped and compressed in the voids, which may increase
the swelling pressure. During the preparation of the slurry the aggregates are broken
up into polyplates, which will be thicker than those of the original suspension; the
outer surface, on which the osmotic swelling takes place, will be relatively smaller,
hence the water retention at low pressures will be lower. Further explanation will be
given in part V.,

The salt concentration has little effect on the swelling of the dried clay, as was to
be expected. The data are represented in fig. 9, together with those deduced from
NorRrISH’S measurements.

2.5.2 Margalite colloid

2.5.2.1 Sodium margalite colloid

The slope on the curve is in good accordance with the theoretical curve for bentonite,
but it lzes a factor 1.38 low, which would represent a reduction of 31 9} of the surface.
This is in good accordance with the surface of 530 m?fg. The swelling of this clay is
not limited. Ovendry clay left to swell in excess of moisture holds the same amount of
water at pF 1 as the original suspension,

The influence of the salt concentration on the swelling is shown in fig. 13. The
curve fits the theoretical one very closely. The agreement with Norris#’s determina-
tions corrected for the smaller surface, is partly rather good though the values are
1.7 too high except near one molar concentration, where the moisture content is 4.6
times the amount derived from NorrisH’s measurements,
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In contrast to the sodium bentonite the margalite did not show appreciable
changes in structure, which explains the more regular proceeding of the swelling,
and the better fitting with the theoretical curve,
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2.5.2.2 Potassium margalite colloid

The desorption curve of the potassiuin margalite, shown in Fig. 14, lies 2 factor 0.79
lower than the theoretical curve for a surface of 530 m?. Some points of the theoretical
curve have been indicated by crosses in this graph. The agreement of the desorption
curve, using sulphuric acid, with the points determined with the aid of a saturated
salt solution (pF 5.6 and 6.01) is rather good. This part of the curve has the shape of
that of sodium bentonite. _ _

The swelling of the clay is not decreased by suctions up to pF 4.7, by equilibration
with pF 5 a small reduction occurred while most of it was completed after equili-
bration with pF 5.6, equivalent to a decrease in moisture from 27 to 17.59%,.

The surface area being 530 m?/g this moisture loss is equivalent to a decrease in
interparticle distance from 10.1 to 6.6 A, if no allowance is made for incompressible
porespace.

So potassium margalite suspension behaves like a completely elastic system, till
a certain moisture content is reached. If dehydration is continued the elastic system
changes within the range of a few percent of moisture into a semi elastic system.

The desorption curve of the clay granules is shown by curve B.

An interesting feature is that the moisture content of the granules depends on temperature. This
is shown by fig. 15. Granules of the colloid were allowed to swell in distilled water of different tempera-
tures first for a period of § days, the experiment was repeated with a swelling period of 14 days. The
sharp rise in the moisture content between 5 and 30° C is in accordance with the visible increase in swel-
ling. Even at 90° C the granules did not go into suspension though the moisture content at pF 1 was
nearly the same as that of the slurry. No influence of temperature could be detected on sodium bentonite
or granules of calcium bentonite, but there wassome influence on potassium illite as will be shown later.
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Fra. 15. Swelling of K-margalite granules in
dependance of temperature
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The slurry (fig. 14, curve C) contains at low pressures about half as much water
as the original suspension, but at higher suctions the differences decrease, and the
same moisture content is reached near pF 4. The number of determinations was too
small to determine whether the backswelling of the slurry differs from that of the
suspension.

As the swelling of the dry potassium margalite is limited the influence of the salt
concentration is slight, as is shown in fig. 13. There is no relation with the theoretical
curve, but some conformity with the swelling of NorrisH’s potassium bentonite.

2.5.2.3 Magnesium margalite colloid

The properties of this colloid were not studied extensively, just enough to make sure
that there exist no major differences in the behaviour of the magnesium saturated
colloid with the calcium saturated one. The desorption curve lies considerably lower
than expected from the desorption curve of sodium margalite and the slope is not
quite steep enough. The decrease in swelling is very marked, the minimum swelling is
already obtained at a pF below 4.3, whereas the minimum for calcium bentonite lies
beyond pF 5. So the magnesium margalite is a less elastic system than the calcium
bentonite.

2.5.2.4  Calcium margalite colloid

The desorption curve of this colloid is shown in fig. 16, curve A. The decrease of
swelling by progressing dehydration is marked, and the maximum reduction of
swelling is reached near pF 5. The clay adsorbs in this state less moisture than from
the dry state probably because in the latter case sormne mild form of air explosion takes
place and some water is held between the resulting small particles. The desorption
curve of the granules is shown by curve B,
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The slope of the desorption curve of the slurry (curve C) is less steep. The swelling
of the desorbed sturry has some resemblance with that of the calcium bentonite in so
far as, in order to limit the swelling of the slurry, higher suctions have to be applied
than with the original suspension. With calcium margalite this limitation begins
already at pF 3, but with calcium bentonite only at pF 4.2. So calcium margalite
behaves like a semielastic system and also the slurry has largely this character.

The swelling of calcium margalite granules in solutions of calcium chloride was
also investigated. This influence was small as might be anticipated. The line is shown
in fig. 13. Except for the higher moisture content it resembles the curve derived from
NorrsH’s measurments of calcium bentonite,

2.5.2.5 Comparison of the margalite colloid with the bentonite
Though the desorption curve of the sodium margalite makes it probable that the clay
belongs also to the smectites, the following important differences are apparent.

The potassium margalite behaves like a gel with a limited elasticity, this limitation
occurring at suctions higher than pF 5. The swelling of the dry potassium clay is
limited, while the swelling of the potassium bentonite is unlimited. The calcium
margalite behaves like the montmorillonite but the elasticity is lower especially that
of the slurry,

2.5.3 Margalite soil

2.5.3.1 Sodium margalite

Since the sodium humus dissolves partly in water if the salt concentration is lowered
and not in ethanol, the only way to prepare salt free sodium soils is by leaching the
excess salt with ethanol. Even so some organic matter is lost by diffusion through the
sintered glass during equilibration at pF 2.

As the desorption curves of margalite soil were established at the beginning of the
investigations, while the apparatus stiil had to be perfected, the desorption curves are
of limited accuracy,

The desorption curve of the sodium margalite soil is shown in fig. 17, curve I. The



39

log
?Q H20
43
Fie. 17. Desorption and backswell-
ing characteristic of Na-
and K-margalite

I. Na-margalite soil

I1B. K-margalite soil

granules

IIC. K-margalite soil

slurry

HIA. suspension of K-
margalite <2

IIIR. granuties of K- , .
margalite < 2 pF 6 g 4

e TR T P

.

Wi
N

water content at different suctions is about 50 to 709, of that of the colloid, which
does not quite fit with the reduction in clay content. If the ovendry sodium soil was
left to swell in distilled water the moisture content at pF 1 was the same as that of the
suspension, prepared by boiling the alcohol washed sodium soil in excess of water. So
the sodium margalite soil behaves like an elastic system and there is no marked
difference in behaviour between the 1solated clay fraction and the soil,

2.5.3.2  Potassium margalite

During the preparation of salt free granules of the potassium soil by washing with
distilled water it became apparent that potassiumn humates diffused out of the gra-
nules while the latter remained intact. In fig. 17 parts of the desorption curve of the
slurry (II C) and the granules are shown {II B).

The difference in moisture content between the potassium soil and the potassium
colloid is much larger than the difference, between the sodium soil and the sodium
clay.

The potassium soil granules contain at pF 1 only 0.33 times the amount of water
the colloid granules can hold. The slurry of the soils holds only 199, of the water the
colloid-slurry holds.

These differences are very large. They may either he attributed to the organic
matter, or to the better orientation of the clay plates within the polyplates of the soil
granules, compared with that in the clay granules. In the soil granules the original
stacking will have been preserved daring the preparation of the potassium soil, but
it will have been lost during the preparation of the potassium colloid suspension.

In order to investigate which of these causes is preponderant, a dialyzed sus-
pension of potassium clay fraction with the organic matter was prepared.

2.5.3.3  Potassium margalite smaller than 2 micron

The suspension was prepared from the clay fraction of sodium margalite soil, which
had been freed of the coarser particles by sedimentation, This suspension was washed
with normal potassium chloride and then dialyzed. Though part of the organic
matter was lost during the preparation, the difference in watercontent at low suctions



40

between the clay granules containing organic matter (fg. 17, curve 1II B) and the
granules without, is still large, the organic matter reducing the moisture content by
509%. At pF I the soil granules contain about 709, of the moisture the clay con-
tains, which may be explained by the difference in clay content.

Se it is probable that the small organic fraction has a large influence on the
swelling of the granules. It also reduces the influence of temperature (fig. 15). The
organic matter has a rather small influence on the desorption curve of the dialyzed
clay suspension (curve TTIA) and does not change the range over which limitation of
the swelling occurs.

2.5.3.4  Calcium margalite soil
As the original soil is chiefly saturated with calcium (table 4) it was not considered
necessary to change it further.
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The desorption curve of the slurry is shown in fig, 18, curve A .The slope has no
relation with the theoretical value. The decrease in swelling in relation to the water
desorption is marked, the swelling varies little in the region between pF 5and 6.3
but it increases again after equilibration with higher suctions. This increase of mois-
ture adsorption coincides with a change in colour of the soil from black to gray (from
NS to N3 MunsgLL).

The entry of air into the small pores is thought to be the main cause of this effect,
which is accompanied by a rapid and enormous swelling leading to near total des-
integration of the granule.

This phenomenon observed first by CerNupa, SMrre & CHanprER (19534}, is
thought to be caused, by the replacement of air, adsorbed to the internal surface of
the granule, by water. Together with the gas present it is compressed by the same



41

force by which the water is adsorbed unless some large pores exist through which air
can escape. The entrapped and compressed air will try to expand, by moving the
walls further apart. The bonds between the polyplates or units of them may conse-
quently be broken and these particles separated completely. More moisture may be
adsorbed and retained due to the expanding force of the air bubbles which try to
accept the spherical form. Photograph 6 and 7 illustrate this phenomenon in its
extreme form which is called ‘air explosion’. It is observed as slaking with some other
clays, but usually the resulting particles are too big {or the increase in unlimited ab-
sorbing surface is too small) to give a marked increase in moisture content at pF I.

The desorption curve of the air dry margalite soil after sudden immersion is
shown by curve C, fig. 18. It closely resembles that of the slurry.

The air explosion is only observed if the soil is saturated with divalent cations.

Comparing the moisture contents at pF 1 of the slurry and granules of the calcium
soil with thase of the calcium clay, one finds that the soil contains about 659, of
the amount of water the clay holds, which agrees with the amount of silt and sand.

2.5.3.5 Conclusion

The behaviour of the soil is essentially in accordance with the behaviour of the colloid
isolated from it, though the swelling of the potassium soil is more repressed than that
of the clay, probably due to organic matter. If air is allowed to enter the granules of
calcium soil it suffers extreme swelling after immersion {air explosion) which is not
observed with the clay.

2.5.4 Fithian illite

2.5.4.1 Sedium colloid, with and without the original organic matter

The pH of the carbon containing suspension was 9.6 and the salt concentration as
sodium carbonate 0.0026 N, while these values were for the carbon free suspension
8.13 and 0.0014 respectively. The desorption curves are shown in fig. 19. The agree-
ment between the two curves is bad. The carbon containing suspension shows some
resemblance with the theoretical curve, cf. overlay 5a, in the concentration region
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between 0.001 and 0.005 M. It lies slightly higher which agrees with the slightly
higher surface.

The curve of the carbonfree suspension does not fit the theoretical line. As the
pastes were highly thixotropic at pF 1 and 1.5, the interpretation of this part of the
pF curve is questionable.

The theoretical and empirical curves flatten out at the same moisture level,
indicating that the correction for free space is in the right order of magnitude,
Bovt’s curve (1954) lies a factor 2 higher, which may be caused by the different
technique he used.

The dried sodium clay did disperse spontaneously after immersion and contained
the same amount of water at pF | as the original suspension, so the sodium illite
behaved like an elastic system.

The swelling of the ovendry carbon containing illite is abnormal. At first it behaves
like a clay with a limited swelling. After submersion in distilled water, the larger
granules break apart into smaller ones and adsorbed air escapes but the shapes remain
distinct and the edges sharp. After half an hour or longer some of the granules start to
desintegrate, light grey clay suspension diffusing from them, while other granules
remain unchanged. It may take more than twelve hours before all the granules des-
integrate in distilled water.

The influence of the salt concentration on the swelling of illite is illustrated by
fig. 20. The faint slope of the curves may be explained by the relatively large free
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space. The stepwise swelling is in accordance with the visible desintegration the gra-
nules suffer on lowering of the concentration; with the colloid free of organic matter
this desintegration occurs at a salt concentration slightly lower than 0.01 M, with
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the organic matter containing colloid this occurs between 0.01 and 0.001 M. One may
therefore conclude that the organic matter, in this particular case, decrcases the
susceptibility to peptisation.

2.5.4.2 Potasstum illite
The desorption curves of the clay colloid were determined {fig. 21) Curve A repre-
sents the desorption of the fraction smaller than 2 micron, the salt concentration

%H20
13
B )
A
AllB 1

Fic. 21. Desorption and swell- 1
ing of K-illite (Fithian) 1

A= <2u;

B=<0.13 . . . . ,
<Bbw oF 6 5 4 3 2

1

being 0.001 M the pH 7.3. The fraction smaller than 0.13 micron was separated by
centrifugation {(curve B), the concentration will have been slightly lower, the pH 7.7,
As the pastes at low suctions were strongly thixotropic, the moisture content near
PF 1 will be too high. The two curves resemble one another, but the slope of the curve
of the finest clay is steeper. This may be explained by the higher surface of this
fraction.

Though ovendry granules of both clays disperse completely after immersion, the
suspension of the finest clay became coarser as can be seen from the increased scatter-
ing of light and from the decrease in moisture the clay holds at pF 1. Before drying the
finest clay holds 595 9 moisture at pF I, after drying 4009/, the fraction 0.126 —0.77
micron holds before drying 283 %, and after drying 2459, while these values are for
the fraction, 0.77 - 2 micron, 97.7 and 94.09%,,

Probably the coarse particles are too irregular in shape to come in close contact
over a large enough percentage of the surface for the attractive forces to act, The
contact area will be somewhat larger with the smallest particles, but the irregularity
is still too big to allow for any but microscopic water stable aggregation.

The potassium illite without organic matter behaves like an elastic system. The
influence of the salt concentration on the swelling of potassium illite is shown in fig.
20. The desintegration accompanied by a sudden increase in moisture takes place
near 0.01 M. '

2.5.4.3 Calcium illits
Part of the desorption curve of the dialyzed organic matter containing suspension
is shown in fig. 22, II A, Some irregularities near pF 2 are difficult to explain; they
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may be attributed to some structural effect like collapsing of free space at this suction.
It is curious that the moisture contents of the calcium and sodium illites with organic
matter are nearly the same, so that the chief difference lies not in the desorption
characteristic, but in the swelling of the dried clay. The desorption curve of the
granules, which suffer a rather vigorous slaking if immersed in the dry state, is shown
by curve IIB. Curve TIC represents the desorption of the slurry, which had a con-
centration of about 0.00024 M. The moisture content of the slury is only 609 of that
of the original suspension, thus the dispersion by puddling has not been complete.
The slurry is rather inelastic as indicated by the arrows; that the paste desorbed at
PF 4.5 contains less moisture after swelling than the ovendry granules is explain-
ed by the absence of slaking. The curve of the carbon free illite, containing
0.0002 M/1, {I A) nearly coincides with curve II C, butin contrast to the organic
matter containing slurry, this clay disperses spontaneously even after ovendrying,
though, as is shown in fig. 20, only at concentrations lower than (.001 M.

If the granules are slowly wetted, however, they retain their form after sub-
mersion, although their stability is extremely small.

If this clay is desorbed, the range where the desorption is reversible merges into

the range where the air explosion causes destruction of the internal bonds, without a
transitional stable zone as with calcium margalite soil. Only if the air explosion effect
is avoided by slow moistening a small stability can manifest itself. The desorption
curve of the granules without organic matter is shown by curve I B, The moisture
content is a bit lower at low suctions than that of the suspension but at suctions above
pF 3 the curve merges into curve I A. Tt lies higher than that of the organic matter
containing granules, curve 11 B.
The organic matter containing calcium illite behaves like a semi-elastic system,
whereas the clay without organic matter behaves like an elastic system, at least at low
electrolyte concentrations, Further one might conclude that the organic matter raises
in this case the moisture content of the suspension, but lowers the moisture content of
the granules.
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2.5.5 Knip clay

2.5.5.1  Sodwm knip clay

The determination of the desorption characteristic met with difficulties. The coarseil-
lite fraction settled on the membrane and the permeability decreased consequently,
so it was doubtful whether true equilibriumm was reached at low suctions. There-
fore the desorption curves of the oxidized fine and the coarse fraction were deter-

ined tely.
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The results are shown in fig 23, Compared with sodium montmorillonite the
moisture content of the fine fraction of the knipclay has been reduced by 50 %,, which
is slightly more than the reduction of the surface. The desorption curve of the coarse
fraction shows some resemblance with the theoretical curve at (0,5 X 10-? M. As after
drying the fine fraction held nearly as much moisture at pF | as the original suspen-
sion, the sodium knip clay belongs to the elastic systems.

2.5.5.2 Potassium knip clay

The potassiumn clay was prepared by washing the slurry of the original soil with
normal potassium chloride solution and dialysis. Consequently the suspension had
not the finest degree of dispersion possible. The potassium clay did not separate
markedly into the two fractions. The desorption and swelling curve is shown by
fig. 24. There is no resemblance with the theoretical curve. Above pF 5.1 the equili-
bration technique with sulfuric acid was used to obtain the suction; as temperature
control was insufficient the curves are fitting badly.

The swelling of the desorbed suspension proved to be unlimited up to very high
compressions. The first marked decrease in swelling occurred in the range between
pF 5.3 and pF 5.47 by a reduction of the moisture content from 4.0 to 10.89,
resulting in a reduction of moisture content at pF 1 from 182 to 74 9,.

Further decrease in moisture content did result in a small additional decrease in
swelling. If on the other hand the paste was left to swell at 80 °C reduction of back-
swelling took place between pF 5.7 and 6. As the time of swelling of the sample at
room temperature was a week and the sample was not larger than 0.1 g, equilibrium
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should have been reached and the influence of the temperature on the swelling will
have been real.

The slope of the pF curve of the granules, curve B, is very weak, only 109%, of
moisture is available between pF 2 and 4.2, which is extraordinary low for a clay, The
slurry, curve C, has only half the moisture content at low suctions of that of the sus-
pensions, though the suspension did not represent the finest dispersion.

The process of water desorption of the suspension of potassium knipclay is rever-
sible up to a high degree of dehydration. The range of suction where the reversibility
is changed into a semi-reversibility lies near pF 5.4,

2.5.5.3 Magnesium knip clay

The suspension was prepared in the same way as that of the potassium clay. The
desorption and swelling curves are not shown, because they largely resemble those of
the calcium clay. The swelling of the slurry is only limited by a rather high degree of
desorption. A small decrease in swelling is shown by desorption at pF 4.78, the paste
did not disperse spontaneously. A marked decrease in swelling occurred between pF
4.8 and 5. The reduction in moisture content at pF ] after swelling in excess of water,
from 160 to 86 9 is caused by a lowering of the original moisture content from 31.5
to 27 %,. This is about the same reduction as obtained by ovendrying.

Compared with the potassium clay the reduction occurs at a moisture content
which is more than twice as high. The granules formed by desorption of the slurry at
pF 5 kept their form after immersion water in contrast with the granules formed by
desorption at pF 4.8.

So the magnesium knip clay behaves like a systern which is elastic over a large
range of suctions, the system being converted into a semi-elastic one near pF5.
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2.5.54 Calcium kmip clay

The way of preparation of the suspension has been the same as with the potassium
clay. The desorption curve is shown in fig. 25, curve A. It nearly coincides with that
of the potassium and the magnesium clay. Also the desorption curve of the granules
{B; looks very much the same, 23%, water is available between pF 2 and 4.2. The
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limitation of the swelling of the slurry occurs at a lower suction than with the mag-
nesium clay. An increase in suction from pF 4.77 to 4.81, resulting in a reduction in
water content from 29.5 to 25.5%,, lowers the swelling, as measured by the water-
content at pF 1, from 113 to 89 %,. The paste formed by equilibration at pF 4.81 did
not disperse spontaneously,

The desorption curve (D) of the coarse fraction made by converting the coarse
fraction of the sodium clay into a calcium clay, was also determined. The curve is
less steep than that of the slurry of the whole clay, but the main difference is that the
granules desintegrate spontaneously if immersed, even if they have been slowly
moistened on a 10 cm suction plate.

One may conclude that the calcium knip clay behaves like an elastic system up to
asuction of pF 4.8; by equilibration with higher suctions it is converted into a semi-
elastic one.

2.5.3.5 Conclusion

The knip clay deviates from the pure illite, in so far as the potassium, magnesium and
calcium clay form waterstable granules. The conversion of the elastic into the semi-
elastic system takes place at rather high suctions, even though the organic matter is
not removed. (The organic matter seems to be less active than that of the Fithian
illite.) The difference is probably also due to large fraction of ultra clay, as the coarse
fraction with organic matter behaved like the pure illite,
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2.5.6 River basin clay

2.5.6.1 Sodium basin clay colloid

The clay was prepared by the alcohol method. The sait concentration of the sus-
pension, measured by the conductivity of the dialyzate, was 0.75 x 10-* M, pH 7.56.
The desorption curve fig. 26, No. L A, does not show any special features. Comparison
with the theoretical curve for illite shows that the surface should be 1.32 X 120 m? =
158 m®, whereas 315 m? have heen measured by the ethylene glycol method.
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The influence of the salt concentration on the swelling of sodium basin clay
granules is shown by fig. 27, curve A. The swelling starts at a lower salt concentration
compared with that of the illite; at 0.032 M the structure of the granules disappears
but only at 0.01 M does the clay separate into its fine and coarse fraction.
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2.5.6.2 Potassium basin clay

2.5.6.2.1  Potassium basin clay colloid. The clay was prepared by rotation of a suspension
of sudium clay with potassium resin. The saltconcentration amounted finally to
0.87 x 10~* M, the pH to 7.55.

The desorption curve of this suspension is shown by fig. 26, No, IT A,

As the salt concentration was 0.1 of that of the sodium clay, the curve lies some-
what higher and is straighter between pF | and 2. Reduction in swelling starts only at
pF 3 where the paste disperses only partly. At pF 5.6 the swelling is largely reduced,
but the moisture content after swelling is till considerably larger than of the granules,

With the granules, curve I B, only a 15 9%, of maisture is available between pF 2
and 4.

The slope of the desorption curve of the slurry (II C) is less steep than that of the
suspension, it is seen that the swelling of the slurry is not limited by desorption up to
pF 5.6.

The influence of the salt concentration on the swelling of the potassium granules is
nearly absent, as shown in fig, 27, curve B,

2.5.6.2.2 Potassium basin clay, colloid smaller than 0.12 micron. The desorption and
swelling of the fine fraction is shown by fig. 28 (I A). The suspension desorbed at
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pF 1 was completely liquid. The curve lies higher and is steeper than that of the whole
clay fraction but it lies still considerably lower than might be expected from the
surface measurements. Although the concentration was unchanged by the centri-
fugation procedure, the limitation of the swelling begins at pF 4.7 where the paste does
not disperse completely, The increase of suction from pF 4.7 to 4.85, giving a decrease
in moisture content from 36.9 to 32.7 resuits in a decrease in moisture content at pF
I after swelling from 433 to 2709%,. The suspension desorbed at pF 5.6 has a swelling
which is only slightly higher than that of the granules. {curve I B},

The granules, adsorb slightly more moisture than the granules of the whole clay
and also the moisture available between pF 2 and 4.20 is higher (459).
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The swelling of the slurry, curve I C, is not limited enough by equilibration at
pF 5.6 to give water stable granules.

2.5.6.2.3 Potassium basin clay, coarse fraction. This curve (IT A) has as most pro-
nounced characteristic its extrerne flatness and the fact that the swelling is not limited
by ovendrying, The granules disperse slowly if immersed in 10-* M potassium hy-
droxyde.

2.5.6.2.4 Conclusion. The potassium basin clay suspension behaves like a partly
elastic system; the smaller the particles and the higher the degree of dispersion the
lower is the suction at which complete elasticity is lost. The suspension of uitra clay
loses it at pF 4.7. The suspension of the whole clay loses it at pF 5. The slurries lose
it at a pF higher than 5.6, The coarse fraction behaves like an elastic system.

2.5.6.3 Calcium basin clay colloid

The suspension was made by washing the sodium clay suspension with normal
calcium chloride, washing with distilled water and dialysis. The final concentration
{by conductivity) proved to be 0.65 X 10-* M. The desorption curve of the suspen-
sion is represented in fig, 29, curve A. The curve fits the theoretical cne for 120 m2/g
rather good but lies only 1.6 times higher, which is not in accordance with the surface
(350 m*).
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In contrast with the knip clay the back-swelling of the Ca basin clay colloid is lowered
at very low suctions. The moisture content of the granules formed by equilibration
at pF 4 is after swelling even lower at pF 1 than that of the dried granules. This is
due to the rather strong desintegration the ovendry granules suffer by sudden im-
mersion.

This effect of the desintegration by sudden immersion is demonstrated by curves
B 1 and B 2. Curve B 1 represents the desportion curve of the ovendry granules im-
mersed at once, curve B 2, represents the desorption curve of the same granules satu-
rated by capillarity (10 ¢m suction) and then immersed. The difference is most
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striking at pF 1 as might be expected, as the air explosion causes desintegration into
macroscopic particles and water will be held in the interstices only at low suctions.
Curve C represents the desorption curve of the slurry. The lower slope and lower
moisture content at low pF seems to indicate, that the material of the slurry is
coarser than that of the original suspension. The surface where unlimited waterad-
sorption is possible, is lowered by the coarsening, but on the other hand the shrinkage
is hampered as difficultly compressible interstices will be formed between the larger
and rougher particles. Clearly is demonstrated again that the swelling of a slurry is
not lowered by the desorption at low suctions. Whereas the pastes of the original
suspension made by desorption at low suctions remained stable after immersion, the
pastes of the slurry did disperse completely up to pF 4.5, After equilibration at this
suction the paste did show only partial desintegration.

The influence of the salt concentration on the swelling is small, as shown by
curve C, fig. 27.

The calcium basin clay suspension behaves like a system with small elasticity,
while the slurry is elastic up to pF 4.5, The influence of the rate of moistening of the
granules is reflected in the desorption curve.

2.5.6.4 Conclusion

Whereas the granules from the pure Fithian illite were not waterstable at low
salt concentrations, the granules of a colloid isolated from a basin clay were water-
stable except the sodium saturated ones,

As the coarse clay fractions of calcium knipclay and potassium basin clay behaved
like the pure illite, this difference is probably caused by the difference in amount of
ultra clay, which is reflected by the total surface. The small fraction of organic matter
present in the unoxidized illite has a large influence on its behaviour, the slurry of the
calcium clay showing the characteristics of a semi-elastic system and the granules
being waterstable. The organic matter present in the knipclay had not the same in-
fluence, as the coarse suspensions of the clay, saturated with divalent cations, behaved
like elastic systems up to high suctions.

It may therefore be concluded that the fineness of the illitic clays has a decisive in-
fluence on their waterstability and that the role of organic matter is important,

The behaviour of the pure illite differs so much from the behaviour of illitic clay
minerals isolated from soils, that one may not expect that conclusions drawn from the
former are applicable to soils,

2.5.7 Kaolinite

2.5.7.1 Sodium kaolinite colloid

The homoionic clay was prepared by the washing method. Excess salt was re-
moved by desorption in a pressure membrane; this was repeated after suspending
the paste again. After the second desorption and stirring the pH was adjusted to 8. The
salt content by conductivity was 2.65 X 10-* M as sodium carbonate. The desorption
curve is represented in fig. 30, curve I. Though there were small particles present,
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passing Schott & Gen sintered glass funnels No. 4, the shallow slope indicates a very
small surface. It is still flatter than the theoretical curve for a clay of the same
composition. The clay did swell back to the same moisture content the original sus-
pension had, irrespective of the degree of desorption. The swelling was not affected
by raising the pH of the liquid from 8 to 10.

The influence of the salt concentration on the swelling is demaonstrated by curve I,
fig. 31. In the I M solution some disruption of the granules occurred, causing a
slightly higher moisture content than at 0.1 M. At (.01 M and lower concentrations
the granules dispersed completely causing a higher moeisture content.
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2.5.7.2 Calcium kaolinite colloid

The homoionic clay was prepared by percolating a 0.59%, suspension through a
column of calcium resin. After repetition all sodium had been removed. The pH was
brought up to 7, and the salt concentration, measured by the conductivity of the sus-
pension, was 104 M.
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The desorption curve is shown by fig. 30, IT A. It nearly coincides with that of the
sodium clay, but whereas the sodium clay did disperse spontaneously after immersion,
the calctum clay did not, in fact the swelling was lowered by suctions of pF 2.9 and
higher.

The desorption of the granules is shown by curve II B 1. The rather small dif-
ference between the moisture content of the original suspension and the granules is
caused by the desintegration caused by air explosion, If the granules are allowed to
imbibe water on a moisture table (10 cm suction) and are then left to swell in free
water, a very flat desorption curve is the result as shown by curve ITB 2,

It was impossible to detect any influence of the salt concentration on the swelling
as is shown by the points in fig. 31. The differences in moisture content are not
systematic but probably due to some irregularities of the granules and the air ex-
plosion.

2.5,7.3  Conclusion

The only difference between the sodium and the calcium kaolinite is that the
sodium clay behaves like an elastic system and the calcium clay suspension as an
elastic system only up to pF 2.9, by this and higher suctions it is converted into a
semi-clastic system.

2.5.8 Latosol

For the investigations the whole scil was used except in case the rotation with resins
technique was emploied to prepare homoionic clays. In the latter case the use of a 50
micron sieve was necessary to separate the resin from the clay. As the fraction larger
than 30 micron amounts only to 1.5 %, its influence will be negligible.

2.5.8.1 Sodium latosol

During preliminary investigations it was found that the soil washed with normal
sodium chloride did not disperse spontaneously when washed subsequently with
water, in fact only the sodium ions were partly replaced by hydrogen ions during this
procedure without any physical change occurring. As it was thought that the pH
would have a dominant influence on the swelling of latosol, the desorption curves of
slurries with different pH were run. The pH was corrected by addition of sodium
carbonate. The slurries tended to flocculate up to pH 9 but were stable at pH 10,
At this pH also the granules dispersed spontaneously, which they did not at lower
values.

Curve I A, fig. 32, represents the desorption curve of the slurry at pH 8.25
{prepared by percolation, salt removed by titration with hydroxyde and hydrogen
resin, pH adjusted, concentration 0.21 x 10-* N Na,COy). The slope is rather flat
as was the case with sodium kaolinite, The moisture content at pF 2 is 1.7 larger than
that of the kaolinite.

The paste formed by desorption of the slurry does not swell back to its original
moisture content, small pressures resulting in a reduction of the swelling. After de-
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sorption at pF 4.2 the moisture content is after swelling only slightly higher at pF 1
than that of the ovendry granules.

The desorption curve of the granules (I B) is very flat in the region between pF 2
and 4.2, which suggests that there is an incompressible free space present of about
409, moisture or 1009, by volume.

The desorption curve of the slurry at pH 10 (IT A) is still flatter than that at
pH 8.25, and the moisture content at pF | is only 0.625 of that of the latter. This dif-
ference may be due to the higher concentration of the solution, about 10-% N at
pH 10, against 2 x 10-¢ N at pH 8.25. An other cause may be that the flocks at
pH 8.25 give an extra resistance to compression, which is not the case with the
suspension of pH 10.

However, the most important change caused by the rise in pH is that the soil
granules disperse spontaneously at pH 10, and accordingly the swelling of the sus-
pension is not limited by desorption.

The conclusion is that a slurry of sodium latosol with a pH below 9 behaves like
a semi-elastic system, above pH 9 it behaves like an elastic system.

2.5.8.2 Hydrogen latosel

As the reaction of the latosols is usually rather acid, it was thought usefull to
investigate the bechaviour of the hydrogen soil also. The soil was prepared by the
washing method, the electrolyte concentration of the slurry will have been 1.5 x 10-¢
M as HCI, the pH in water 4.35 and in KCI 3,86,

The desorption curve of the slurry is nearly identical with that of magnesium
latosol. The slurry flocculated quickly. The most interesting feature is the practical
absence of swelling after desorption. The curve lies a bit higher than that of the
sodium slurry pH 8.25, this suggests that the flocculation is in this case the chief agent
in moisture retention, as it hampers the compression as well as the swelling,

As the soil suffers a mild form of air explosion if immersed in water, the moisture
content of the granules at pF 1 is higher than that of the paste desorbed at pF 4.2
swollen and desorbed again at pF 1. The flatness of the desorption curve between pF 2
and 2.9 suggests a pore volume equivalent to 43 %, moisture.
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Conclusion: The slurry of the hydrogen latosol behaved like an inelastic system.

2.5.8.3 Potassium and ammonium latosel

Preliminary investigations on the latosol partly neutralized with potassium
indicated that it behaved just as the sodium latosol. The pH at which spontaneous
dispersion occurred was determined by adding every day small increments of potas-
sium resp. ammonium hydroxyde (0.01 me.) to two grams of granules of hydrogen
latosol in 100 ml of water, and measuring the pH next day. It was found that above
pH 9 spontaneousty dispersion took place and that the resultant suspension did not
flocculate.

2.5.8.4 Magnesium latosol

The homoionic clay was prepared by the washing procedure, The slurry has a
concentration of 0.77 x 10-¢* M as Mg (HCG,),, the pH was 5.6. The desorption is
shown in fig. 33 curve L. It is almost identical with that of the hydrogen latosol and
the hydrogen-sodium latosol. Swelling after desorption is practically absent.
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The same suspension was brought on higher pH levels by shaking with a saturated
magnesium hydroxyde solution and decanting. Though the suspensions at all pH’s
investigated flocculated eventually, the flocculation was slowest at pH 8.8 (concentra-
tion 1.22 x 10-% M}. Probably the concentration was high enough at higher pH and
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the acidity high enough at lower pH to cause flocculation. The desorption characteris-
tic of the slurry with pH 8.8 is reproduced as curve II, the difference is negligible.
So the slurry of the magnesium latosol behaves like an inelastic system,

2.5.8.5 Calcium latosol
Preliminary investigations indicated that its behaviour is identical with that of the
magnesium latosol.

2.5.8.6 Conclusion

The desorption curve of kaolinite and latosol do not differ materially, the influence
of the saturating cation is absent. The elasticity of the latosol sturries is negligible,
except with systems saturated by monovalent cations above pH 9. The slurry of
calcium kaolinite is more elastic and the sodium kaolinite is completely elastic. So
there is a marked difference in behaviour between the clay mineral and the latosol.

2.6 SumMARY

The results of the experiments treated in this part, may be summarized by table 12 in
which the clays and soils are grouped according to their backswelling characteristic,

The salt concentration at which the degranulation of some of the elastic systems
occurs is given underneath,

Critical salt concentration (M/1) of elastic systems

0.6 Na bentonite col. = colloid

0.04° Na margalite col.

0.032* Na basin c. c = organic matter present
0.016° Na illite col. susp. = suspension

0.0l K illite col, slur. = slurry

0.004" Na illite c. ’ = rough estimation

0.00015 Ca illite col. fr. = fraction
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Tasre 12. Behaviour of suspensions and slurries at low salt concentration

elastic clastic over a limiting semi-elastic inelastic
certain range pressure
range
Na bentonite
K bentonite
Ca bentonite pF 5 Ca bentonite
slurry susp.
Na margalite, col.
Na margalite soil
K margalite, col, pF 5-5.6
suspension
K margalite col.- pF 6.0 Mg margalite
and clay-slurey col. susp.
Ca margalite, pF 2-2.9 Ca margalite
col. slurry col. susp.
Ca margalite
soil slurry
Na illite, Fith., col.
K illite, Fith,, col.
Ca illite, Fith., col. Ca illite, Fith., ¢
slurry
Na knip clay
K knip clay pF 5.3-5.45
Mg knip clay, slur. pF 4.8
Ca knip clay, stur., pF 4.8
Ca knip clay
coarse fr.
Na basin clay
col.
Na basin clay
soil
K basin clay, col. K basin clay, col.  pF 5.6
coarse fr,
K basin clay, col.  pF 4.8
fine fr.
Ca basin clay, col. pF 4.5 Cla basin clay
slurry col. susp.
Na kaolinite, col.
Ca kaolinite, col. pF 2.2-2.9
susp.
Na latosol, pH > 9 Na latoscl pH 8.25
H latosol
Mg latosol

Ca latosol




II THE RESISTANCE OF GRANULES AGAINST
DISPERSION IN WATER AS INFLUENCED
BY THE SALT GONCENTRATION, AND THE INFLUENCE
OF THE DEGREE OF DEHYDRATION ON THE
RESISTANCE AGAINST DISPERSION

1 INTRODUCTION

In the previous chapter it was established whether cohesion still existed in clay and
soil granules in the presence of free water, Also qualitative investigations on the in-
fluence of the electrolyte concentration on the stability were reported. In this chapter
the resistance to mechanical action in the saturated stage will be treated in a qual-
itative way.

As will be explained in chapter IV, soil aggregates should have a certain resistance
tomechanical forces, even if saturated with water. As the contact with excess of water
occurs as long as rainwater percolates through the soil and since the cohesion of
the aggregates is minimum in this condition the stability of soil aggregates is often
measured in the saturated state.

There are three methods to evaluate the stability in the saturated state:

a. The ViLensky method (1934)

The number of waterdrops necessary to cause desintegration is measured. As the
saturation of the aggregates is usually achieved with a few drops, mainly the stability
in the saturated state is determined. If dry aggregates are used the air explosion may
also influence the results. If unsaturated granules are used and the swelling takes a
long time, as is the case with sodium bentonite, the swelling time is measured and
not the stability in the saturated state. This is shown by VAN ScHUYLENBORGH'S
experiments (1951) using artificial aggregates made by mixing 60%, of sodium or
calcium bentonite with sand. In the case of sodium bentonite more than 100 drops
of water were necessary to destroy the aggregates and in the case of calcium bentonite
only 10.4 ca. 0.7.

Though these difficulties may be overcome by using saturated granules, the
criterion, i.e. the falling apart of the granules, is difficult to interpretate as this may
be either a good or a bad property of the soil depending on the dimensions of the
resulting particles.

b. The wet sieving method of analysis

This method was first employed by Trvriv (1933), who used single sieves. In order
to get more information on the size distribution of the aggregates after slaking and
sieving, Yoner (1936) used a set of sieves of decreasing mesh. As the quantity of data
obtained in this way made comparison difficult, they were represented by a single
value, i.e. the ‘mean weight diameter’, Van Baver (1950},
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DE BoobT uses the difference in mean weight diameter, between dry and wet
sieving ; the wet sieving is in this case done after wetting the dried soil to field capacity
by artificial raindrops, (D Leenaeer & De Boobr, 1958),

The method meets with the objection that the mechanical forces acting on the
aggregates depend on the quantity of aggregates on the sieve. The interpretation of
the mean weight diameter encounters the same difficulty as ViLENsKY’s test. Even ifa
single sieve is used, the amount of material necessary to establish the influence of the
mechanical action on the destruction, is in this case prohibitive.

¢. The end over end shaking method

This method employed by Purt & Keen (1925}, McGeorce (1937) and Quirk
(1950) has the advantage that small quantities are sufficient to establish the relation
between destruction of the aggregates and the amount of energy applied. The de-
struction is measured by determination of the clay concentration in the liquid after a
certain settling time (Puri & Keen) of the silt and clay concentration {QINRK), or by
measuring the total volume after sedimentation {Mc GEORGE). A handicap of the
method is, that the absolute amount of energy applied is not known, in contrast to
ViLEnsky’s method. Therefore the method has to be standardized and calibrated
with the aid of soils with known properties. Because of the limited amounts of material
available this method was adopted in this investigation.

2 PRELIMINARY INVESTIGATIONS

2.1. EXPERIMENTAL METHOD

As is demonstrated by Mc Georae (1937) the sedimentation volume of a clay soil
depends on the degree of dispersion. Thus if aggregates are destroyed by shaking, the
increase of the volume of the sediment is a measure for the destruction, As the clay-
soils become in most cases dispersed to such a degree that they flocculate {orthokinetic
flocculation) a distinct boundary is observed between the sediment and the super-
natant liquid and a second boundary can be observed in the sediment between the
original granules and the mass of flocks. If calibrated vessels are used, the flock
volume, after standard settling time {20 hours), can be read directly and used as such
or as a percentage of the ultimate volume i.e. the volume of the flock sediment when
no increase on further rotation is apparent.

With the preliminary experiments usually 10 g of soil were shaken in a volumetric
graduated vessel of 60 mt and a height of 15 cm. An airbubble of 1 ml and 5 glass-
beads (& 4 mm) were included to increase the abrasive forces.

2.2 EXPERIMENTS ON MARGALITE SOIL, << 50 u

Portions of 10 g of ovendry granules were slurried by submersion and stirring, The
excess of moisture was allowed to evaporate at room temperature and the dishes
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weighed regularly. To obtain moisture contents below 5%, drying at 40 or 50 °C
was necessary, When the desired moisture content was obtained, the paste was cut
into pieces of about 3 mm and transferred to the measuring cylinders.

The effect of a certain number of revolutions on the volume of flocculated sedi-
ment is represented by fig, 34. It is represented not as absolute volume but as percen-
tage of the ultimate volume of each object {after 20 000 revolutions). It is seen that
the initial moisture content has a large influence on the resistence of the aggregates,
which is not surprising as we know from fig. 18 that the margalite soil slurry is a
semi-elastic system.
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Fie. 34. Drying slurry of Ca-margalite; stability
versus initial moisture content

(1) Volume of sediment in %, of ultimate
volume after 300 and 1000 revolutions
{2) Moisture content at pF1 after back-
swelling {100% = 100% moisture by
weight)}

(3) Reciprocal value of stability index
20 4 0 80 100 (right hand side axis)

Relative volume of sediment.

[s]

As with swelling soils the distance between the particles which compose a granule
{(polyplates) will be proportional to the moisture content and as the forces, which
hold a granule together, must be inversely related to the distance, it is obvious that
the desorption of the slurry must increase the resistance of the resulting granules even
after complete swelling, provided the slurry behaves like a semi-elastic system. In
this particular case a sharp limit is put to the increase of the resistance by the air ex-
plosion effect, to which this soil is very susceptible.

The moisture content at pF 1 after complete swelling has been plotted as per-
centage of the dry weight in the same figure, the agreement of the general shapes of
the curves is good.

2.3 DiscussiON OF THE METHOD

Though this method gives good qualitative results and is very easy, it was abandoned
because the results could not be expressed quantitatively. The most serious objection
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is that the density of the flocculated sediment is not constant but increases with in-
creasing quantity.

This is demonstrated by the following experiment. Increments of latosol and margalite
soil were puddled, transferred to the graduated cylinders and shaken till no increase in
sedimentation volume was observed. The final sedimentation volume after 5 days
standing is represented in table 13.

Taeie 13. Influence of the quantity of sediment on its volume

weight of material {in g) 0.5 1 2 5 10
latosol {mi/g) 10.4 8.4 6.7 5.1 406
margalite (ml/g) 7.5 6.4 5.7 4.6

Though these data are quite interesting as they permit the calculation of the
moisture content at very low pF values, they show clearly that the volume of floc-
culated sediment is not a suitable measure for the weight of the aggregates destroyed.
Neither is the volume of the undestroyed aggregates because the packing may vary
considerably during the experiment.

3 QUANTITATIVE EXPERIMENTS

3.1 EXPERIMENTAL METHOD

The following modification of the method used with the preliminary investigations
was adopted.

In order to obtain a better approximation of the quantity of granules destroyed
by a certain number of revolutions, all material which did not settle after a standard
settling time was syphoned of, dried and weighed. As the influence of salt concentra-
tion on the resistance was to be investigated also, a settling time of two minutes was
chosen because flocculation has usually no disturbing effect during so short a time.
In the few cases where the flocculation had such an effect, the upper half of thevolume
was sucked off after one minute the flocculated sediment suspended again and the
other half was syphoned off after another minute of standing.

Applying STokEs’s law as an approximation, one may estimate the maximum size
of the particles removed as 40 micron, the maximum height of fall being 15.5 cm,
This estimate is not accurate at all, as the undestroyed granules caused considerable
turbulence by which the finer particles were moved in an upward direction,
Probably the majority of the particles peeled off from the clay granules had much
smaller dimensions, since they flocculated,

As the quantity of material was limited, two grams of granules were used. If not
stated otherwise they were submerged in the liquid at once and left to swell overnight
before the shaking began.

In order to keep the destructive energy per revolution constant, 5 glassbeads and
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one ml of air were introduced and when working with soil also two grams of quartz
sand {175-250 p). The latter was done in order to overcompensate the effect of sand
grains liberated during the shaking process, which might contribute to the destruc-
tive action of the glass beads.

In order to evaluate the abrasive action of sand grains, a series of stability deter-
minations was done on granules of margalite clay dried from a slurry to 149
moisture. The results, treatmed by the method described in the next paragraph,
are represented in table 14,

TasLe 14. Influence of the addition of sand on the stability of calcium margalite
(constants X 103, quantities in %)

object quant. const. quant. const.
2 g gran., 5 beads, 1 ml air 21 —2.8 79 —0.16
2 g gran., 5 bheads, 1 ml air, 1 g sand 24 —3.0 76 —0.36
2 g gran., 5 beads, 1 ml air, 2 g sand 30 —31 70 —0.31

It is seen, that the addition of sand resulted in a decreased stability of the granules,
especially the more stable part was influenced. As the increase from 1 gram to two
grams of sand had no systematic influence, it was thought that the influence of any
sand liberated during the analysis would be overcompensated by the addition of two
grams, As the stability constants of the most stable part were lowered by a factor two,
half of the stability constant determined in the presence of sand would be equal to
the stability constant without sand.

3.2 TREATMENT OF THE DATA

If soil granules have been submerged long enough so that destruction due to air
compression and swelling, has stopped, any further destruction is caused by the
mechanical action of the procedure.

Trying to describe the process of desaggregation it is reasonable to assume that:
The quantity of aggregates destroved per unit of mechanical action is proportional to the quantity
of undestroyed aggregates present.

Let A be the quantity of aggregates present at the beginning of the agitation, X
the quantity of material destroyed per unit of mechanical action R, and K the con-
stant of proportionality, then the following differential equation may be written:

dX

—=K.(A-X)

dR
after integration between X = O and X = A we get In(A-X) =~-K.R 4 InA.
This implicates that, if the soil is homogeneous, a straight line is found if log (A - X),
is plotted against R. This line intersects the log (A — X)) axis at log A. So A can be
evaluated. Usually X is expressed as percentage of A, so A becomes constant for all
soils. If the soil is not slaking A is equal to A’ the quantity introduced into the bottle.
A is found by the sum of X after infinite shaking time.
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The constant K, the parameter for the stability, is equal to
2,303 [(log (A" -X,}-log A} .R-L

The best fitting line is taken for calculation. The value of K varies from minus
infinite, for spontaneously dispersing soils, to zero, for absolutely stable soils. If 1000
revolutions are taken as unit for R, it varies in practice from — 100 to — 0.01.

As an example for homogeneous not slaking aggregates, the desintegration of
granules of calcium bentonite in decreasing concentrations of calcium chloride may
serve.

100 1000 2000

100

9

Fig. 35. Desintegration of Ca-bentonite
Quantity of undestroyed material present (A’ - X) in dependence of number of revolutions
(R)
N = normality of the CaCl; solution

If we find, that a line drawn through the data intersects the log (A’ — X) axis
below log A’, than obviously a certain quantity has been dispersed before the me-
chanical action started. (Another possibility is, that the dimensions of some of the
aggregates were smaller than the critical ones to begin with). This quantity, A’ — A,
can be read from the graph at once if semilogarithmical paper is used. Though the data
are figured as percentage of A’ instead of A, the points will lie also on a straight line
and the slope will not be changed, as A’ — X has been put on a log. scale. {Dividing
by a larger constant results in a parallel displacement of the line}. The constant is
found by application of the same equation, only A has to be used instead of A",

Instead of a straight line relation one often finds, that the points representing the
observations, lie on a curve. These curves are usually steep near the log (A" - X) axis,
concave towards the R axis, and flatten out with increasing time of rotation.
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The analysis of this type of curves is based on the assumption, that aggregates of
different stability, occurring in different quantities, are present and that they are
attacked simultaneously by the mechanical action.

As the separate desintegration of each class of aggregates would result in straight
line, each having its own slope and constant, the simultaneous desintegration is
represented by the sum of these lines and will be a curve.

As the least stable classes will be quickly destroyed, they cause the steep part of the
curve and will have little influence on the flatter part, which therefore represents the
desintegration of the most stable part only. So extrapolation of the straight part to
the log (A - X) axis gives the amount of this fraction, and its slope the stability
constant. Plotting now the log of the numerical differences between the line and the
original curve against R, one often obtains a straight line as is shown in figure 36.

This line then furnishes amount and stability of the less stable part,
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If this line is still curved near the log (A — X) axis, the procedure has to be re-
peated by extrapolation of the straight part of the second curve to the log (A — X)
axis and plotting the log of the numerical differences between the second line and the
second curve against R, which provides the data for the least stable class of aggregates.

An example of this is given by the stability analysis of Fort Knox silt loam (RusseLr
& FEng, 1947),

The method of analysis has been applied to data of Quirk (1950) and of RusseLL

& FEnG (1947), to see whether this method was applicable to the results of other

authors, who used different techniques.
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Fic. 37. Desintegration of Fort Knox silt
loam

(1) Curve through original data
(2) stability characteristic of most
stable part

(3) difference between (1) and (2)
(4) stability characteristic of less
stable part

(5) difference between (3) and (4)
(6) stability characteristic of least
stable part

——LOG (A -X)—

100 500 1000 2300
——OSCILLATIONS

The results are given in table 15, as mechanical unit 1000 rotations or oscillations
were chosen.

TasLE 15, Analysis of data of Quirk and RusseLr & Fenc (constants X 103, quantities in %)

Soil quant. const. quant. const. quant. const. quant. const.

Urrbrae 16 years 81 —inf 10 —8.0 9 —0.35
Unrbrae virgin 48 —inof. 10 —30 21 —5.0 21 —0.36
Wunnamura 31 —inf 13 — 60 25 —32 31 —0.29
Moira loam 1 20 —inf. 13 —36 4 —27 3 —023
Knox 30” 656 —inf. 14 —15 14 —26 7 —0.20
Marshall 300" 44  —inf. 23 —35 43 —0.37
Clinton 3007 10 —inf. 67 —10 23 —0.20
Muscatine 300’ 18 —inf. 82 —0.17

3,3 CoMMENTS

With this kind of tests the state of desaggregation is assumed to have been reached if
the aggregates have been reduced to particles with a diameter, smaller than the
critical one, corresponding with a certain sieve opening or a standard settling time,
As the texture of a soil may be such, that a fraction can not be reduced to these di-
mensions, not the whole of the destroyed aggregates is determined, but only that
textural fraction which has a diameter smaller than the critical one. Thefore the
quantities determined are not X and A’, but a fraction of these, viz. £ X and fA’,

The coarser particles remain on the bottom of the cylinder or on the sieve. If the
measured fraction is set free in strict proportionality to the weight of the aggregates
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destroyed there is no objection against measuring X by means of £.X and A’ by means
of £A’. As f.X is expressed as percentage off.A’,log LA’ is the same as log A’ {= 2,
and the treatment can be applied without alteration.

f.A" is determined as the sum of £X after infinite shaking time. The objection
against the use of the conventional textural analysis for determination of £A’ is,
that the dispersion with the aid of chemicals may not give results identical with the
mechanical dispersion used in this method.

The smaller the dimensions are of the fraction which is chosen as criterion for
desintegration, the more energy will have to be applied to reduce the aggregates and
the larger the constant will become therefore,

Though one is able to analyse the desaggregation with the aid of the proposed
method, the actual mechanism of the desaggregation is not known. As Kirkmam
pointed out to the author at the VIIth congress of 1.5.5.8. (Madison, 1960), it is
probable that the abrasion of the granules is not & function of the weight but of the
surface area exposed. The measurement of the surface of the aggregates is, however,
unfeasible during the determination. So the best that can be hoped in case Kmx-
HaM’s hypothesis is valid, is that the surface is related to the weight and that this
relation remains constant during the analysis. As the weight is {.r® and the surface
fr2, the slope of the curves should be lowered by 2/3, which is no problem,

If, however, large and small aggregates of the same hardness are present, then the
smaller ones will be quicker abraded, due to their larger surface and this will show
up in the analysis as a fraction with small stability.

Furthermore any stability constant will be a function of the degree of slaking,
which commands the surface after wetting and of the hardness of the granules.

This would not be serious if some natural agent causing desintegration would also
be related with the surface. The surface exposed to rainfall, {the most common
destroying agent), does not increase linearly with the decrease of the dimensions of
the aggregates, however; so if aggregates of different dimensions with the same sta-
bility are present, there will he no correlation between the desaggregation during the
stability analysis and desaggregation by rainfall.

The concept that desaggregation is only dependent on surface and stability may

be incomplete. The quantity which is scraped off a granule during a collision may
be also the result of the energy liberated during that collision. The collisions may
take place with the wall or the glassbeads, during the passing of the airbubble
through the cylinder. It is conceivable that the granules will obtain the same velo-
city as the swirling water and the energy of collision will then be proportional to the
mass of the particle.
The quantity picked of the surface will in this case depend on the weight of the par-
ticle. The velocity of fall of the larger aggregates is according to SToxes’s law related
with the square of the diameter, therefore destruction upon collision with the bottom
will be larger in the case of large aggregates.

So if the second hypothesis is also true, it will tend to outbalance the first.

The consequence of Kirkrzam’s hypothesis is, thatit is uncertain whether the classes
identified as stability classes, differ only with regard to their stability. As it is how-
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ever impossible to make a correction for the external surface area, the weight of the
aggregates was used without correction,

3.4 LIMITATIONS OF THE METHOD

The method will give erroneous results if the content of fine material of the different
stability classes is not the same, The condition that the fraction f.A" which is collect-
ed, should be set free in strict proportionality to the weight of the aggregates de-
stroyed, is then no longer met with.

The second premise is that the aggregates of different stability should be attacked
simultaneously.

This will not be the case if coatings are present, which have a resistance differing
from that of the enveloped part of the aggregate,

If the stability of the coating is smaller, the presence will not be detected by the
analysis, but will be treated as a class with low stability and its constant will be evalu-
ated too low. If the coating is more resistant than the rest, then this will be shown by
the analysis as the curve will turn away from the R-axis.

3.5 (OTHER METHODS OF MATHEMATICAL TREATMENT

Quirk (l.c.) tested the following equation which, in the same notation as used here,
reads A — X = C - K. log R. If one tries to evaluate the quantity present at zero
revolutions one finds I infinite. Consequently Quirk could not assign a definite
value to his constants and returned to the fraction destroyed after standerd shaking
time as parameter for the stability.

Russer. & FEnG (l.c.) used log (A -X) = a-b. log R. At zero shaking time
fog (A - X) = a 4+ b. oo, so also with this equation the exact amount of the
quantity dispersed by wetting alone could not be evaluated.

As log (A — X) is in this case plotted against log R, the curvature of the line
through the observations is only visible with the most stable soil, the Muscatine.

3.6 CoNCLUSIONS

1. The proposed method gives satisfactory results if applied to data found in litera-
ture. It is however not quite certain whether other differences than the stability
do play a role.

2. It furnishes more detail and the measurement of the waterstable part is more ac-
curate than with other treatments,

3. If the conditions, that the content of fine material of the stability classes should be
equal, and that the classes should be attacked simultaneously, are not {ulfilled, the
treatment will give erroneous results.

3.7 SINGLE VALUE EXPRESSION OF THE STABILITY

The quantity of data obtained by the analysis makes the comparison of more than a
few samples impossible. It is therefore necessary to find one figure as parameter for
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the stability, This can not be done by taking the weighed mean of the constants, as
often minus infinite is one of them.

As indicator for the stability the surface is chosen, which is included by a plot of
{A -X) against R and the 25% line of (A - X).

In these graphs 1000 revolutions and 1009, are chosen as unity. If sand has been
introduced then 500 X revolutions is unity as the abrasive power has been doubled
by the introduction of the sand. The low value of 259, had to be taken as with higher
values quite a number of sodium systems low in salt would get an index of zero.
Details are invariably lost in this way, especially the difference between very unstable
and spontaneously slaking soils.

If necessary the values of the corrected logarithmic graphs have been used for the
determination of the index.

3.8 REPRESENTATION

In order to get easily readible values for the constants, they have been multiplied
by 102 if no sand had been introduced, and by £ x 10® if this had been the case. As
the multiplication coefficient is mentioned in the caption of the tables, there is no
need to mention the addition of sand in the text.

4 STABILITY OF CLAY AND SOIL GRANULES IN DEPENDENCE OF
SALT CONCENTRATION

In the following paragraphs only the results of the experiments and a short comment
are given. The data are discussed more extensively with the aid of graphical repre-
sentations in II, 5.

4.1 BeENTONITE

4.1.1 Sodium bentonite

4.1.1.1  Sodium benionite at various salt concenirations

About two gram of flakes, prepared by drying of a nearly deflocculated suspension
followed by washing with ethanol and drying again, were brought into the cylinder
which had been partially filled with the salt solution. The cylinder was kept in a
nearly horizontal position for fear that the swelling flakes might clog together, After
24 hours of swelling five glassbeads were introduced, the bottle was filled and 1 ml
of air left. The results are represented in table 16. In order to investigate the influence
of flocculation prior to drying on the stability, a 19}, sodium bentonite suspension in
I N sodium chloride was dried. The very porous and fluffy aggregates contained about
4.5 g of salt per gram of clay. About 3 g of the salt-clay mixture was introduced into
the cylinders and the salt content was brought to the desired concentration by
repeated washing. In the case of 0.025 N the washing had to be stopped at a concen-
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TaBLE 16. Stability classes (%), constants (% 10%) and indices of sodium bentonite

dialyzed partly floc. flocculated
M quant. const. gquant. const. ind. quant. const. ind. quant. const. ind.
1 82 -—0.033 153 8% — 0.178 3.01 0 — 011 397
0.6 1> —146 78 —0.552 0.609
04 24 —84 7% —258 0112 83 — 196 0288 100 — 875 0.0533
0.2 % — 56 0.103 84 — 71 0.0105
0.05 100 — 131 0.0044
0.025 92 —I1L7 0.052
0.005 ) 100 —27.2  0.0233

tration of 0.05 N as further washing was impossible due to the volume of sediment.
The constants are given in table 16.

The experiment was partly repeated with granules of dialyzed clay, from anocther
batch of bentonite. The swelling time was 14 days. (See photographs 3 and 4).

It is seen, that the aggregates made by drying of a dialyzed suspension are more
stable than those formed by flocculation and drying.

From 0.2 N downwards the destruction constants do not represent the effort to
destroy distinct aggregates, but to make a homogeneous suspension of the liquid mass
of the concentrated suspension, of which in reality the bentonite consists at these
concentrations, and the supernatant liquid.

4.1.1.2  The influence of the dielectric constant
The influence of the ethanol content of the liquid on the stability was also investigated.
It had been proved by the swelling experiments (I, 2.5.1.1) that the critical range was
between 57 and 779, of ethanol, therefore the stahility within this range was de-
termined.

One gram of granules of sodium bentonite was shaken after swelling.

Before the determination started it was observed, that the granules did only swell
in the 57 and 62%, solutions. The results of the analysis are shown by table 17.

TabLe 17.  Influence of ethanol on the stability constants { X 1/2.10%} of sodiurn bentonite

%, ethanol (vol.) diel. const. quant, % const.
57.6 50.6 100 —13.2
62.3 47.5 100 —9.6
67.2 H.4 86 — 025
76.8 39.1 96 — 0.0125

The largest change takes place between 67.2 and 62.39%, ethanol. If the increase in
dielectric constant is the only change caused by dilution of the ethanol, than the
increase by a few units {from 44.4 to 47.5) is sufficient to change the character of the
sodium bentonite of a clay with a high stability to one with a low stability.



70

4.1.2 Potassium bentonite

Flakes of potassium bentonite, prepared by dryingofa nearly deflocculated suspension
and washing with ethanol, were treated in the same way as the sodium bentonite,
Ranges and constants are given in table 18.

TasLe 18. Stability classes (9,), constants ( X 10%) and indices of potassium bentonite

M quant, const. ind.
1 92 — 0.0301 i9.6
0.4 82 - 0.0296 19.6
0.1 78 —1.26 4.62
0.025 100 — 2.66 0.195
0.01 100 —8.13 0.0694

4.1.3 Calcium bentonite

Dried dialyzed clay was used. In the first series of experiments the reaction will have
been slightly acid, in the second the pH was adjusted to 8.5. The resulis are presented
by table 19.

TanLe 19. Stability classes (%), constants and indices of calcium bentonite

slightly acid pH 8.5

M quant. const. { X 10%) ind. quant. canst. (X $.108)  ind.
0.3 86 —0.18 2.84

0.05 100 —0.30 1.76
0.03 82 —0.252 2.18

0.005 100 — 0.625 0.834
0.003 86 — 0.461 1.18

0.0006 100 —1.50 0.370
0.0001 100 — 1.65 0.344
H,O 60 —0.715 0.76

The most noteworthy feature is the stability of the clay in distilled water, which

decreases by a factor two if the pH is raised to 8.5.

If the soil is worked at 1009/, moisture content using salt sclutions of decreasing
concentration, the results are the following; they are represented in table 20.

TaBre 20. Stability classes (%), constants ( X 10%) and indices of puddled calcium bentonite

M quant. const. quant, const. ind. ind. gran./ind, puddled
0.3 84 — 1.08 0.468 6.06

0.03 81 — 1.09 0.468 4.66

0.003 58 —3.47 42 —1.05 0.236 5.0

H,O 85 —3.63 10 —0.39 0.174 437
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Thus with the calcium bentonite the stability of the granules is lowered by pud-
dling with the same coefficient regardless of the salt concentration.

4.2 MARGALITE COLLOID

4.2.1 Sodium margalite colloid

The flakes were prepared by drying of a dialyzed suspension of the colloid. The data
are represented in table 21.

TasLe 21,  Stability classes (%), constants { X 10%) and indices of sodium margalite

M quant. canst, ind.
1 83 —0.027 20.5
0.2 80 — (.055 7.15
0.025 80 —0.43 1.22
0.005 70 — 3.06 0.177

4.2.2 Potassium margalite colloid

Flakes of dried dialyzed suspension of the colloid were used. The material is probably
not homogeneous as at salt concentrations of 0.01 M and lower a fraction of consider-
able stability is present . The material has some stahility even in distilled water.

The results are presented in table 22,

TasLe 22. Stability classes (%), constants { X 10*) and indices of potassium margalite

M quant.  const. quant.  const, quant.  const. ind.
1 23 —4.75 69 —0.055 6.44
0.1 11 —8.15 83 —0.069 6.89
0.01 52 —4.3 32 —0.22 0.76
0.001 63 —23 21 —55 15 —0.59 0.042
H,O 38 — 3 46 —9.8 16 — 1.06 0.0507

This clay was also worked at a critical moisture content (i.e. 60%) using salt
solutions of decreasing strength. The resulis, extensively discussed in chapter III,
show, that at low concentration a large fraction has zero stability, as might be ex-
pected with a system elastic over a large range.

4.2.3 Calcium margalite colloid

The stability of the colloid was determined, using oriented granules, The resulis are
given in table 23.

The influence of the salt concentration is quite small. As in the case of potassium
margalite the material proved to be unhomogeneous.
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Tasre 23, Stability classes (%), constants (x 4.10% and indices of calcium margalite (pH 8.2)

M quant. const, quant,. const, ind,
0.05 14 —1.33 86 — 0.155 2.79
0.005 25 —0.75 75 — 0,125 2.89
0.0006 17 — 146 83 —0.178 2.27
0.0001 21 —2.25 79 —0.22 1.66
H,O 27 — 1.84 73 —0.235 1.44

4.3 CALCIUM MARGALITE SOIL SMALLER THAN 50 MICRON

4.3.1 Moistened granules

As this soil suffers a pronounced degree of air explosion if wetted suddenly, the gran-
ules had to be moistened to 309, before the influence of the salt concentration on the
stability could be established. The characteristics are reproduced by table 24.

Tasrr 24.  Stability classes (%), constants (X £ . 10%) and indices of moistened and dry margalite soil

moistened dry
M guant. const. guant. const. quant.  const. ind. quant. const.
0.05 10 — 18,5 90 —0.145 2.69 80 —inf
0.005 18 —1.72 82 —0.170 223 82 —infl
0.0005 12 —38.3 10 —2.69 78  -—0.199 1.64 78  —inl
H,0 12 —47.5 7 —4.87 81 —0.534 1.38 73 —inf,

During the determination it was observed that the suspension with 0,005 molar
and higher concentrations of calcium chloride did flocculate, while the suspensions
with lower concentration did not. The increase of the destruction constant is how-
ever quite gradual and shows no sharp transition. The data are nearly identical with
those of calcium margalite colloid.

4.3.2 Ovendry granules

If however ovendry granules of margalite soil are used, the stability is so low that
it is difficult to collect enough data for a correct determination. The best guess from
the data is represented in table 24, Although the data are not reliable enough to
permit the conclusion that the air explosion effect is enhanced by the higher salt
concentration, it is certain that the raising of the salt concentration does not suppress
this effect.

44 ILvTe

4.4.1 Sodium illite

4.4.1.1  Sodium illite, first and second batch, organic matier present
The desintegration characteristic of the granules of the first batch was difficult to
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analyse, as the plots of log (A — X} against rotations gave undulating curves, The
constants in table 25 are derived from the best fitting straight lines. The indices were
derived from original data. With the aggregates of the second batch these difficulties
were not encountered {constants x } . 10%),

TasLe 25. Stability, classes (%), constants { X 10%) and indices of sodium illite

ist batch 4+ C Ind batch 4 C

M quant. const. ind. quant, const. quant, const. ind.

1 75 —0.24 2.88

0.88 80 — 143 20 — 0.38  0.518
0.4 63 —0.35 248

0.088 61 — 271 39 — 0815 0.330
0.0278 100 — 10.2 0.0543
0.0139 42 —564 58 —73.1 0.00468
0.01 83 — 1L.87 0.447

0.001 70 — 1.57 0.143

It is seen that the granules of the first batch are considerably more stable than
those of the second.

The difference may be caused by the way of preparation of the granules. Those
of the first batch were made by ovendrying the alcaline suspension, those of the second
one by drying after drainage of most of the moisture at pF 2.6. Thus the granules of
the first batch may have been cemented by the hydrolysis products in the suspension,
this cementation being the cause of the higher stability. In case the granules of the
second batch were made by drying the suspension then also their desaggregation cha-
racteristic showed a wavy character, in some cases it resembled that of sodium latosol
pH 10, see 4.8.1.

4.4.1.2  Sedium illite, colloid, second batch

Granules were used prepared by desorption at pF 2.6 of the oxidized clay fraction.
The curves were quite normal, the constants are presented in table 26. The material
is not homogeneous for even at very low concentrations a small fraction had a certain
stability.

TanLE 26. Stability classes (%), constants (X }. 10?) and indices of sodium illite, second batch,
organic matter removed

M guant. const. quant. const, quant. const, quant. const, ind.
0.88 32 —115 68 —032 1.05
0.351 160 —1.20 0.448
0.088 21 —244 79 —225 0.208
0.0277 100 —5.90 0.0943
0.0088 69  ~—inf. 0.00267
0.00088 92 —inf, 0
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Comparing the indices of the illite with and without organic matter one can not
detect any benificial influence of the organic matter on the stability.

4,4.2 Potassium illite, colloid, second batch

The investigated material consisted of oriented granules, wetted by capillarity. The
results are given in table 27,

Tarre 27. Stability classes (%), constants { X }. 10*) of potassium illite

M quant. const. quant. const. quant. const. ind.

1 7 —2.82 93 —0.26 2.00
0.1 11 —5.25 89 —0.73 0.633
0.01 100 —9.70 0.0587
0.001 95 — inf, 0

The potassium illite is more stable than the sodium illite, the difference being
most pronounced at 0.1 and 0.01 M salt concentration.

4.4.3 Calcium illite, colloid, second batch

The investigated material consisted of oriented granules, which were slowly moistened.
The data are reproduced in table 28.

TasLe 28. Saability classes (%), constants (X 4. 10°) and indices of calcium illite

M quant. const, quant. const. quant. const. quant, const. ind.
0.115 70 — 1.34 30 —40.135 0.674
0.0116 75 —1.25 25 —0.50 0472
0.00125 11 — 14.35 52 — 144 37 —042 0472
0.0001 95 —inf 5 —193 0

The stability is considerably larger than that of the potassium illite. The material
is not homogeneous,

4.5 BaSIN GLAY AND WINSUM KNIP GLAY, GOLLOID

In order to avoid the influence of the cation on the packing in the granules, the fol-
lowing procedure was followed. Oriented granules were prepared by desorption of
the sodium clay suspension in the pressure membrane at 1 atmosphere suction,
followed by cutting and drying. The saturating cation was changed by percolation
with normal solution, after slow wetting on a Biichner funnel. If a certain pH was
needed the pH of the percolating liquid was adjusted with the hydroxide. The per-
colation was continued until the pH of the percolate was the same as that of the
percolating liquid. To remove the excess salts the percolation was continued with
709, ethanol, adjusted to the desired pH. After removal of all chloride the granules
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were dried by sucking air through the Biichner funnel followed by ovendrying,
No macroscopic changes of the granules were observed.

4.5.1 Sodium clays
The data for both clays are reported in table 29.

TaBLE 29, Stability classes (%), constants (X 4. 10*) and indices of sodium basin clay and sodium
Winsum clay (pH 8)

sodium basin clay sodinm Winsum clay

M quant. const. quant. const. ind, quant. const. guant. const. ind.

1 100 —0.131 4.12 100 — 0115 7.46
0.1 50 —4.20 50 —0.57 0.336 100 — 0386 0.322
001 100 —iof 24 —inf 76 —82.0 0.00367

The stability of the Winsum clay seems to be slightly larger than that of the basin
clay.

4.5.2 Potassium clays

The data are summarized in the table 30.

TaBLE 30. Stahility classes {%), constants (X } . 10%) and indices of potassium basin clay and potas-
sium Winsum clay (pH 8)
potassium basin clay Winsum clay
M quant. const. quant.  const. ind. quant. const. ind.
0.1 99 —0.026 19.0 100 —o0.041 130
0.01 96 —0.054 10.2 100 —0.131  4.13
0.001 96 —0.081 6.45 94 —0.191 246
0.0001 6 —241 94 —0.09 5.16 100 —0.270 1.68

The potassium clays are very stable in contrast with the Fithian illite, even at low
salt concentrations. The basin clay is about twice as stable as the Winsum clay.

4.5,3 Magnesium clays

The data for magnesium clay are presented in table 31.

Taste 31, Stability classes (%), constants (X 4. 10%) and indices of magnesium basin clay and
magnesium Winsum clay, (pH 8)
magnesium basin clay magnesium Winsum clay
M quant. const. quant,  const. ind. quant. const. quant. const, ind.
0.1 100 —0.062 89 100 —0.057 9.28
0.01 100 —0.066 7.36 100 —0.103 5.36
0.001 6 —2.15 94 0117 424 10 —1L0l 90 —0.142 3.22
(.0001 11 —1.61 89 —0.150 304 30 —o082 70 —0.170 1.88
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The differences between the two clays are small, the basin ¢lay being slightly more
stable at the lowest salt concentrations. The magnesium basin clay is throughout
less stable than the potassium clay. The magnesium Winsum is at low concentrations
slightly more stable than the potassium clay.

4.5.4 Calcium clays

The data are represented in table 32,

TabLE 32. Stability classes (%), constants (X 4. 10%) and indices of calcium basin clay and calcium
Winsum clay, (pH 8)

calcium basin clay calcium Winsum clay
M quant. const. quant. const. ind. quant. const. quant. const. ind.
0.1 94 —0.056 8.50 100 —0.073 7.10
0.01 11 —0.442 89  —0.069 6.41 100 —0.093 5.95
0.001 20 —0.447 80 —0.088 439 22 —041 78 —0.121 3.38
0.0001 43 —0.33 57 —0.11 2.93 81 —0.46 29 —0.134 1.70

The basin clay is again more stable at low salt concentration than the Winsum
clay, the differences with the magnesium clay are very small.

4,6 Basin soiL AND WINSUM KNIP SOIL, NATURAL AGGREGATES 2—-1 mm

In order to exclude the influence of the saturating cation on the structure of the ag-
gregates the following procedure was followed.

The aggregates obtained by crushing and sieving were saturated with the dif-
ferent bases in the same way as the clay granules. As the first percolate of the basin
soil was rather acid, the first portion of the percolating salt solution of the Winsum
soil was acidified to the same pH by acetic acid.

Tanre 33. Stability classes (%), constants ( X 4. 10®) and indices of todium hasin soil

M quant. const. guant. const. quant. const. quant. const. ind.

1 12 — 38 83 —0.040 11.9

0.1 17 —inf 17 — 4.8 15 — 044 51 —0.075 1.82
0.01 22 —inl 4 —128.1 20 —5.0 27 —0.22 0.0667
0.0055 40 —inf 60 —26.0 0.0163
0.00223 37 —inf 63 — 300 0.0179

sodium Winsum soil

1 17 —275 80 —0.27 1.535
0.1 24 —42.1 50 —3.85 26 —0.275 0.184
0.01 40 —inf 37 —40.1 17 —48 6 —0.326 000946
0.001 }

0.0001 55 —inf 30 -~54.5 14 —42 5 --0238  0.00267
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4.6.1 Sodium soils

The sodium basin clay had been dried without removal of the excess sait. After
introduction into the test cylinders the salt content had been lowered by repeated
washing with salt solutions of the desired concentration. The data are reproduced
in table 33.

At 1 M electrolyte concentration the stability of the basin soil is much higher
than that of the Winsum soil. By reduction of the salt concentration to 0.1 M the
stability has been impaired with both soils, It is apparent that the sodium soils are
very unhomogeneous at low concentrations as a part disperses spontancously,
another part has very little stability and a very small part keeps a normal resistance.

4.6.2 Potassium soils

The data on the influence of the salt concentration on the stability are listed in
table 34,

Tasre 34. Stability classes (%), constants (x 4.10%) and indices of potassium basin soil and
potassium Winsum soil (pH 8.2)

potassium basin soil potagsium Winsum soil
M quant. const. quant. const. ind. guang, const, quant, const.  ind.
1 4 —0.99 96 —0.00675 69.8 8 —1.67 92 —0.059 7.84
0.1 4 —2.27 96 —0.0217 230 9 —261 89 —0.100 4.56
0.01 6 —3.83 94 — 0.0481 10.2 22 —212 75 —0.152 2.08
0.001 g —4.02 91 —0.065 7.25 33 —2.79 67 —0.175 148
0.6001 11 —44 89 —0.0725 6.04 37 —340 63 —0.212 105

The soils behave like the isolated clay fraction as the stability at very low salt
concentration, 10~* M, is pronounced. This stability is, however, considerably
decreased with respect to that in 1 M solution, since the indices amount to only one
tenth. The differences in stability indices between the two soils are larger than those
between the clays, the coefficient varies here between 5 and 10, with the clays
between 1.5 and 3.

4.6.3 Magnesium soils

The influence of the salt concentration was investigated at two pH levels, 7 and 8.2,
The data are represented in tables 35 and 36.

With the magnesium basin soil the influence of the pH on the stability is difficult
to assess as much depends on the stability of the least stable fraction, which is given
no special weight at the determination of the index. The stabilities at low concen-
tration are the same as with the potassium soil. With the Winsum scil an increase of
the least stable fraction by the raise of the pH can be noted, and the decrease of the
stability with decreasing concentration is stronger at high pH, The differences with
the potassium Winsum are small at low salt concentration.
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Tasre 35. Stability classes (%), constants {¥ 4. 10% and indices at pH 7 of magnesium basin soil
and magnesium Winsum soil

magnesium basin goil magnesivm Wingum soil
M quant. const. quant.  const. ind. quant, const. guant. const. ind.
0.1 6.5 —0.675 92 —0.0319 14.7 25 —1.52 72 —0.153 2.10
0.01 155 — 0.80 85 - 0.0605 7.68 33 —1.15 61 —0.153 167
0.001 % —065 86 —0.059 7.13 28 —1.80 67 -—0.19¢ 135
0.0001 14 —0.88 82 —0.062 6.10 B —1.25 57 —0.185 1.20

TasLE 36. Stability classes (%), constants { X & . 10%) and indices at pH 8.2 of magnesium basin soil
and magnesium Winsum soil

magnesium basin soil

M quant. const. guant.  const. quant. const. ind.

0.1 4 —45.5 8 —1.17 88 —0.0347 1225
0.01 5 —28.5 1 —0.605 84 —0.0425  B.96
0.001 4 — 30.2 13 —0.705 83 —0.0502  7.32
0.0001 4 —38.5 14 —0.815 82 —0.0510 7.32

magnesium Winsum soil

0.1 6 — 8.2 33 —1.31 59 —0.116 1.82
0.01 7 — 16.8 44 — 1.0 49 —0.117 1.44
0.001 13 — 9.8 49 —0.88 38 —0.112 1.03
0.0001 14 — 14.2 43 — 0.885 33 —0.123 0.835

4.6.4 Calcium soils

The data for calcium basin soil at pH 8.2 quickly and slowly wetted, and those for
calcium Winsum soil (slowly wetted, pH 8.2) are given in table 37.

Comparing the slowly wetted calcium basin soil with the magnesium soil it is seen
that the indices of the calcium soil are only a little higher. With the Winsum soil the
difference is more marked, the stability indices of the calcium soil amounting to 1.8
times that of the magnesium soil. With both a steady increase of the classes with low
stability is observed with decreasing salt concentration, with the basin clay soil a
decrease of the stability constants is also observed.

The sudden immersion has as effect that the stability of the least stable part is
decreased and that the quantity of the most stable class decreases,

4.6.5 Untreated soils

In order to investigate whether the percolation with salts and ethanol had altered
the resistance of the aggregates, the following experiments were carried out: the
untreated aggregate fraction of basin clay soil was shaken with slightly acid
solutions of calcium chloride as this soil is chiefly calcium saturated and acid, the
Winsum soil was shaken with magnesium chloride solutions of pH 8.2 as it is chiefly
magnesium saturated and alkaline. The data are listed in tables 38 and 39.
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Taste 37. Stability classes (%), constants (X 4 . 10%) and indices of calcium basin soil, wetted by
capillarity and by immersion, and of calcium Winsum soil, wetted by capillarity

calcium basin soil, wetted by capiliarity

M quant. const. quant, const. quant. const, ind.
0.1 4 —I1.5 4.5 —1.07 84  —0.0235 158
0.01 8 — 15.3 13 -— (1,462 78 — 00398 103
0.001 5 — 94 6 —0.895 86 —0.0477 8.6
0.0001 5 —15.7 7 —0.670 86  —0.0477 8.6

calcium basin soil, wetted by immersion

0.1 7 —55.5 15 — 1.62 78 — 0.0339 10.2
0.01 7 -—72.5 18 -— 187 75 —0.0381 8.2
0.001 9 —7L.5 14 — 2.36 77 —0.0515 6.45
0.0001 6 -—80.5 17 —1.95 77 — 0.0515 6.45
calcium Winsum soil, wetted by capillarity
0.1 10 —3.36 26 —0.404 64 —0.0842 3.26
0.01 7 — 4,46 45 -—10.489 49 —0.0707 246
0.00! 13 ~— 490 52 —0.395 35 -—0.072 1.85
0.0001 21 —3.95 37 — 0.450 42 —0.099 1.55

Tasre 38. Stability classes (%), constants (X 4 . 10%) and indices of natural basin soil (CaCl,)

005 M 0.005 M. 0.0003 M H,0O
quant. const. ind. quant. const. ind. quant. const. ind. guant. const. ind.
97 -0.0245 21 86 -0.0271 16.3 89 -0.0317 13.3 90 -0.0322 13.3

Tanre 39. Stability classes (%), constants (X 3.10%) and indices of natural Winsum soil with
MgCl; (pH 8.2)

wetted by capillarity

M quant. const. quant. const. ind.

0.1 50 —1.63 47 —0.132 1.06

0.01 44 — 1.98 54 —0.150 1.25

0,001 45 —3.10 53 — 0,182 0.905

0.0001 51 —3.22 47 —0.184 0.695
wetted by immersion

M guant, const. guant. const, quant. const. ind,

0.1 45 —2.27 52 —0.142 108

0.01 10 —28.6 32 —2.05 38 —0.140 135

0.001 18 — 20,0 32 -—2.16 50 —0.142 0966

0.0001 13 —17.2 40 —2.15 47 —0.167 0.736
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It is seen that the untreated soil is more stable (coefficient of indices 1.5), but as
the pH was lower too this might have had a favourable influence on the stability.

It is seen that the sudden wetting of the Winsum soil resulted in a class with very
low stability. This is however not reflected in the indices, which give no special
weight to the less stable classes. Comparison with table 36 shows that the stability of
the aggregates was slightly increased by the preparation of the homoionic soil.

4.6.6 Conclusion

Comparing the data of the colloid clay granules with thase of the whole soil it is
seen that potassium basin clay and soil have nearly the same stability, The magnesium
soil is more stable at low concentrations than the clay, which is also the case with the
calcium soil and clay. The presence of humus seems to overcompensate the dilution
of the clay fraction with silt, The potassium Winsum clay is more stable than the
Winsum seil, the same holds for the magnesium and the calcium clays and soils; the
humus content is most probably insufficient to compensate for the loss of stability by
admixture of silt,

4.7 KAOLINITE

4.7.1 Sodium kaolinite

One gram portions of the granules of sodium kaolinite were shaken with solutions of
sodium chloride of 0.1 M and lower concentrations at pH 8. The granules shaken
with 0.0 M solution had some stability, at lower concentrations spontaneous dis-
persion occurred. Only with a salt concentration of 0.1 M any measurable stability
was observed, The constant (X 4. 10%) was — 38, the index 0.0143, for .01 M the
index was 0.003 aproximately.

4.7.2 Calcium kaolinite

One gram portions of calcium kaolinite were shaken with alkaline solutions {pH 8.5)
of calcium chloride,

The results are listed in table 40.

For the determination of the indices the original data have been used. The
stabilities are very low, though not abnormal.

TapLe 40, Stability classes (%), constants (X 4 . 10%) and indices of calcium kaolonite {pH 8.5)

005 M 0.005 M 0.0006 M 0.0001 M

quant. const. ind. quant. const. ind. quant. const. ind. quant. const.  ind.

71 -342 9.066 76 -6.25 0.0582 7% -8.80 0.043 94 -21.6 0.0236
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4.8 LaTosoL

4.8.1 Sodium latosol

Remnants of the latosol used for the pF determination were crushed and sieved, the
2-1 mm fraction was used.

One series was run with solutions of pH 8.8 the other with a pH of 10. The data
are represented in table 41.

Tasie 41. Stability classes (%), constants { X 4 . 10%) and indices of sodium Jatosol (pH 8.8 and pH 10)

pH 8.8 pH 10
M quant. const. quant. const. ind, quant. const. quant. const. ind.
0.1 9 —0.086 6.66 90 —040 145
0401 95 —90.065 9.17 30 —1.08 45 —2.75 0421
0.0011 8§ —095 90 —0.041 10.8 75 —8.75 0.0621
0.0001 8§ —0.723 88 —0.0385 11.3 80 —550 0.113

The stability of the latosol at pH 8.8 is high and increases with decreasing salt
concentration, which is most unexpected. Only 8 percent of the soil follows the usual
trend as its stability decreases with decreasing concentration.

At pH 10 the stability increases with increasing concentration. At 0.1 M salt con=
centration the index is only 1/4 th of that at pH 8.8 the differences increase with
decreasing concentration. An exception to the rule that the least stable parts are
dispersed first is found at 0.01 M and lower salt concentrations.

The curves become gradually steeper and the straight part is steeper than the first
part of the curve. A plausible explanation seems to be that some coating material
has been deposited on or near the surface during the drying for moisture determina-
tion after equilibration with a certain pF. Indeed only the granules derived from the
deflocculated suspensions had a shiny surface. This coating might also explain the
stability of the granules in soediumcarbonate solution of pH 10, which is not quite in
accordance with the pF determinations where the granules dispersed spontaneocusly
to a large degree. As usually the reaction of a latosol is acid, one can expect an ab-
normal behaviour if the pH is raised to 10.

4.8.2 Hydrogen latosol

The hydrogen form of this soil had been prepared by leaching with 0.1 M hydro-
chloric acid till free of calcium, and removing the excess acid by leaching with
distilled water. Granules of the 2-1 mm fraction were prepared by puddling, drying
and sieving. The influence of the acid concentration on the stability was investigated.
As the acid might react with the soil during the drying of the desintegrated quantities
it had to be neutralized first by titration with 0.1 M sodium hydroxyde using methy-
lorange as indicator. During the shaking with hydrochloric acid some alumina but
no iron was liberated.
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The interpretation of the data met with some difficulties as some graphs showed
two straight lines without a transitional zone. The second line had a much smaller
slope than the first. If granules are present with a harder core, then such crossing
lines are expected. The less resistent shell would be destroyed first and the more
stable core would be attacked subsequently. The curve of the latosol shaken with
distilled water could be interpreted in the usual way by assuming that granules with
a high and low resistence were present at the beginning of the experiment.

The result is figured in both ways and given in table 42,

TasLe 42, Stability classes (%), constants (X } . [0%) and indices of hydrogen latosol

‘hard core’ ‘no core’
M quant.  const, quant.  const. quant.  const. quant.  const, ind,
0.16 100 —0.182 100 —0.182 2.83
0.08 100 —0.152 100 —0.152  3.59
(.04 79 —0.108 30 —0.050 48 —0.21 52 —0.050 525
0.02 69 —0.102 3t —0.036 % —0.17 #“  —0023 5.84
0.01 38 —0.047 57 —0.023 45 —0.124 55 —0.016 15.1
0.001 70 —0.050 30 —o0.028 60  — 0071 40 —0.024 11.12
H,0 55  —0.055 45 —0.022 40 —0.123 60 —0.021 124

Whether the more stable class is considered as cores, appearing during the test
or as separate particles present from the start it is apparent that the stability dimin-
ishes with increasing acid concentrations. With the first concept this decrease starts
between 0.01 and 0.02 M, lower acid concentrations giving the same stability.

4.8.3 Calcium latosol

This soil was prepared by washing natural aggregates with normal solution of
calcium chloride, removing the excess salts with distilled water.

By this method the absorbed calcium ions are replaced to a large extent by
hydrogen ions, so that the pH of the 1 : 2.5 extract may vary between 5 and 6.
The pH of the suspensions syphoned off after the seventh shaking varied between
4.6 and 5.2.

Natural aggregates of 1-0.15 mm were sieved out and portions of two gram were
used for the determination.

Another series was shaken with calcium chloride solutions alkalinized to pH 8.8.
The results of both experiments are given in table 43,

It is seen that the stability of the acid clay does decrease with increasing salt
concentration. The stability is higher than with the hydrogen clay, most probably
because in this case natural granules have been used instead of artificial ones, pre-
pared by puddling and drying,

At 0.05 M the difference between the acid and the alkaline series is negligible,
but at pH 9 the stability remains constant with decreasing salt concentration.



83

TasLE 43. Classes (%), constants { X % . 10%) and indices of calcium latosol (pH 4.6 — 5.2 and pH8.8)

pH 4.6-5.2 pH 8.8
M quant. const. ind. M quant. const. ind.
0.05 100 —0.0590 9.0 0.03 96 — 0.0482 10.5
0.005 9%  —0.0350 15.7 0.005 96 — (.0410 12.3
0.0005 96 —0.0167 34.0 0.0007 100 — 0,038 13.6
H,O 96  —0.0i26 48.7 0.0002 100 — 0.049 0.7

4.8.4 Conclusion

There is no similarity in the behaviour of kaolinite and latosol. In the first place the
stability of the latosol is a 100 times higher; in the second place the stability of the
latosol decreases with increasing salt concentration, whereas that of the kaolinite
increases.

5 GENERAL DISCUSSION

For the ease of comparison plots have been made of the osmotic pressure of the cation
concentration against the stability index. A double logarithmic scale has been chosen
as the variation of the indices is so large that the data of the different clays could not
have been represented with a linear scale without obscuring the variations of the
indices in the less stable region. On the ordinate the log of the index is plotted, on the
abscissa the log of the osmotic pressure of the cations in cm of water. Also the molarity
of the solutions has been plotted on a logarithmic scale.

In order to investigate the relation between stability and swelling graphs have
been prepared on which the log of the stability index is plotted against the log of the
corresponding moisture content at pF 1.

One should bear in mind, that the stability will be a function of the moisture
content at zero suction and not of that at pF 1. This is of importance as the relative
decrease of moisture by applying 10 cm suction will be larger with swollen or dis-
persed systems, than with granules.

5.1 BENTONITE

5.1.1 Salt concentration versus stability; Fig. 38

The curves @, A and « represent the relation between concentration and stability of
the various sodium bentenites. In curves 2 and «, for the aggregates prepared by
drying of a partly flocculated and a strongly flocculated suspension respectively, the
most vertical part, indicating the largest decrease of stability per decrease of con-
centration, lies between [ and 0.4 M, the region where the flakes change into flocks.

The more curved parts illustrate the deflocculation. Gurves 2 and « are prolonged
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by an arrow pointing downwards, indicating that by further lowering of the concen-
tration the stability constant will decrease to minus infinite. With curve A {dialyzed
clay) the steepest part lies at a slightly higher concentration, which is probably
caused by the higher stability of the granules at 1 M salt concentration.

The potassium bentonite is represented by curve B. There is no difference in
stability between 1 and 0.4 M, so the maximum stability is reached. The stahility
decreases sharply between 0.1 and 0.025 M, the same range where a visible change
in structure occurs.

Curves ¢, C and cp represent the influence of the salt concentration on calcium
montmorillonite, ¢ for a slightly acid system, C for a slightly alkaline one (pH 8.5)
and cp for a slightly acid puddled system. It is seen that the influence of the concen-
tration is small compared with that of the monovalent ions, while at pH 8.5 this
influence is somewhat more pronounced.

By puddling the stability has been decreased substantially, but even at very low
concentrations some stability remains, this is not expected as the slurry of calcium
bentonite is elastic over a wide range. The curves are prolonged by arrows pointing
in the direction of zero concentration, indicating that the granules are expected
to have some stability in pure water. At high concentrations the stability of the cal-
cium bentonite is distinctly lower than that of the potassium clay. Here two factors
which might function simultaneously, may be active.
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The first factor is the relatively stronger swelling of calcium bentonite at high
concentrations, which will impair the resistance to abrasive forces. The second factor
is that the structural arrangement of the calclum bentonite might differ from that
of the potassium bentonite. The granules had been prepared by drying concentrated
suspensions and pastes so that the kind of cation may have influenced the formation
of structure, the calcium saturated granules being less dense than the potassium or
sodium saturated ones,

5.1.2 Moisture content pI' 1 versus stability, {fig. 39)

Curve a represents the relation between moisture content at pF 1 and stability for
flakes of sodium bentonite. Starting at low moisture content, the slope of the curve
increases contineously to give a rather straight line at higher moisture contents. This

log Ind

Ht

E]

Fig. 39. Stability of bentonite in de-
pendance of moisture content at
pFl ~2F

a- Na-bentonite flakes
o. Na-hentonite dried from 1 N

solution
B. K-bentonite flakes -3 . . . A
c. Ca-bentonite flakes 3 25 2 1.7
C. Ca-bentonite flakes pH 8.5 log HzQ pFy

means that in the region where the change in structure occurs, the raise in moisture
content has smaller influence on the stability than at lower concentrations. This may
be explained by assuming that excess liquid is absorbed in voids caused by the change
in structural arrangement from flake to concentrated flock, which structure also
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shows a marked but lower stability. That the moisture content of the flakes made by
drying sodium bentonite from a suspension 1 molar in salt, curve « is higher, at high
stability, than that of the granules (curve 4}, is explained by the numerous voids,
which are made by dissolving the scdium chloride crystals during equilibration with
the sodium chloride solution. That at higher moisture contents curve o shows less
stability than the granules, may be caused by the longer time of swelling during
equilibration,

Curve B representing the relation between moisture content and stability for the
potassium clay, shows a small horizontal part at high stability. This indicates a
small increase in moisture content without influence on the stability. The following
increase in moisture content has however a very marked influence on the stability,
Compared with the sodium bentonite (curve a) the stability at the same moisture
content is much Jower, which again may be due to the intrinsic properties caused
by the potassium saturation or the adventitious properties acquired during the for-
mation of the granules.

The curves for calcium bentonite ¢ and C have a decreasing slope, curve C being
nearly a prolongation of curve ¢, indicating that the first increase in moisture content
has a larger influence on the stability than the latter. The high stability part nearly
coincides with that of curve a. The curve is stopped by a line perpendicular to its
direction, indicating that on further dilution no increase in moisture content or
diminution of the stability Is to be expected.

5.1.3 Conclusion

The curves in fig. 39 show more or less the same trend, if one takes changes in struc-
ture into account. This is not the case with the curves in fig. 38. It is therefore
probable that the stability is primarily connected with the moisture content and that
the salt concentration influences the stability via the regulation of the swelling.

52 MARGALITE, COLLOID

5.2.1 8alt concentration versus stability; (fig. 40)

These relations are demonstrated for the sodium clay by curve A. From the increase
in curvature at high concentration it can be derived that the maximum stability will
have been nearly reached at 1 M. Compared with sodium bentonite the curve is
more regular and flatter, indicating a lesser influence of salt concentration on stabil-
ity, especially in the region between 1 and 0.4 M.

Curve B shows the relation between salt concentration and stability for potassium
margalite. The stability decreases sharply in the region between 0.1 and 0.001 M,
while the largest change in stability with potassium bentonite occurred between 0.1
and 0.025 M. Further lowering of the concentration has little influence on the stability
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which even persists in distilled water. If the clay is puddled at the appropriate
moisture content the stability is impaired to a large extent as shown by curve 5. In
contrast with the calcium bentonite most of the clay puddled at low salt concentra-
tions disperses spontaneously. This is in accordance with the desorption characteristic
of the suspension as it is elastic over a large range of moisture contents. Cuyve b has
some resemblance with that of the sodium clay.

Curve C shows that there exists practically no influence of the concentration on
the stability of calcium margalite clay mineral granules. Curve D for the moistened
soil granules resembles closely curve C for the clay mineral. As this soil is specially
susceptible to air explosion it had to be moistened to about 309 in order to avoid
this phenomenon.

5.2.2 Moisture content pF 1 versus stability; (fig. 41)

For sodium margalite this relation is presented by curve A. The smooth curve shows,
that the initial rise in moisture has slightly more influence on the stability than at
higher moisture contents. An influence of the transition of the granule to the con-
densed flock was not observed. Comparison with the curve for sodium bentonite
shows that at high moisture contents, near 1000 9%, the stability is not much higher,
but at lower moisture contents a strong deviation occurs, the margalite being more
stable at the same moisture content than the benionite.
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The influence of the moisture content on the stability of potassium margalite is
shown by curve B. The small increase from 120 to 160 %}, moisture has an enormous
influence on the stability. This influence of the swelling is much larger than with the
sodium margalite. It may be explained by assuming that there is a very limited
swelling possible within the clay polyplate and that most of the swelling takes place
between the polyplates. Thus the strength of the granules may be impaired by a
relatively small water uptake compared with the sodium clay where the swelling
takes also place between the single clay plates so that the distances remain more uni-
form. As the swelling is limited, a certain stability persists in distilled water.

Curve C represents the influence of the swelling on stability for calcium margalite
clay mineral. The slope of the curve is steep. For moistened margalite soil, curve D,
no influence of the salt concentration on the swelling could be determined notwith-
standing an influence of the salt conceniration on stability exists. By the moistening
of the ovendry material cracks developed (Haves, 1923) which hold moisture at pF 1
thereby obscuring the effect of the swelling.

5.2.3 Conclusion

Comparison of the margalite with the bentonite shows that the sodium margalite
has a higher stability except at very low concentrations, where the stabilities coincide,
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Porassium margalite has in contrast with potassium hentonite a stability at low con-
centrations, That the decrease of the stability of the potassium margalite is out of
proportion with the increase in swelling is explained by the assumption of a swelling
chiefly limited to the surfaces between the polyplates.

Both calcium margalite and bentonite show a limited swelling and a stability in
distilled water which is higher for the margalite,

The stabilities of moistened margalite soil is about the same as that of the clay
mineral.

5.3 ILLITE AND ILLITIC GLAY FRACTIONS

5.3.1 Salt concentration versus stability

5.3.1.1 Fithian illites; fig. 42

The curves marked a, A and « represent the relation between salt concentration and
stability for sodium illite. Curve 4, of the organic matter containing first batch is
nearly a straight line except for the stronger curvature near 1 M, indicating that the
maximum stability is nearly reached. The stability of the clay without organic matter
is lower, curve A, The organic matter of the clay of the second batch, curve «, is
probably the cause why little stability is lost during the first swelling, The stability is
however hardly increased by the organic matter.
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A, Na-colloid 2nd batch A
« Na-clay fraction organic matter present
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C. Ca-illite colloid 2nd batch Sy :
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Curve B, of the potassium clay shows that this clay 1s more stable at high concen-
trations than the sodium clay, at low concentrations, however, all stability is lost.

Curve C represents the relations between concentration and stability for the
calcium clay. The stability at high concentrations is probably lower than that of the
potassium clay, but it remains the same up to 0.001 M. At 0.0001 M however no
stability is left; this in contrast with the margalite and bentonite. From the desorption
curve of the organic matter containing illite (first batch), {fig. 22, curve IT B) it may
be inferred that this clay will have stability in distilled water.

5.3.1.2  Granules of the collotds of basin clay and Winsum clay; fig. 43

Curves A and g, for the sodium clays show that the stability at I M is considerably
higher than that of the Fithian illites but it decreases faster with decreasing concen-
tration, with slight difference between the two clays.
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at Fic. 43. Stability of basin- and Winsum clay colloid
granules in dependance of salt concentration
A. Na-basin colloid a. Na-Winsum colloid
° B. K-basin colloid  b. K-Winsum colloid
1064 16 162 6! 1 M C. Mg-basin colloid ¢. Mg-Winsum colleid
A . D. Ca-hasin colloid d. Ga-Winsum colloid
1 2 3 4 logRTey

Curves B and b represent the relation for the potassium soil clays. The difference
is this time pronounced, the basin clay being considerably more stable than the
Winsum clay. The potassium basin clay remains the most stable at low concentrations.
the stability of the potassium Winsum clay decreases sharply; it becomes less stable
than the magnesium clay.

The magnesium basin clay, curve G, is less stable than the potassium clay. The
influence of the decrease in salt concentration from 0.1 to 0.01 M has less influence
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on the stability than with the potassium clay. The magnesium Winsum clay, curve ¢,
is slightly more stable than the corresponding potassium clay, There is litile
difference with the calcium clays, curves D) and 4. Though at the lowest concentra-
tion the Winsum calcium clay seems to be less stable than the magnesium clay,

All basin and Winsum clays except the sodium ones, will have a fair stability
with infinite dilution.

5.3.2 Moisture content pF 1 versus stability

5.3.2.1 Fithian illites; fig. 44

The relation between maoisture content and stability is represented by curve a for
organic matter containing illite first batch. It is seen that the first swelling has com-
parative little influence, but that further swelling impairs the stability to a high
degree. The same features are shown hy the other carbon containing illite of the
second batch, curve &t. The stability of the clay without organic matter, curve A,
is however diminished by the first swelling. It seems that the organic bonds can be
stretched over some distance, without loss of stability.
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The curve of the potassium clay, curve B, resembles slightly that of the sodium
clay without organic matter, but the stability is considerably higher at the same
molsture content,

Curve C of the calcium clay, indicates that the stability varies little while the
moisture content varies little also, but a further increase of the moisture content

reduces the stability abruptly to zero. The stability of the calcium clay is higher than
that of the potassium clay at the same moisture content.
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5.3.2.2  Basin clay and Winsum clay; fig. 45

Through the two determinations for the sodium basin clay only a straight line could
be drawn, curve A. The curve for the sodium Winsum clay, curve e, shows that the
first small increase in moisture content has a large influence on the stability.

The curves for the potassium clays, B and 4, show that the initial swelling has a
large influence, that there is a region where this influence is smaller, to increase again
with further swelling. This character is most pronounced with the Winsum clay.

The curves of the magnesium clays, C and ¢, are nearly vertical, but here the
initial swelling has less influence than the subsequent. The curves for the calcium
clays, D and d, nearly coincide with those of the magnesium clays, and in the case
of the basin clay also with the potassium clay.

5.3.3 Conclusion

Compared with bentonite and margalite, the Fithian illite differs in so far that no
form is stable in water, while the calcium forms of bentonite and margalite are stable
and the potassium clay of the latter also. Even at high concentrations the stability of
the calcium illite is lower than that of the bentonite and margalite.

The goil clays are all waterstable except the sodium saturated ones, The potassium
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saturated basin clay is the most stable. There is no appreciable difference between
the magnesium and the calcium clays. The basin clay is slightly more stable than the
Winsum clay. In the case of potassium saturation this difference is appreciable.
The slopes of the graphs relating stability with moisture content are much steeper
than those of the bentonite and the moisture contents are lower. This will have been
caused by the smaller surface area by which the relative importance of the free space
is enhanced and the moisture content decreased at the same interparticle distance,

which will determine the stability.
It is seen again, especially with the soil clays, that the relation between moisture

and stability is narrower than that of salt-concentration and stability.

5.4 Basiv ano WINSUM SOIL, NATURAL GRANULES

5.4.1 Salt concentration versus stability; fig. 46
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Fic, 46. Stahility of basin and Winsum clay soil
granules in dependence of salt concentration

A. Na basin soil pH 8.2 -1
B. K hbasin soil pH 8.2

(. Mg basin soil pH 7.0
D. Mg basin soil pH 8.2
E. Ca basin soil pH 8.2

a. Na Winsum scil pH 8.2
b, K Winsum soil pH 8.2
c. Mg Winsum soil pfl 7.0
d. Mg Winsum soil pH 8.2
- -2 1
e. Ca Winsum soil pH 8.2 3 14 .1q3 ‘10. '10.. . 1M
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Curves A and g, for the sodium basin and Winsum soil respectively, show a regular
decrease of stability with decreasing concentration, The basin soil is more stable
than Winsum. At 0.01 M and lower a considerable part is dispersing spontaneously,
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but a certain part remains stable at very low concentrations, hence the deviation of
the curve in the horizontal direction.

The potassium soils, curves B {basin) and  {(Winsum), are at 0.1 M more stable
than the other soils but at low concentration this difference disappears.

With the basin clay soil the stabilities at low concentration of the potassium,
magnesium and calcium soils are very much the same. With the Winsum soil a
difference between the stabilities can be observed existing throughout the range of
concentrations, The calcium soil, ¢, is more stable than the magnesium soil pH 7, ¢,
this is more stable than the magnesium soil, d, pH 8.2. The potassium soil has the
same stability as the magnesium sotl pH 7 at low concentrations. The high content
of organic matter of the basin clay soil may have masked the influence of the cations.
This may be more proncunced if the crganic matter content is lower, as is the case
with the Winsum soil,

5.4.2 Moisture content versus stability; fig. 47

Curve A of the sodium basin soil and a of the sodium Winsum soil have the same
smooth character. Both are nearly prolongations of the curves for the potassium
soils, B and .

The curves for the magnesium and calcium basin soil, C and D, have a sigmoidal
character, the slopes are steep and the moisture content is slightly higher than that
of the potassium soil. The curves ¢ and 4 for the magnesium and calcium Winsum
soil partly overlay that of the potassium soil, but the moisture content rises less with
decreasing stability. The moisture content of the calcium soil is lower than that of
the magnesium soil.

54.3 Conclusion

Compared with the pure clays the basin soils are more stable, while an influence of
the cation except that of sodium is not observed at low concentrations. The stability
of the Winsum soils is lower than that of the clay granules, Probably the high content
of organic matter of the basin clay soil, causes the higher stability. The high stability
of the basin clay soil, compared with that of the Winsum soil is in accordance with
agricultural practice. While with the Winsum clay the order of decreasing stability
was magnesium, calcium, potassium, with the soil the sequence was, calcium, mag-
nesium pH 7 = potassium, magnesium pH 8.2. It is possible that the organic fraction
plays a role.

The influence of concentration on stability was less with the soils than with the
clays, sodium and potassium excepted.

The relation between moisture content at pF 1 and stability is narrow with both
soils and especially so with the Winsum. With Winsum soil, the sodium soil contains
the same amount of water as the potassium soil at the same stability, magnesium
nearly coincides with the potassium soil, the deviation between calcium and potassium
being small, though the curves are slightly divergent. The difference in stability of
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calcium and magnesium soil can be explained by the difference in swelling.

Generally speaking: there is no principal difference in the behaviour of the pure
soil clay granules and that of the natural soil granules, both have no connection with
the pure clay mineral.

5.5 KAOLINITE AND LATOSOL

5.5.1 Salt concentration versus stability; fig. 48

Of the sodium kaolinite only two points could be determined with some accuracy.
The line through these points, curve A’, indicates that the stability at 0.1 M is
extremely low.

Curve B, giving the relation for calcium kaolinite pH 8.3 shows that the stability
is very low but decreases not much with decreasing concentration, in distilled water
some stability is left,

Curve A for sodium latosol, pH 8.8, shows that the stability of this soil is very
high and that it increases by a coefficient 2 with decreasing concentration. If the pH
is raised to 10, the stability is lowered substantially, even at 0.1 M, and it decreases
sharp at further dilution as shown by curve a. It is not quite certain at which
concentration the stability constant becomes minus infinite, for reasons mentioned
in chapter 11, 4.8.1.
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Curve B represents the relation for hydrogen latosol. Neglecting one point one
gets a regular increase of stability with decreasing concentration down to 0.001 M.

Curves G and ¢ both give the relation between concentration and stability for
calcium latosol, curve C for a slightly acid medium, curve ¢ for pH 8.8. The pro-
nounced increase in stability with decreasing concentration, which is observed in
curve C, is not observed if the pH is raised to 8.8.

5.5,2 Stability versus moisture content pF 1; fig. 49

As the concentration does not influence the swelling to a measurable extent, perhaps
because the procedure was not quite adapted {the granules were wetted by immer-
sion and not by capillarity); no relation was found between the moisture
content at pF 1 and the stability. The sodium latosol pH 10, curve «, forms an excep-
tion, The curve shows a strong decrease of the stability with increasing moisture
content.

Near the other curves an arrow has been drawn, indicating in which direction
the concentration decreases, So it is demonstrated that with calelum kaolinite, the
stability decreases with decreasing concentration whereas with most latosols the
stability increases with decreasing concentration.
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5.6 CoNCLUSION

The latosols at a pH below 9 have an abnormal behaviour as their stability is lowered
by increasing salt concentration of the solution. Above pH 10 the stability of sodium
latosol is increased by increasing concentration. There is no correlation between the
latosol and kaolinite as the latter has a much lower stability (factor 100}, which is
reduced by lowering the salt concentration.

6 THE INFLUENCE OF THE DEGREE OF DESORPTION ON
THE RESISTANCE AGAINST DISPERSION

At low salt concentrations this relation can only exist if the systems belong to the
semi-elastic and inelastic types. This follows from the results of the experiments cited
in I, 2. Systems which become only semi-elastic after equilibration at high suctions
are rather unsuitable for these investigations, as technical difficulties interfere with
the preparation of a series of samples equilibrated over a range of high suctions.
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Thus the experiments were conducted with a slurry of margalite as example of an
semi-elastic systemn and with a slurry of magnesium latosol as example of an inelastic
system.

6.1 SEMI-ELASTIC SYSTEM, E.G, SLURRY OF MARGALITE

In order to obtain samples in equilibrium over a wide range of suctions, the following
procedure was adopted. 2 g portions of ovendry margalite soil were weighed on flat
bottomed metal dishes, and slurried by addition of 10 ml of water and stirring, The
excess water was allowed to evaporate at room temperature {with the lowest moisture
contents drying at 40- and 50 °C was employed} and the dishes were weighed regu-
larly until a moisture content near the desired one had been obtained. When this
was reached the soil was cut into pieces and transferred into the shaking vessels filled
with water. After 24 hours of swelling the stability was tested. The suction at the
moisture content obtained was found by interpolation in the pF curve. The results are
represented in table 44.

The results are represented graphically by fig. 34 and fig. 41, curve E. In fig. 34
the reciprocal value of the indices is plotted against the initial moisture content. The
accordance with the moisture content at pF 1 after swelling and with the results of the
qualitative stability tests is good.

Curve E represents the relation between moisture content at pF 1 and the stability.

Tasrk 44. Stability classes (%), constants (X % . 10%) and indices of aggregates prepared by drying
a slurry of margalite soil

% H,O % H,O
initial pF  swollen quant. const. quant.  const. quant. const. ind.
100 2.31 126 3% —inf. 37 —9.65 24 —0.351 0.0463
70 3.01 108 80 — 6.1 20 —0.563 0.113
60’ 3.24 107 63 — 121 31 —0.587 0.0867
507 3539 95.5 50 —8.44 48 —0.97 0.159
40’ 4.05 87 38 — 6.58 58 —0.89 0.263
40 4.66 87 38 — 14 42 —042 0.287
24 5.24 74 26 — 7.9 74 —0.325 0.781
15 5.94 72 26 — 35 4 —0.36 0.875
10 6.20 7 19 — 4.4 81 —025 14
7.5 6.33 71 20 —4.2 80 —0.25% 146
5 6.44 106 24  —inf. 25 -—6.35 51 —0.16  0.747
0 7 143 32 —inf 48 —155 0.00694

{60’, 50" and 40’ other series)

With decreasing moisture content the stability increases continuously, the curve
being steepest in the region where the soil becomes air dry. If the drying continues
to the point where air enters into the small pores the granules are disrupted by air
explosion which causes a higher moisture content and decreased stability. These
points marked by R have a lower stability than the others, The most stable granules
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formed by drying are a bit more stable than the ones moistened to 309, before
immersion, curve E, and shaken in distilled water. The moisture content is consider-
ably lower, which is explained by the reasons mentioned in 5.2.2.

6.2 INELASTIC SYSTEM, E.G. SLURRY OF MAGNESIUM LATOsoL pH 7

A concentrated slurry was prepared in the usual way and amounts containing alout
2 g were equilibrated with increasing suctions. A small fraction of the samples was
used for the determination of the moisture content, the remnant was cut up to the
appropriate size and introduced into the shaking bottles. After swelling overnight
the stability was determined. The results are given in table 45.

TapLE 45. Influence of dehydration on the stability of a slurry of magnesium latosol, pH?7

pF moist. (%) quant. const. quant. const. ind.

1.94 132 100 —2.30 0.24

25 95.5 100 —1.04 0.51

3.0 72 68 —0.68 32 —0.237 0.99

348 58.3 51 —0.591 49 —0.240 1.40

4.0 48.4 39 —0.57 61 —0.188 1.81

air dry 100 —0.110 4.50

It is seen that even at high moisture contents the stability is rather high; at pF 4
the stability is near that of a normal soil, though it is still lower than that of the air
dry latosol. (The last value has been taken from the tillage experiments, chapter ITT,
4.5).

The results are presented graphically by curve D, fig. 49. The slope of the curve
is less than that for the drying margalite. This will probably be caused by the different
type of aggregation of the latosols as discussed in part V.

7 SUMMARY

The data of I1, 4 are summarized by grouping the clays and soils with waterstable
granules in order of decreasing resistance, in table 46. The log of the stability index
at 10~ M salt concentration is adopted as parameter. The stability of clays and soils
dispersing spontaneously in water is indicated by two parameters. The first one is the
salt concentration necessary to convey to the granules a stability index equal to 1, the
second is the salt concentration where the stability of the granules equals that of the
corresponding calcium saturated ones. The first value indicates the salt concentration
that has to be maintained for a medium stability. The second one is used in particular
for clays and soils that do not even possess a medium stability in the calcium form,
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Table 46. Waterstable clays and soils. Log stability indices at 0.0001 M salt con-
centration or lower

1.69 Ca. latasol pH 5
+ 1.5 —
1.09 H-latosol
L1 1.05 Na-latosol pH 8.8 1.03 Ca-latosol pH 9
0.93 Ca-basin soil pH 8.2
0.87 Mg-basin soil pH 8.2
0.78 Mg-basin soil pH 7 = K-basin soil pH 8.2 0.71 K-basin col.
+ 0.5 — i
048 Mg basin col. 0.47 Ca-basin col.
0.27 Mg-basin col. .
0.19 Ca-Wi il oH 8.2 0.23 Ca-Winsum col. 0.22 K-Winsum col.
. a-yvnsum soR pH 82 016 Ca-margalite col.
0.14 Ca-margalite soil
o 0.079 Mg-Winsum soil pH 7 + 0.021 K-Winsurm soil pH 8.2
— 0.078 Mg-Winsum soil pH 8.2
— 0.12 Ca-bentonite pEH 5
0.32 Ca-illite col. (10-% M)
(.46 Ca-bentonite pH 8.5
—0.5
—1 -
1.30 K-margalite col.
1.63 Ca-kaolinite
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it is a relative value. Both concentrations are obtained by interpolation of the curves
relating stability to salt concentration.

From a scrutiny of the data represented in table 46 it is apparent that a salt
concentration above the flocculation value is not a condition for the stability. The
calcium and magnesium soils (latosols excepted) flocculate at concentrations above
102 molar but their stability does not show any abrupt change near the flocculation
value. From the figures showing the relation between stability and salt concentration
(cf. 11, 3) it is seen that the stability of the calclum and magnesium systems depends
only slightly on the salt concentration. The stability of the potassium saturated
granules is more dependent on the salt concentration in particular the stability of the
potassium margalite colloid. Furthermore it is seen, especially with the illitic clays
and soils, that the influence of the cations on the stability of the granules is rather
small although the desorption characteristics varied considerably. We will see in the
next chapter whether this holds true under all conditions.

The stability sequence of the soils is in agreement with practice. This is in favour
of the usefulness of the determination. The stability of the margalite compares
perhaps too favourable, but it must be remembered that the stability had been deter-
mined on the soil in the most resistant condition,

Whereas the stability of most soils increases with increasing concentration, that
of the latosol decreases. A hypothesis to explain this abnormal behaviour is advanced
in chapter V,

TapLe 47. Clays and soils dispersing spontaneously in water
1. Salt concentration (M/1} necessary to obtain a medium stability
I1. Salt concentration (M/1) necessary to obtain the same stability as the corresponding
calcium clay at 104 M

Clay or soil I 1I
Na-bentonite granules 0.57 0.57
Na-bentonite flakes . 0.52 0.40
Na-bentonite dried from flocculated suspension 0.48 0.44
K-bentonite flakes 0.063 0.036
Na-margalite colloid 0.020 0.028
Iflite {Fithian), (compared with Ca-illite in 10-* M solution)

Na-illite 4 G Ist batch 0.048 0.610
Na-illite colloid 2nd batch 1 0.33
Na-illite 4 C 2nd batch =1 0.33
K-illite colleid 2nd batch 021 0.069
Ca-illite colloid 2nd batch > 0.1

Na-basin clay colloid 0.20 0.52
Na-basin clay soil 0.054 0.62
Na-Winsum colloid 0.17 0.23
Na-Winsum clay soil 0.64 1.0
Na-kaolinite colloid > 0.1

Na-latosol pH 10 0.048 > 0.1
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The stabilities of the soil clays and the pure clay minerals differ considerably in
the cases of kaolinite and illite. The knowledge of the physical hehaviour of these
pure clay minerals is therefore of little value to predict the behaviour of the corres-
ponding soils.

The values I of table 47 may be compared with the values at which spontaneous
degranulation occurs. The concentrations necessary to maintain a medium stability
are, especially for the illites, considerably higher than those necessary to prevent
degranulation. The latter value may be regarded as a minimum, in most cases in-
sufficient to give the resistance necessary in practice.

As the relation between stability and moisture content at pF 1 is narrower than
the relation between stability and salt concentration {(cf. II, 5) it is probable that
the stability is primarily related to the moisture content {a function of the interplate
distance) and that the salt concentration influences the stability via the regulation
of the swelling. The relation between moisture content and stability is, however, far
too wide to predict the stability by the moisture content at pF 1.

The influence of the degree of desorption on the resistance against dispersion is
illustrated by two experiments, one with a slurry of margalite soil (a semi-elastic
system), the other with a slurry of magnesium latosol (an inelastic system). The curve
relating the moisture content at pF 1 after swelling with the stability is steeper with
the semi-elastic system than with the inelastic one,



THE INFLUENCE OF THE MOISTURE CONTENT AT
TILLAGE ON THE STABILITY OF THE SOI1L IN THE
SATURATED STAGE

1 GENERAL PRINCIPLES OF TILLAGE

1.1 INTRODUCTION

In the previous chapter the cohesion of clay granules in the saturated stage was
determined. One might expect that these data will be correlated to the resistance of
the granules to the dispersing action of rain. However, in agricultural practice rain
is not the only factor which tends to disperse the aggregates; the mechanical action
of tillage and other implemenis may under certain circumstances play a major role.
At a critical moisture content the internal arrangement of the granules may be altered
by the shearing and compressive forces exerted by the implements. As shown by
McGeorce (1937) this working of the soil at a critical moisture content prior to
shaking in excess water results in a higher degree of dispersion than obtained by
shaking in water alone. This implies that by the working the composing particles
have been loosened from one another and consequently a worked mass of soil will
show the same properties on saturation as a desorbed slurry, the more so the farther
the alteration proceeded. Thus the working of a soil at the wrong moisture content
may have as consequence that, apart from the apparent harmful resuits, also the
resistance to rain may be very much reduced, or even that the waterstable granules
are converted into a mass that peptizes spontaneously. This change is not apparent
at once, nesessary since the strongest effect of the working takes place at moisture
contents where the puddled soil still shows a marked cohesion, It will manifest itself
only in case that the soil gets saturated after working, before regranulation by
drying can occur.

The relation with the previous chapters being established, the mechanism of the
tillage will be considered now.

All tillage operations have in common that soil units either large or small (e.g.
clods, crumds, dust) are dislocated, while during dislocation both compressive and
shearing forces are exerted on the soil units.

Whether and to which degree these forces will break up the structural arrange-
ment within the soil units, depends on the magnitude, direction and duration of the
applied force, and on the cohesion of the soil units. The latter varies considerably with
the moisture content. In turn the cohesion and thus also the moisture content have
a strong influence on the magnitude of the force necessary for the cultivation.

Depending on the moisture content, continued working of a soil will result in a
more or less complete homogenization of the soil mass. In clays it should eventually
lead to equal distances between all particles. At this stage the worked soil will
strongly:rcsemblc a desorbed paste of the same moisture content. It would be inter-
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esting to know whether the resistance against dispersion in the saturated stage is
the same irrespective of the methed of preparation,

From a study of the existing literature it is difficult to obtain a comprehensive
notion of the way moisture affects tillage operations and their results. Different
methods and materials have been used, and the authors often fail to analyse the
results of their treatments. Therefore it is perhaps justified to give at this place a
qualitative sketch of the subject.

The object of tillage on clay soils is to break up large soil units and to rearrange
them in a rather loose packing. (The ploughing operations carried out in the autumn
to obtain the largest profit from frost action, are not considered.) Both the breaking
of the cohesive bonds and the rearrangement require the application of a certain
amount of mechanical energy. Thus a successful tillage operation requires the application of
a syfficient amount of energy to the sotl and its transfer into the soil units which are to be broken up.
Especially if smaller units are to be fractured this transfer may well prove to be the
limiting factor, With ploughing the transfer of energy into the soil units is mainly
determined by the friction and cohesion between the soil units themselves, and between
the soil units and the implements employed.

As will be shown this friction and cohesion depends heavily on the moisture
content of the soil. As the transfer determines also the amount of energy employed
during the tillage operation, it may he concluded, that the latter amount varies

-2y
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F16. 50. Energies in soil in dependance of moisture content

S.L. == Shrinkage limit curve A, intra-aggregate cohesion

L.P.L. = lower plastic limit curve B,. inter-aggregate cohesion small force
5.P. = sticky point curve B,. inter-aggregate cohesion large force

S, = saturation curve C,. transfer of energy (draw bar pull) small
Range A. too dry for effective tillage units present for small and large forces
Range B. too wet for effective tillage resp.

CIL effective range small forces curve C,. transfer of energy very large units pre-
GCIL effective range large forces sent,

D, range for wet tillage (paddy)
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considerably with the moisture content of the soil. The factors stated above will now
be treated separately, with the aid of fig. 50. This figure has been taken with some
changes from the third edition of Baver’s Soil Physics.

1.1.1 Influence of moisture content on cohesion

1.1.1.1  Intra-aggregate cohesion; curve A, fig. 50

The intra-aggregate cohesion will have a maximum value at very low moisture
content. At this stage the attractive forces between the primary particles composing
the unit are fully developed, whereas the osmotic swelling pressure is absent (cf.
chapter V). When moisture becomes available for the aggregate the difference in
encrgy level of the intra- and extra-aggregate moisture will result in a tendency of
the aggregate to swell. At a certaln critical energy level of the exterior moisture a net
swelling pressure will develop, resulting in the uptake of moisture by the aggregate.
The ensuing increase in distance between the elementary particles will cause a rapid
decrease of the cohesion forces. This swelling will also be accompanied by shear
stresses, as the expansion will differ for different directions in the aggregate. Fracture
planes will arise, which again lead to a strong decrease of the cohesion of the aggre-
gates. Thus when considering the cohesion in the unit as a function of its moisture
content one may conclude that it has its maximum value in the dry state unit;
with increasing moisture content it falls off rather sharply and obtains its minimum
value at saturation,

[.1.1.2  Inter-aggregate cohesion and friction; curve B, fig. 50
The inter-aggregate cohesion follows a different pattern when considered in depen-
dance of the moisture content. At very low moisture level the cohesion between
aggregates is at a minimum ({distances between adjacent external surfaces are
generally very large) ; only at a few points of contact the distance is small enough to
come within reach of cohesive forces. With increasing moisture content the points of
contact will be surrounded by water rings. The surface tension will now contribute to
the binding between the aggregates, which roughly will increase near to the point
where the separate water rings will coalesce. There after the inter-aggregate cohesion
will diminish again and reach a minimum value at saturation. It is obvious that the
inter-aggregate cohesion, per unit of crossection through the soil, will increase with
decreasing dimensions of the aggregates as the number of point of contacts per unit
area is inversely related to the magnitude of the aggregates.

In addition to cohesive forces between aggregates the friction must be considered.
In dry soil it will be proportional to the inter-aggregate cohesive forces and never ob-
tain high values, if the action of the plough is considered, as the aggregates can evade
the compressive forces by slyding over each other. If, however, the moisture content
increases, the aggregates will become more and meore deformable under the in-
fluence of the pressure exerted by the implement. This deformation will result in
the change of points of contact into planes of contact and consequently increase the
friction, which will inhibit the evasive movements of the aggregates.
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1.1.2  Transfer of energy into the aggregates; curves G, fig. 50

Obviously the maximum energy transfer is limited by the inter-aggregate bonding
and friction. Thus this transfer becomes very ineffective at low moisture contents of
the soil, and will increase with increasing meisture content, roughly proportional to
the inter-aggregate cohesion and friction,

1.2 FEFFECTIVENESS OF TILLAGE OPERATIONS

1.2.1 Too low moisture content; range A, fig. 50

Whereas the transfer of energy into the aggregates is difficult at very low moisture
content, the amount of energy needed to break up the aggregates at this stage is at a
maximum. This implies that tillage of a soil at too low a moisture content is very
ineffective. Although very large units may be broken up (e.g. surface crust) or cut
through, it is virtually impossible to attack non-coherent units. In this stage the
drawbar pull of the implement is usuvally low unless massive crusts are to be broken
up, or large clods are to be cut through.

1.2.2 Too high moisture content; range B, fig. 50

Obviously the effect of tillage on the structure of the aggregates themselves is maxi-
mum when the inira-aggregate cohesion is low, while the inter-aggregate bonding is
high. This moisture content is near the Moisture Equivalent; it is the point where
drawbar pull reaches its maximum value, and where the risk of converting the
granular soil into a plastic mass, puddling, is largest.

Under the influence of the shearing and compressive forces the aggregates are
easily deformed at this moisture content. This deformation causes intimate contact
between the aggregates and therefore enlarged inter-aggregate friction. Also, the
area of contact with the implement is enlarged and therefore the friction with the
metal surface. The thus increased friction increases the applied energy which in turn
causes an increase in deformation and so on. The cumulative effect of friction and
applied force may become so large that the more or less rigid internal arrangement
of the soil units is broken up and that the individual aggregates are united into a
plastic mass. This mass will have a moisture content near the sticky point of Atter-
berg where the worked soil begins 10 adhere to metal surfaces. Another factor is that
the increased spacing between the primary particles causes a lowering of the energy
of the soil moisture. This in term causes also an increase of soil metal {cf. chapter IV,
2,6) friction and interaggregate friction and thus of the drawbar pull.

Thus tillage of the soil at too high a mos.ire content may have as result that
instead of breaking up large clods even bigger and denser units will be formed with
all the unfavourable characteristics of puddled soilz. as loss of air filled pores,
decreased permeability and a loss of moisture availability for plants.
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1.2.3 Optimum moisture content; range C, fig. 50

Normal tillage operations are thus only practicable at moisture contents in between
the two extremes just discussed. In effect one needs a point at which a suflicient
amount of energy transfer into the aggregates is possible, in order to enable one to
break them up to a sufficient extent, without going so far as to smear the entire soil
by the operation. The smaller the energy employed with the operation (low velocity)
the higher the moisture content can be for successful tillage.

1.2.4 Cultivation of rice (paddy) fields

With respect to the preparation of rice fields the situation is different. In this case the
aim of the tillage operation is to prepare a thin mud with a minimum amount of
drawbar pull. This can obviously be effected best at a moisture content slightly above
the saturation. At this point the inter-aggregate cohesion is small but also the intra-
aggregate cohesion has now obtained its minimum value. Thus with only a slight
effort a thin mud may be prepared.

1.3 DiscussIoON OF SOME LITERATURE DATA AND INTERPRETATIONS AT VARIANCE
WITH THE ABCVE

1.3.1 Compressibility

There exists a marked discrepancy between the results of compressibility experiments
of CHrisTENSEN {1929) and Bobman & Rusmv (1948). CerRISTENSEN found that dry
soil blocks had a definite yield value, that the deformation before the crushing was
small, and that the compressive force fell of abruptly once the yield value had been
surpassed. If moister soil was used the deformation before the yield value was reached
became larger, the yield value decreased and the pressure did fall off less abruptly as
the moisture films were able to bridge the arising fissures to some extent. Booman &
Rusmv using loosely packed aggregates did not find a definite yield value with their
compression tests even if when the aggregates were dry. This is explained by the
investigations of Day & HormereN (1952). If stress is applied on a mass of aggregates
it is localized in the contact points between the aggregates. In these areas the stress
is a multiple of the applied stress, so that the shearing stress or yield value of the
aggregates may be overcome in these areas. Either by plastic flow or by crumbling
of the points, the contact area between the aggregates will be enlarged, with as result
that the maximum stress per unit of contact area diminishes. This process of flattening
continues until the local stress is met by the shearing resistance of the aggregates and
will be resumed if the load is increased. This fattening of the contact points will be
measured as a compression. Moreover, a loose pack of dry aggregates with a strong
interna! cohesion may rotate and slide over each other if a load is applied large enough
to overcome the inter aggregate-friction, just as with dry sand.

As the aim of the tillage operation is to hreak up individual clods, the measure-
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ments of the yield values of single units will contribute most to a better understanding
of the way tillage affects the soil.

1.3.2 Drawbar pull through dry soil

That NicHoLs & BaYER (1930) did not find an increased drawbar pull with decreasing
moisture content, which is possible under certain conditions discussed in 1.2, also
suggested by Baver in ‘Soil Physics’, is caused by the fact that he drove a chisel
through loosely packed aggregates. Since dry aggregates will neither adhere to one
another nor to the chisel they will only produce a small frictional resistance.

1.3.3 Shear strength of moist soil

In 1.1.1 it is stated that the cohesion diminishes with increasing moisture content;
consequently also the shear strength should diminish proportionally. This was con-
firmd to the author by the late Fountame and by Kuipers. The decrease of shear
strength with increasing moisture content is however at variance with the experi-
ments of NicsoLs & Baver (1930), cited by Baver in ‘Soil Physics’. This is caused
by the scheme of their experiments, where the bulk shear strength is determined,
With this determination the individual aggregates do not shear necessarily and the
friction between soil and soil is measured instead. The friction will increase with
increasing moisture {(up to a maximum) just as the friction with a metal plate, This
interpretation tallies with the observation of Nicaowrs (1955) that coarser aggregates
did cause a larger bulk shear strength than smaller ones, as the coefficient of friction
will increase with the dimensions of the aggregates, the roughness of the shear plane
increasing with these dirnensions.

1.3.4 Objections against the application of data on remoulded soils to problems
of sotl tillage

By the remoulding or puddling of soils the bonds between the polyplates and clay
crystals have been broken to a large extent, therefore the swelling proceeds un-
hampered at least during the moulding process (cf. GrReACEN, 1959} and conse-
quently the energy of the soil water is lowered in the puddled’sample with respect to
the energy in the unpuddled sample. This has as consequence that Atterberg’s liquid
limit of soils with a very limited swelling is higher in case the soil has been puddled
than with unmoulded samples. The more moisture is bound inside the mass, the less
is available at the soil dish interface. Likewise the moisture content at the lower
plastic limit, regarded by Borkrr (1958) as the upper limit of the tmoisture range
where soils can be ploughed, will be higher than the moisture content at which in
practice these operations can be done. As in an unpuddled soil the moisture is less
strongly bound than in a puddled one at the same moisture content, more water is
availablefat the soil interfacesito bind them by capillarity. In consequence a partial
puddling and cakinggtogcthcr of aggregates is possible at the moisture content of the
lower plastic limit {cf. 2.4},
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The yield value and the shear strength determined on remoulded samples will
be too low compared with those of the natural aggregates. Partly because the bonds
of organic matter or other cementing materials must be broken before the elementary
particles can move with respect to one another, partly because the polyplates and clay
crystals must be oriented in a direction parallel to the shear plane. The ratio of the
shear strength of natural to remoulded units is called ‘sensitivity’ in the litterature on
soil mechanics. According to HoucH ‘Basic Soils Engineering’ a usual degree of sen-
sitivity is 2—4 and a high one 4-8. The sensitivity is illustrated by the experiments of
Bopman & Rueiv (1948) who found a sharp rise in torque if more or less compressed
soll aggregates were sheared ; after having reached a maximum value the torque fell
off to a constant level, the friction of the resultant paste,

In short, for agricultural purposes the resistance to puddling, i.e. the work neces-
sary to convert a soil from the granular to the plastic stage, is usually of more direct
interest than the properties of the plastic mass.

2 STABILITY OF THE SOIL STRUCTURE AFTER TILLAGE
OPERATIONS

With our knowledge of the behaviour of the slurry, (cf. summary of I, 2,6), it
should be possible to make some predictions as to the stability of the soil structure
formed upon working when subjected to the destructive action of excess water,
Leaving soils and clays which exhibit an elastic desorption characteristic out of the
discussion, (these will not show any stability at low salt concentration regardless of
the degree of working) the following factors should be considered.

If ihe degree of working has been light i.e. a few repititions and small forces ap-
plied, then only part of the aggregates present will have been affected even in range B,
fig. 50. As was pointed out hefore, the suction of the water in the worked material as
a whole will usually be higher than the suction in the original soil {Croney & Core-
MaN, 1954; GREACEN, 1959). Also it will not have reached the value of the dehydrated
shurry at the same moisture content. Distinguishing a part that has been puddled and
a part of which the structure has not yet been destroyed one should thus expect that
the moisture content of the puddled part will be higher than that of the part with the
original structure. Since the stahbility of the puddled part depends strongly on the
moisture content an increase of working of the soils will result in an increase of the
stability of the fraction puddled. Eventually the entire soil will be puddled which then
leads to a constant moisture content of the puddiled soil equal to the original moisture
content.

The stahility of the puddled fraction of a lightly worked soil may be for another
reason lower than that of a heavily worked one even if the moisture content of both
is the same. It is probable that the original aggregate is divided into coarser particles
by the light working in comparison to those resulting from the heavy working.
Consequently the distance between the coarser particles will be larger than that be-
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tween the finer, as the amount of water available per unit external surface area,
{where the osmotic swelling is less hampered), will be larger. As the resistance must
be a function of the distance, the puddled part of the lightly worked soil may have also
for this reason less stability than the vigorously worked soil.

As the light work affects only part of the granules, the stability of the rest will
remain largely unchanged. The quantity of the unaffected part, which can be deter-
mined by the stability analysis, indicates to which degree the treatment has affected
the soil. The stability of the affected part will depend on the moisture content of this
part after treatment and on the desorption characteristic of the slurry, If the soil
belongs to the type with a large range of elasticity, like the potassium soils, the affect-
ed part will have zero stability or a very low one. If the soil belongs to the sermi-elastic
type, the stability of the altered fraction will depend on the degree of elasticity and
on the moisture content after working. If both are high the stability of the fraction
influenced by the treatment will be low.

Vigorous working will alter the structure to a larger degree and over a larger
range. Inregion A, fig. 50 the soil will be powdered by the treatment, the more so the
drier the soil, at least if the pressure is larger than the cohesion. The influence of the
larger force will manifest itself by an increase of the moisture range where the sta-
bility of the granules has been altered considerably (curve B 2, fig. 50). The moisture
content where the highest percentage of the granules is destroyved will have been
shifted to a lower value, compared to that of the more gentle treatment. The
stability of the puddled part will again be zero with soils with an elastic desorption
characteristic over a large range of suctions. With soils with a semi-elastic characteris-
tic the stability of the puddled part will be comparatively increased by the stronger
treatment, the moisture content being lower.

With clays which have a semi-elastic desorption characteristic one may observe
the feature that with increasing moisture content, the fraction puddled increases but
that its stability constant remains nearly the same. This may be caused by an unequal
distribution of moisture at the beginning of the working, which will be especially the
case if the moisture content is obtained by adding water to a dry soil. Then, with in-
creasing moisture content an increasing percentage of the soil will be brought to field
capacity and will have therefore after working the same stability. Even if the moisture
is evenly distributed at the beginning, the working may result in a heterogenous paste
with two classes of stability. This is so because during the working water is drawn
from the granulated part to the puddled one, increasing the resistance of the granu-
lated part, Even if the drier granules are puddled in the course of the working their
stability will be nevertheless higher because they will adsorb less water after sub-
mersion than the paste formed from granules with a higher moisture content, the
colloid being semi-elastic. Only a prolonged working may result in an even distribu-
tion of the moisture throughout the paste.

If the soil behaves like an inelastic colloid, the soil puddled at low maoisture con-
tents will have nearly the same stability as the original granules. The puddling causes
in this case no increased swelling and therefore no decreased stability.

It should be remembered that soils suffering very much from air explosion will



111

have zero stability in the air dry region regardless of treatment. The same holds for
the stability at high moisture contents, provided the wetting has been quick. In the
intermediary ranges the working may increase the stability of these soils as the se-
condary aggregates or cakes may be denser than the original ones. The pore space
which is increased by the swelling of the dry sotl, is reduced again by the working,
(ef. ViLensky, 1934).

A quantitative relationship between the moisture content during tillage and the
resulting stability can not be given, as little is known about the internal cohesion and
its relation to suction and as the transfer of the work into the aggregates is not known.
It may be assumed however thatin range A, fig. 50, the influence of a light treatment
on the stability will be negligible.

3 PRELIMINARY INVESTIGATIONS

In order to establish the influence of the water content at which a soil is worked on the
resistance of the soil against working, the following experiments were carried out,
using for the evaluation of the results the technigue described with the preliminary
investigations in chapter II. With this technique the corrected volume of sediment
after shaking is used as a measure of the quantity of aggregates destroyed.

Different amounts of water were added dropwise to 10 gram portions of ovendry
granules, which were then kept covered in porcelain crucibles for 5 hours. Thereafter
the granules were worked in either one of the following ways:

A. A metal analytical spoon is drawn edgewise 200 times through the mass avoiding
any pressure.
B. A metal spoon loaded with a weight of 100 g is drawn 200 times through the mass.

No pressure is exerted on the spoon.

C. The spoon is drawn 200 times through the so0il exerting full pressure.

The resulting mass is then brought into graduated cylinders avoiding dispersion
as much as possible, if necessary cutting the paste into pieces of 3 to 4 mm. Filling
shaking and measurement of the sediment volume proceeded as described in II.

3.1 MARGALITE

The results expressed as percent of the maximum volume of flocculated sediment
(i.e. after an infinite number of revolutions) are represented in fig. 531. The graphs
for margalite A, B and C, all show clearly the air explosion effect upon immersion.
The dry granules are disrupted to such a degree that they flocculate, and the particles
are too small to be abraded further. The granules moistened to 20, 40 and 60°%, have
a higher stability, those moistened to 80 and 100%, being less stable again. This is
explained as follows; if 409 of water are added to a soil, a quick, localized swelling is
observed there where a granule is hit. After some time, and especially if the granules
are subjected to a vigorous treatment, the moisture becomes evenly distributed as is
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F1c. 51. Influence of moisture content at working and degree of working on the stability of margalite
soil (qualitative test)

300 r and 1000 r = volume of sediment as percent of ultimate volume after 300 and 1000
revolutions

A.  slight pressure applied

B. medium pressure applied

C. strong pressure applied

- - - - moisture content at pF 1 after swelling

D. qualitative stability test on drying slurry of margalite

inferred by the uniform black colour. By comparing graphs A, B and C it is seen that
the more the soil is worked and compressed after addition of 40 and 609, of water,
the more stable it becomes, Most probably this is caused by the more even distribution
of the moisture and the increased area of close contact. If the soil is not worked, some
of the soil will remain at high water content and will therefore exhibit little stability.

If more water is added the distance between the polyplates will remain large
whatever the degree of working and the stability will remain impaired.

That it will not become zero is explained by the small degree of backswelling at
these moisture contents. The degree of dispersion was largest at 100% moisture, the
range in which this maximum was obtained broadening with increasing intensity of
working. The maximum volume of sediment is nearly twice as high as at zero
moisture. If one compares graph C with graph D of the drying slurry, one observes
that the stability at 10%, moisture of the drying slurry is larger than that of the mois-
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tened soil. As the rate of increase of the pore volume of a granule which has been pre-
pared by drying a slurry exceeds on moistening the rate of decrease of the pore vo-
Iume of a drying slurry (cf. Hamves, 1923), the volume of the moistened soil will be
higher than that of the dried slurry at identical moisture contents, and, therefore,
a larger percentage of the pores will be filled by air. The above observation is in
good accordance with the backswelling characteristic of the moistened soil, cf. bro-
ken line graph G fig. 51.

3.2 LaTosoL

The behaviour of the latosol is more simple. It is a soil which slakes very easily but the
resulting particles, (of sand and silt dimensions} are far (oo large to flocculate and
are very resistant against dispersion. At low moisture contents the soil is reduced to
a powder by treatment C, with smaller dimensions than obtained by slaking. At
moisture contents near sticky point the soil is easily puddled, but at higher contents
the shearing forces are less well transmitted and a large part of the small granules
remains intact, This is demonstrated by the analysis of the treatments A and C,
curves A and C, figure 52. In this figure the suction of the soil moisture before work-

100
-
g 180
5| 160
o ]
3 |
- 140
- A
Fia. 52. Influence of suction before working and degree of §
working on the stability of latosol, (qualitative test) < 120
1000 r = volume of sediment as percentage of ultimate = 1
volume after 1000 revolutions T
A. slight pressure applied 6 4 2 O
C. strong pressure applied pF before working

ing is plotted on the abscissa. Curve A shows a distinct peak at pF 1.5 {609,
moisture), curve C shows a broader maximum. The maximum of dispersion coincides
for 1000 revolutions with the minimum of stability. At infinite shaking time the sedi-
ment volume of the clay worked at pF 1.5 is appreciably higher in case of treatment
C than it is with treatment A,

4 QUANTITATIVE EXPERIMENTS

The method of analysis was the same as that described chapter [1, except that some-
times a sedimentation time of 40 minutes was chosen. This was done because the dry
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granules were converted into a fine powder by treatment C, which failed to settle
within two minutes. The equivalent diameter of the particles will have been about
9 micron. With this method the amount of dispersed material is determined as a
function of the number of revolutions ¢f. chapter 11, 3.*

As the reproduction of the data of all experiments would make very tedious
reading, only some examples will be treated in detail. In figures 53, 54, 55 and 56
the results of all the experimenis are summarized and some comments are given in
I1I, 5. For the ease of graphical representation four classes of stability are discerned:
a, high stability, the constants { X 10%) are less than 1 and do not differ much (less
than a factor 3) from the stability of the unworked soil; 4, low stability, the constants
lic between 1 and 10; ¢, very low stability, the constants are larger than 10; 4, zero
stability. The ordinate represents the quantities (%) of these classes, on the abscissa
the pF of the moisture in the granules at the beginning of the working is given.

The pF values were found by interpolation of the desorption curves of the granu-
les and slurries. This is not quite correct for the granules, in case the moisture con-
tent had been obtained by wetting, as some hysteresis will occur which will tend to
lower the suction at the same moisture content.

4.1 INFLUENCE OF THE APPLICATION OF LARGE PRESSURES {TREATMENT C)

4.1.1 Soils with slurries behaving like an elastic system over a wide range of suctions

As an example of soils with a wide range of elasticity the potassium margalite soil is
chosen. The settling time was 40 minutes. The results are presented in table 48 and
by graph 4, fig. 53.

TasLe 48. Influence of treatment C, at different moisture levels, on the stability of potassium
margalite {quantities in %, constant X 10%)

moisture pF
content (%) gran. slurry quant, const. quant. const. quant. const.
8 6 6 2 —inf 24 —28 63 —0.081
28 3.2 3.6 42  —inf. i7 —95 41 —0.052
48 2 3 80 —inf 4+ —77 16 —0.057
68 1 2.6 51 —inf. 10 —7.2 39 —0.052
88 2.2 29 —inf. 19 —68 53 —0.008

It is seen that a large fraction of the affected part has zero stability, the more so
the more effective the puddling had been., Apparently if the distance between the
primary particles is only a little increased over the distance at which they stick to-
gether, spontaneous sweiling follows. The maximum destruction takes place at pF 2,
but also at pF 3.2 it is still considerable.

* With the quantitative investigations 2 g granules were used. Treatment A consisted of 30 strokes
no pressure; treatment C of 100 strokes full pressure,
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H.  high stability

L. low stahility

L.L. very low stability
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H. high stability L.L. very low stability

L. low stability O.  zero stability

1 K-basin colloid ; 2 K-Winsum colloid; 3 Mg-basin colloid ; 4 K-basin soil; 5 K-Winsum soil;
6 Mg-basin soil
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L. low stability O.  zero stability
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5 (Ca-basin soil; 6 Ca-Winsum soil
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2. x x stability indices after light working
o « alter "strong’ working

3. x x Indices of drying slurry
« » indices of worked soil

4.1.2 Soils with slurries behaving like an elastic system over a restricted range of
suctions

As example of soils with a intermediate range of elasticity, the calcium basin clay
colloid is chosen, although this choice has the disadvantage that only the wet side
of the curve had been investigated. During working, treatment C, the following ob-
servations were made: 40 %, moisture, tough cake below sticky point; 609, paste a
bit above sticky point; 75 %, smooth paste; 100 %, thin paste; 1209, thin paste with
excess liquid.

The results of the stability determinations are given in table 49, and are presented
by graph 2, fig. 55.

Tasire 49. Influence of treatment C, at different moisture levels, on the stability of calcium basin clay
colloid (quantities in %, constants x } . 10%)

moisture

content pF
% gran. slurry quant. const. quant. const. quant. const. quant. const,
44 3.7 4.2 7 —inf 29 — 16 58 —2.0 6 —029
60 24 3.3 51 —inf 19 —100 17 —041
75 1.4 28 51 —inf 17 — 100 2 —0z28
100 L1 2.2 53 —inf. 5 — 59 42 —0.23

120 1.8 53 —inf. 5 — 39 42 —0.19
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Apparently the destruction was nearly complete at pF 3.7, as is demonstrated by
the low quantity with high stability. In contrast with the potassium clays most of the
part puddled at this suction has some stability. At lower suctions the puddled part
loses its stability quickly. With this type of colloid the maximum of destruction does
not coincide with the minimum of total stability. At that moisture content thedistance
is apparently not so large that spontaneous unlimited swelling follows.

4.1.3  Soils with slurries behaving like a semi-elastic system

As examples of soils with a semi-elastic type of backswelling the calcium margalite
soil, graphs 5 and 6, fig. 53, and the calcium Winsum soil, graph 6, fig. 55, may serve.

The data for the calcium margalite soil are reproduced in table 50 .The settling
time had been forty minutes.

Tasce 5.  Influence of treatment G, at different moisture levels, on the stability of calcium margalite
soil {quantities in %, constants x 10%)

moisture

content PF
% gran. slurry quant. const. quant.  const. quant, const.

0 7 7 38 —inf. 22 —2.6 42 —0.027

20 5.4 5.5 3 — inf, 16 — 1.4 81 — 0,053
40 3.7 4.1 37 — (.50 63 — 0.064
60 2.0 3.25 51 —0.48 49 —0.052
80 0 2.7 2 — inf, 70 — 1.1 28 —0.024

As the sedimentation time was 40 minutes, the division into stability classes is a
bit arbitrary. A further difficulty is that the pF at the beginning of the working is not
known. This is due to the air explosion the soil suffers if wetted suddenly. It changes
the dry granules into a slurry the more so the higher the watercontent to which the
soil is brought, Therefore the suction will be more like that of the slurry at high
water contents and more like that of the granules at lower ones. In consequence hereof
the curve in graph 5, fig. 53, has been shifted to the pF of the slurry at high meisture
contents,

The most important information is that the soil worked at pF 2.7 has siill some
stability and that only 2 %, disperse spontaneously which is consistent with the semi-
elasticity of the slurry. The maximum of destruction is in this case shifted to very
Iow suctions as the destruction is not wrought by the working but principally by the
air explosion.

Graph 6, fig. 53 and table 44 show the relation between stability and pF for the
drying slurry. In this case the pF of the drying slurry is used as scale on the abscissa.
The general features of graph 5 and 6 are the same. But with the drying slurry the air
explosion commences at higher suctions, as was already shown by the preliminary
experiments reported in 3.1.

During the working of Winsum calcium soil the following observations were made:



120

159, broken aggregates; 30 9, tough secondary aggregates with high shear strength;
40%,, paste at sticky point; 50%,, homogeneous paste; 759, soft paste with excess
liquid and undestroyed granules. The results of the analysis are presented in table
31 and by graph 6 C, fig. 55.

Tasre 51. Influence of treatment C, at different moisture levels, on the stability of calcium Winsum
scil {quantities in %, constants X % . 10%)

moisture
content i
% gran. quant. const. guant, const, quant. const, quant. const.
15 4.2 5 —inf. 18 —49 27 —125 X —aoa.1o
30 24 0 —inf 86 —8.0 14 —0.10
40 2.0 2 —inf 84 37 14 —0.066
50 0.2 13 —inf 51 — 96 23 —0.070
75 <00 23 —inf 12 —46 41 0,070

By the admixture of silt and humus the suction at which maximum destruction is
effectuated has been lowered to pF 2.3. Only at the lowest suctions the fraction with
zero stability becomes larger again. The elasticity of this soil is probably intermediate
between the calcium basin clay mineral and the calcium margalite soil.

4.1.4 Soils with slurries behaving like an inelastic system

As an example of a nearly inelastic colloid serves the magnesium latosol. The following
observations were made during the treatment: at 14.3 and 23.59%, of moisture the
granules were powdered, at 30 %, a very stiff cake resulted sticking to the bottom of
the dish, the stiffness of the resulting mass decreased with increasing moisture content
and became sticky but it was quite homogeneous up to 74 and 84.5 9%, where some
moisture exuded at the beginning of the treatment; this moisture was subsequently
worked into the soil mass, which nevertheless did not become quite homogeneous; at
111 9 all the water could not be worked into the soil again and a small fraction of the
soil was suspended in this water.

The results of the analysis are presented in table 52 and by graphs 2 and 3,
fig. 56.

The strong treatment results in homogeneous secondary aggregates except in the
case of the two highest and the two lowest moisture levels. At the highest moisture
content the amount of moisture was apparently too large to allow for the application
of a large force and to transmit the applied force from granule to granule. Even at the
next lower moisture content, where the index was about the same the paste was not
homogeneous, though by the larger friction a larger portion had been affected. At
higher suctions the paste becomes homogeneous and the stability increases according-
ly as this clay behaves like an inelastic colloid. Due to the absence of backswelling
there is no sharp transition between the puddled and the unpuddled soil. Even at
3094, the critical moisture content with this type of working, the soil is still worked
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TasLe 52, Influence of treatment C, at different moisture levels, on the stability of magnesium
latosol pH 7 (quantities in %, constants X 3 . 10%)

moisture
content p¥
% gran.  slurry quant. const. guant, const. quant. const. ind.
145 48 5.0 18 —inf 16 —0.90 66 -—0095 245
23.5 4.0 4.8 5 —inf 11 —36 84 —0.115 341
30 34 4.6 100 —0.12 486
39 2.5 4.4 100 —0.16 334
47 1.9 4.0 100 —026 2,15
53 1.6 3.7 100 —0.36 1.52
62 1.3 3.3 100 — 049 113
74 1.1 2.7 47 —1.8 53 — 042 0.63
845 09 2.6 64 —2.3 36 —0.30 043
111 <0 2.1 9 —inf 31 —1.7 60 —0.41 0.37

into a stiff cake, though with difficulty, but the stability is nearly the same as that of
the lightly worked granules. This is the only instance where the observations during
the working are not reflected by the stability. The powdering action of the treat-
ment manifests itself by a class with zero stability at the lowest moisture contents.

As the stability had been altered for hundred percent over a wide range it was not
possible to use the sate way of presentation as for the other clays and soils. The index
has been used instead for graphs 2 and 3, fig. 56. In graph 3 the pF of the slurry has
been used as unit on the abscissa (which is permitted as the pastes are homogenecous)
the constants of the dehydrated slurry have been inserted also. Though the coinci-
dence is not absolute, the agreement between the two curves is fair enough to permit
the conclusion that the structure of the paste obtained by dehydration is very similar
to that of the paste obtained by working the soil strongly at the same moisture con-
tent.

4.2 INFLUENCE OF THE APPLICATION OF SMALL PRESSURES {TREATMENT A)

4,2.1 Comparatively large influence

As example for a comparatively large influence of the light treaument magnesium
latosol has been chosen. The treatment consisted in this case of 50 movements of
a spatula hold vertically across the soil. The following results of the treatment were
observed; at a moisture content of 25 and 34.5%, no puddling occurred, at 41.5%,
only a small part was puddled, at 45 9 large secondary aggregates were formed at the
end, at 52.8%, a tough paste was the result, at 62.5%, the paste was less tough, at
72.5 and 80 Y%, a sticking mass resulted which was not completely puddled, and at 90
and 1109} some water exuded in which a small part of the soil was suspended, while a
very small part sticked to the side of the spatula,

The results of the stability analysis are presented in graphs I and 2, fig. 56 and by
table 53.
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TarLe 53. Influence of treatment A, at different moisture levels, on the stability of magnesium latosol
(quantities in %, constants X 4 . 10%)

moisture
content pF
% gran. slurry quant. const. quant. const. quant. const. ind.
25 3.9 4.7 100 —0.12 439
4.5 3.0 4.6 100 —0.11 4,51
41.5 2.3 4.4 1060 --0.18  3.01
45 20 4.2 %0 —027 173
52.8 1.6 3.7 535 —0.89 45 —0.28 107
62.5 1.3 1.3 5% —L75 45 —0.245 0.736
72.5 1.1 3.0 41 —4.61 59 —0.128 144
80 1.0 2.8 35 —3J9 65 —020 2.33
95 0.6 2.5 15 —inf 85 —0.14 272
110 <0 2.1 7  —inf 93 —0.14 3.33

At high suctions down to pF 2.3, the stability will have been nearly the same as
that of the untreated soil. Below pF 2 the stability decreased sharply and two stability
classes were observed (at pF 2 the least stable class amounted only to 10%, and was
therefore undeterminable).

At pF 1 working had little effect, due to the presence of free or nearly free water.
A part of the s0il was brought into suspension by the treatment and the stability of the
remnant was little affected, With this type of working pF 2.3. will be the critical
moisture content for dry agriculture.

That this sotl, which is known for its stability is affected to a high degree by the
light treatment is caused by the fact, that the artificial aggregates used had been
strongly disrupted by the air explosion during saturation. The interaggregate friction
per unit of cross section was therefore considerable at the critical moisture contents
and the transfer of energy into the aggregates and the degree of puddling consequent-
Iy high. If the aggregates were kept intact by slow wetting the working had less result.
The saturation was necessary because an even distribution of the water at low
moisture contents could be best obtained by slow evaporation of excess water. The
quick saturation was chosen because it is natural for tropical soils.

Comparison of fig. 57 with 52 (to accomplish this, one of the graphs has to be
turned 180° with the abscissa as axis) shows that the agreement between the qualitative
and the quantitative experiments is good, considering that for the qualitative ex-
periment natural granules had been used, The increase of destruction at the dry side
of the curve observed with the quantitative experiment, treatment C (cf. graph 2,
fig. 56) was, however, not observed with the qualitative experiment. As the sediment
volume increases only if the particles are reduced to such dimensions that they floc-
culate, one may conclude that indeed the decrease of stability at the dry side is
caused by the powdering action of the treatment which reduces the granules to
dimensions smaller than the critical one. Thus the qualitative method furnishes in
this case a better analysis of the influence of the treatment on the changes within
the granules than the quantitative method.
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4.2.2 Comparatively small influence of the treatment

As example of a small influence of treatment A (30 movements) the analysis of the
worked potassium Winsum soil has been reproduced in table 54 and graph 5 A
fig. 54.

Tasre 54. Influence of treatment A, at different moisture levels, an the stability of potassium
Winsum soil (quantities in %, constants x § . 10%)

moisture

contents i
% gran, quant.  const. quant.  const. quant.  const.
15 4.0 8 —inf. 28 —3.0 64 —0.23
30 2.4 10 — inf. 26 —32 64 —0.21
40 2.0 14 — inf. 26 —43 60 —0.19
50 o 16 — inf, 26 — 3.0 58 —0.17
75 <0 12 — inf. 25 —4.25 63 —0.20

unworked 37 — 3.4 63 —0.21

The structure has been most impaired at a moisture content ahove sticky point,
which lies at 40 9%,. With the small force applied, the lowering of the cohesion seems
to be the dominant factor. As the soil is saturated near 509, the cohesion has
obtained its minimum value, by further addition of water the soil gets oversaturated
and the friction with the dish, which determines the force applied, is lowered and
therefore the destructive effect of the treatment.

The quantities and constants of the untreated soil are in accordance with the
worked one,

4,3 INFLUENGE OF THE SALT CONCENTRATION ON THE STABILITY AFTER WORKING

This influence has only been studied with calcium bentonite (11, 4.1.3) and potassium
margalite. As the influence is more pronounced with the latter it is given as example
here.

The working (treatment () was done at 60 %), moisture. The solutions of potas-
siumchloride were added to two gram portions of the dry granules. The working
resulted in a uniform paste, except in case of the one molar solution which was
fissurated. Perhaps this was due to a raising of the lower plastic limit by higher internal
friction.

After introduction into the corresponding solution, the units of the pastes worked
with water and the 0.001 M solution lost their identity and a diffuse layer of dispersed
clay was formed. The units of the paste in 0.01 M salt, did swell strongly, but kept
their identity and form, no dispersion was observed. In 0.1 M solution the swelling
was small and in 1 M solution no swelling was visible. The settling time was two
minutes, The results are reproduced in table 55 and by curve b, fig. 40.



124

TasLe 55. Influence of salt concentration on the stability of puddled potassium margalite (quantities
in %, constants x 10%)

concentra-
tion M guant. const. quant.  const. quant, const. ind.
1 24 — 64 76 — L0 0342
0.1 100 — 4.3 0.114
0.01 93 —24 7 —3.0 00123
0.001 79 ~— inf. 12 — 32 9 —3.0 0
H;O 76 —inf. 7 —39 17 —45 0

The results of the stability analysis are quite in accordance with the observations.
They demonstrate that by raising the concentration a colloid with a large range of
elasticity of the desorption characteristic can be transformed into one with a semi-
elastic character. Just as was the case with the calcium bentonite slurry (cf. T, 2,5.1.3.
and fig. 11)

5. GENERAL REMARKS

5.1 SuCTION VALUE AT WHICH THE MAXIMUM OF DESTRUCTION OCCURS

The suction at which a soil is most affected by working is often dependent upon the
type of cation present. This is demonstrated by the behaviour of the margalite colloid,
treatment C., fig. 53, graphs 2 en 3. With the potassium clay this maximum lies at pF
3 and with the calcium clay at pF 2. This shift is not observed, however, with the
illitic clays. There the maxima for potassium and calcium clay lie both at a tension
of pF 3.5. The practical implication is that the heavy illitic clays, poor in organic
matter, must be worked at a higher suction than the corresponding smectite clays,
provided that both are chiefly calcium saturated.

The maximum of destruction of the soils is shifted to lower suction values com-
pared to that of the pure clays, e.g. for illitic soils (cf. fig. 54 and 55) from pF 3.5 to
pF 2.5. This is probably due to the higher internal friction in the granules resulting
from the presence of'silt, sand and organic matter. The difference between the heavy
soil high in organic matter (basin clay soil) and the slightly lighter soil low in humus
{Winsum clay soil) is negligible.

If the working is less intensive (treatment A) the differences become larger. The
basin clay is affected little with a maximum below pF 1; the Winsum clay is more
susceptible to destruction, especially the magnesium soil, with a maximum at pF
1.8. With the light working the maximum destruction lies above sticky point, with
the heavier it occurs below this point confirming the postulation in the introduction.

With the latosol the strong working does in one case not lead to a reduced stability
of the resulting paste. The original structure has been changed over a wide range up
to pF 3.4 and its stability increases with decreasing moisture content. The destruction
obtained with the light working had a maximum near p¥ 2.
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3.2 STABILITY OF THE SOIL AFFECTED BY TILLAGE

The stability of the part affected by the vigorous treatment reflects the bakswelling
characteristics of the clays and soils. The backswelling characteristics of the slurries
of potassium saturated clays and that of the illitic clays saturated with divalent cations,
shows that they are elastic over a wide range, {cf. see summary I, 2.) this range being
larger with the former than with the latter,

For potassium clays and soils nearly the entire fraction of the granules affected by
working has zero stability, That a small part still has a certain stability is not readily
explained. The destroyed granules of the magnesium and calcium saturated illitic soil
colloids have a low stability, which becomes zero at higher moisture contents, with
the exception of magnesium Winsum the affected part of which has zero stability. The
stability of the affected part of granules of illitic soils is larger than that of the cor-
responding colloids. The differences between magnesium and calcium saturated soils
are not consistent; with the basin soil saturation with magnesium gives the highest
stability, with the Winsum soil it imparts the lowest. The lower stability of the Win-
sum soil compared to that of the basin soil (cf. II, 4.63) is also shown by the higher
degree of destruction it suffered by the light treatment A,

The clays which behave like a semi-elastic colloid, like calcium bentonite and
margalite, show only a small fraction with zero stability if worked at very low suctions,
This is especially so for the margalite soil,

The stability of the calcium bentonite puddled at 100 9%, water is however not
quite in accordance with the hackswelling characteristic of the slurry (fig. I1 and 12}.
From the latter the conclusion can be drawn that the slurry has to be desorbed to pF
4 before any stahility can he observed ; the pF of the puddled clay is however only 2.8.
Therefore the stahility of the pastes obtained by puddling is in this case larger
than that of the paste obtained by desorption.

The latosol which behaves like an inelastic colloid, has only a fraction with zero
stability if worked at a suction below pF (. The vigorous working at higher suctions
results in homogeneous pastes with a stability increasing with decreasing moisture
content, very similar to the stabilities of the desorbed slurry.

The lesser degree of working has a relatively small influence on the granules with
the exception of Winsum soil and the latosol. The stability of the affected fraction is
however zero or very low, because the moisture content of the puddled part will be
higher than the mean moisture content, as explained in the introduction. This
phenomenon is observed with all soils.

6 SUMMARY

It was possible to determine by the analysis of the stability the degree to which the
structure of soils had been affected by a model tillage operation. In accordance with
the general principles (cf. 1.1} it was found that this degree depended on the moisture



126

content at working, on the magnitude of the applied force, and if a small force was
used also an the dimensions of the aggregates. The suction at which the operation had
its maximum destructive effect depended with the margalite colloid on the saturating
cation. For illitic soils this suction was lower than for the clay isolated from it.

The stability of the part of the soil which had been affected by the operation
could be largely explained on basis of the backswelling characteristic of the slurries
of these materials. Thus soils which have identical stability when granulated may
have widely different stabilities after working at a wrong moisture content. If the
climatic conditions are such that one may expect that the soils will be puddled by
tillage or harvest operations, then the backswelling characteristic of the slurries and
the stability of the puddied soil will provide a better characterization than the pF
curve and the stability measurement of the granulated soil.



IV APPLICATIONS OF THE RESULTS TO AGRICULTURE

I LIMITATIONS OF THE RESULTS

The extension of experimental results found in a laboratory to practical agriculture is
a hazardous job, especially with soil physics, Some of the causes are:

1.} CHANGES OF SAMPLES DURING DRYING

It has been ohserved at this laboratory that fresh soil samples, which had very little
resistance in the saturated state, acquired considerable resistance if stored for some
time, These changes proceeded slowly, even in the air dry state. They may be due to
a stowly proceeding dehydration of inorganic or organic gels; microbiological activity
may also play a role as suggested by DE LEENHEER & DE BoonT (1958 a). The influence
of ovendrying on the moisture affinity of soils and clays has been neglected, though in
the case of bentonite no serious influence had been found. The properties of a subsoil
will be more changed by drying thans those of a topsoil which dries out periodically
anyhow.

1.2 EQUILIBRIUM WITH LOW SUCTIONS

In chapter IT suction moisture equilibria have been studied of homeionic clays and
soils at low salt concentration in a more or less homogeneous state of aggregation.
The degree of backswelling of suspensions after application of a certain suction has
been investigated in particular. The extension of these results is difficult, because true
equilibrium will seldom be reached in soils for the reason that the mass of soil is so
large that before equilibrium is established, the climatic conditions which govern
this equilibrium will have changed again. This will be especially the case with
wetting; only a small part of the soil will ever be in equilibrium with water at zero
suction, perhaps only the surface layer and the walls of large pores and fissures and
only as long as rainfall and drainage proceed. Deeper layers of the soil will be com-
pressed by the weight of the ones above, this will prohibit maximum swelling though
the tension might be zero or positive, ({Croney, 1953). As for the salt concentration,
it will remain much higher inside a clod than on the outside and it is obvious that
the rain water which has percolated some distance will pick up a certain amount of
salts. Therefore the equilibria determined at low suctions with very low concentra-
tions are only relevant for surface layers and some pore surfaces, This is however not
a very serious handicap since the physical state of this layer is very important as it
may limit the air diffusion, the infiltration rate ete.

1.3 HoMoOIONIC GLAYS AND SOILS

The second objection is that homoionic clays are never found in nature; usually the
divalent cations are predominant with a small percentage of hydrogen, potassium
and sodium, It is of importance to know at which percentage of sodium or potassium
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saturation, the soil starts to show the unlimited swelling at low concentration,
characteristic for most of the sodium soils and some of the potassium soils.

This has been investigated by Quirk & ScHorIELD (1955) for a silty loam {19.5 %
clay, 2 %, carbon, the clay fraction being composed of 40 %, illite, 40 %, kaolinite and
209, vermiculite). From their data it is seen that if this soil contains 109, ex-
changeable sodium the soil equivalent solution has to contain a minimurm of 4 me. per
1 for a reasonable percolation velocity. At this laboratory it was found that the per-
meability of distilled water in calcium bentonite is impaired if the percentage ex-
changeable sodium is higher than 5 %,. The tolerance for sodium may be increased by
a higher content of organic matter as found by Zuur e.a. (1953), he also stated that
generally a 5% sodium is harmful.

The degree of harmfulness of exchangeable sodium also depends of course on the
type of climate. Ifirrigation water is the only one supplied, then it should be possible
to keep the soil granulated even if a high percentage of exchangeable! sodiura is
present. This can be achieved by addition of a suitable quantity of salts to the irrigation
water, when drainage is provided for and sufficient water can be supplied to prevent
harmful concentration of salts by evapotranspiration.

1.4 STATE OF AGGREGATION OF THE SOILS

The investigations had to be limited to well defined states of aggregation or dis-
persion. The finest dispersion was obtained by saturation with sodium, removing the
excess salts and suspending in distilled water. Saturation with other cations was
carried out without drying the suspension. It has not yet been proved that this finest
suspension will ever occur with clays only partly saturated with sedium. The data on
the influence of partial saturation with sodium are derived from permeability
measurements and the permeability even of a coarse suspension will not differ much
from a very fine one, both being zero. It is therefore not certain whether the studies of
the finest suspensions have any practical meaning.

The coarse dispersions or slurries on the contrary may be regarded as the finest
dispersions occurring in nature, since they have been made by working the soil
through a range of increasing water contents and shaking it in excess water.

In dry agriculture the occurrence of this degree of dispersion is purely accidental
and certainly not the aim of any practice. This dispersion of a small fraction of the soil
layer may however occur during heavy rainfall on unprotected soil and to a higher
degree if a scil has been worked at too high a moisture content. Although the
percentage of the whole topsoil brought into suspension might be very low, its un-
favourable physical properties might well dominate over the more favourable pro-
perties of the whole surface layer. For examnple, the suspension might flocculate during
percolation and clog the larger soil pores. The investigation of coarse suspensions
seems worth while from this point of view., Morcover fresh sediments or subsoils of
older sediments which never did dry out completely, will have similar properties to
those of coarse suspensions in a varying state of desorption.

The artificial granules which have been studied were considered as a model of a
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clay soil which had become air dry. Although the density of a natural seil unit
will be somewhat lower and therefore its stability, the density will become compa-
rable if the units taken are small enough to exclude larger pores and fissures. More-
over Hormes {1955) has shown that there exists remarkable agreement, between the
moisture characteristics of moulded soil blocks and natural aggregates.

1.5 THE STABILITY ANALYSIS

In chapter ITI, the stability of granules formed by drying or desorption of sus-
pensions with low salt concentrations has been investigated. The end over end
shaking method has been chosen for sake of higher accuracy in preference to the
raindrop method of ViLEnsky (l.c.). From the investigations of EMerson & GrRuNDY
(1954) it is apparent that the method of desintegration under the influence of raindrops
is comparable to the action of end over end shaking. Whereas ViLEnsky’s method can
be interpreted directly, with the method used a relative scale of stability can be
established and calibrated by analyzing soils of known stability. The influence of
the salt conceniration on stability has been investigated in detail; it will be of
particular interest for conditions where the concentration can be controlled.

As the end over end shaking method of stability analysis lasts for 48 hours or
more, the swelling should be completed before the start of the analysis, since swelling
during the analysis must be avoided so as not to change the stability. This method
therefore is only applicable in climates where the rain falls during a long enough
period to enable part of the soil to swell completely, The destructive force chosen was
such that on the long run very stable soil granules were also dispersed. The stability
of a soil may, however, be sufficient to withstand the impact of common raindrops
and those soils should be regarded as absolutely resistant.

1.5.1 Influence of cation concentration on the formation of soil structure

How the formation of the granules is influenced by the salt concentration has not been
investigated except in the case of sodium montmorillonite. This subject has been
treated to some extent by Hauser & LE Beau (1939) who found that no waterstable
films could be prepared in the cases of films formed from calcium bentonite suspensions
where coagulation was incipient (minimum of viscosity). After the flocculation had
become visible only individual water resistant flakes were obtainable. In conse-
quence J. B. PETersoN (1946) states that ‘the best waterstable binding materials or
cements in soil granules are formed by the drying of dispersed rather than flocculated
clay systems™. This is quite probable because flocculation may impede the sliding of
the clay polyplates into parallel alignment, causing a larger pore space and a conse-
quently reduced stability.

This factor is very important since the pore space geometry of the dry soil will be
governed by it, It is common knowledge that sodium soils form upon drying large
and massive clods, probably by the low friction of the clay particles sliding over each
other. Except for the pore space which is influenced directly by this behaviour the
permeability also is impaired, with the result that under irrigation these soils are not
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wetted quick enough e.g. the slick spots in Idaho, gquoted by Lewis, Jorpan & Fos-
BERG {1959), which remained too dry.

1.5.2  Air explosion

Another phenomenon studied to some extent in chapter IT is the air explosion. If a
dry lump of soil is suddenly wetted the air in it is compressed giving rise to localized
pressures ofien strong enough to overcome the cohesion of the lump, and the latter
falls apart into larger or smaller fragments depending upon a large number of factors.

The air remaining in the soil pores tries to assume a spherical shape thus en-
larging the diameter of the pore, with as a consequense extra swelling pressure and
a reduced resistance against mechanical forces. Whether the air explosion effect
should be included or not in aggregate stability determinations depends on the
frequency at which this phenomenon occurs in the field.

Emerson (1955) concludes that the rain intensity of (.2 cm/hour is too small to
cause slaking because crumbs wetted at this rate had the same stability as vacuum
wetted ones. He overlooks, however, the fact that rain is not a continuous stream of
water but falls in drops. Assuming that the diameter of a drop of a shower is 4 mm,
the weight of the drop will be aproximately 33 mg. If the apparent density of the
crumb is 1.8 and the amount of moisture necessary to saturate a crumb completely is
some 609, then 30.6 mm?* of soil might be saturated, at once, by a raindrop or a
cube of 3.1 mm, It is therefore probable that the air explosion effect will be in the
first instance correlated with the weight of the raindrops and to that of the soil
aggregates; next to the intensity of the rainfall, although the latter and the dimen-
sions of the drops will be often correlated.

1.6 DEFORMABILITY OF GRANULES

The most serious objection against the stability measurements is that these tests,
carried out in the saturated state, are not a sufficient criterion to ascertain the
stability in agricultural practice. Although it should give a reasonable estimate of
the resistance of granules to the impact of raindrops, it does not estimate directly the
-deformahility of the granules in the saturated stage. There may be some correlation
between the two properties, however. This deformability is a very important soil
property as will be explained in the following.

In a large column of loosely packed granules of a clay soil which is wetted, the
granules will try to expand and are obstructed herein by their neighbours. The
forces which obstruct expansion in the vertical direction are equal to the weight of the
overlying soil column and increase therefore with depth. These pressures exerted by
the expansion are not equally distributed but are largest at the points of contact.
The pressure will result in a flattening of the contact points, until the supporting
surface is large enough to carry the burden of the overlying soil. The pore diameter
will be reduced accordingly and this reduction will be the more cbnoxious the
smaller the granules are to begin with. If the pressure is larger than the yield value of
the whole soil units, the subsoils will be compressed until are left only some difficultly
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compressible circular pores like worm and root holes. No pore space filled with air at
low suctions will be present in the subsoil of clay soils unless their yield value is high.
The more and the quicker a soil swells the more work must be done by the subsoil to
lift the overlying burden, this results in an extra pressure on the aggregates besides
the pressure exerted by the burden. Therefore with swelling soils the probability is
small that air filled pores are present in the subsoil. Moreover with' strongly
swelling and shrinking soils there is a possibility that cracks formed during a dry
season will fill with surface rubble, thus increasing the density.

Not only can the deeper layers suffer from compaction, but also the very surface
layers may be compressed by water hanging between the granules. This effect will
vary inversely with the dimensions of the aggregates since the height of the moisture
column held between them is inversely related to the radius of the aggregates and the
resistance of the aggregates to compression is proportional to their diameter (Kirk-
HaM, DE Boont & Dr LeenmeEr (19538)). Assuming granules of 2 mm, effective
radius of the pores of 0.1 mm, pore space of 509, and a contact arca of one tenth of
the diameter of the granules, then the pressure exerted by the capillary water can be
roughly calculated. The maximum height of the water column held by pores with
radius of 0.01 mm is 15 em, A pore space of 509%, means that an equal volume of
water is supported by an equal volume of soil; as the supporting surface is only 109,
the pressure will be 150 gjcm®. This pressure is not negligible as the soil is near its
minimum resistance at this suction, and moreover this compaction can not be avoided
unless a complete saturation is maintained. The lateral compressive force will be of
the same order,

If the compressive force is larger than the yield value of the individual granules
the topsoil will be compressed with a resulting decrease in air volume; since the
contact points between the granules will have been changed into contact zones, the
mass of granules will exhibit a cohesion upon drying proportional to the compression
suffered, which must be overcome if the soil has to be restored to its original structure.
This compression due to capillary forces is one of the causes of crust formation, it
operates independantly of the other factors as slaking and destruction by rainfall,

That this yield value or resistance is not the same as the stability is proved by the
stability measurements of sodium bentonite, which were fluid gels at a salt concen-
tration of 0.1 M and lower, but needed some shaking hefore they were dispersed
completely.

1.7 MODEL TILLAGE TESTS

In chapter II1, the influence of tillage operations at various degrees of moisture on the
resulting stability has been investigated. Ohviously even more restrictions should be
applied to the results of these investigations. The moisture content of the soil will not
be homogeneous, and only part of the soil will be influenced by these operations.
The treatment of soils and clays has been more intensive than with normal tillage
operations and the magnitude and direction of the force employed may not be en-
countered with agricultural implements, although both compression and shear have
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been applied which are used in various proportions by the different tillage instru-
ments. Moreover the stability has been tested before the moisture content of the
worked clay sample had decreased, which will not often occur in practice. An
advantage is however that with these experiments the deformability is included to
some extent. This factor influences the friction between the granules and the friction
commands the force applied, which in turn influences the degree of destruction,

2 NORMAL AGRICULTURE

2.1 NECESSITY OF AGGREGATION

In agriculture soill is the main source of water, oxygen, and nutrients in a more
restricted sense for crop roots. The first two functions are more or less incompatible
as a maximum supply of moisture excludes the provision of oxygen, the inverse being
true also. Depending on the climatic conditions more importance will be given to the
ahility of the soil to hold moisture or to its ability to supply roots with oxygen. The
soil can comply with these demands if large Eas well as small voids are present in
the system, the large ones being dralned at low tensions provide the air, the
smaller ones (elastic or nat), being emptied only at higher suctions, provide the
water.

Some soils especially aeolian deposits like loess and velcanic ash soils have a very
favourable air and moisture supply due to their textural composition, which com-
mands the minimum pore diameters. Pores large enough to contain air at moderate
suctions can only exist in clay soils if the primary particles are united into larger
units, since the pores as governed by the texture are so small that they are only
emptied at suctions which are higher than those exerted by plantroots. It is obvious
that the resistance of the soil granules to destructive forces must be an important
feature in agriculture, since with instable granules the air filled pores can not subsist.
The conclusion is that clay soils must exhibit a certain swelling to be able to provide
plants with water, but that this swelling must be limited since limitless swelling soils
will have no mechanical stability at low suctions.

2,2  APPLICATION OF BACKSWELLING CHARACTERISTICS

In chapter II the soils have been grouped into elastic soils, which convert automati-
cally into a suspension as soon as the suction becomes zero; soils, the suspensions of
which are elastic over a certain range and hecome semi elastic as soon as this range
is passed; semi-elastic soils, the suspensions of which exhibit a limited swelling in
excess water even if the desorption has been small, and inelastic soils, the suspension
of which do not adsorb water to any extent unless the desorption has proceeded
very far.

Applying this classification to the requirements stated above it is easily under-
stood that all soils, the suspension of which behave at low salt concentrations like an
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elastic colloid will be extremely difficult to manage, also the soils, the suspension of
which behave like an elastic colloid up to high suctions will be just as difficult as long
as they do not dry below the critical moisture range.

The spontaneous dispersion of these clays and soils may however be stopped by
raising the salt concentration. Whether this will be feasable depends on the concen-
tration necessary to keep them in a granulated state; these salt concentrations will
be found in the summaries I, 2 and II, 7.

In the following paragraphs most attention has been paid to soils with an elastic
backswelling characteristic over a certain range and to those with a high degree of
elasticity which are the most difficult to manage,

2.2.1 Regranulation

Whether a soil will easily revert from the puddled state or a partially dehydrated sus-
pension into the granulated state, may also be an important question as mismanage-
ment of soils can not always be prevented. For instance the harvesting of sugarbeets
in the autumn, which is usually a wet season in Holland, leaves the clay soils in a
rather puddlied state. The regeneration of a puddled soil is only achieved by drying,
evapotranspiration, freezing or suction (drainage). The regranulation of a soil will
be the easier the less the spontaneous backswelling of a drying slurry is, as the desorp-
tion is little or not interrupted at all by adsorption of rain water during this process.
The inelastic systems are much preferred from this point of view {cf. summary I, 2.},

The absoluteamount ofwater which must be removed before maximum regranula-
tion is achieved is of course of importance especially where the dryingcapacityissmall,
As the capillary conductivity also plays a role, since it may retard the drying of the
topsoil, it can not be predicted whether the amount of water to be removed from the
topsoil will be decesive. The quicker drying of low lying heavy soils compared with
the higher lighter soils may result in a week advance of the tillage operations, as
observed by SonneveLp (1953).

2.2.2 Aggregation of fresh sea deposits

Except for accidentally puddled soils, the backswelling is of importance for the re-
clamation of fresh sea deposits and other soils which have never dried before.
Dominco (1951) found that the maximum water capacity A, expressed in percent
of dry matter, for fresh sea deposits was related to the clay content by the function
A = 2.35 X 9 clay + 23, while for normal agricultural soil flooded by seawater, the
relation was approximately A = 0.5 x 9, clay + 17.5. The explanation is that the
fresh seawater deposits were necessarily in a flocculated state, the same as the older
soils had at the moment of their deposition. During reclamation, the loose flock
structure collapses and relatively dense aggregates are formed, which do not swell
back when flooded with seawater (the swelling which will occur after dilution of the
seawater is not discussed here). This collapse of the flock structure hasbeen extensively
studied by Smrrs from whose unpublished reports he kindly authorized me to quote
the following data. The correlation of the moisture content at saturation with the
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percentage of clay and the percentage of humus (H) is: A = 20 + n (clay + 3H), the
factor n is 2.2 for permanently submerged fresh deposits. (It is remarkable that this
factor changes very little with depth, apparently the pressure and the permeability
are too small to squeeze the water from the lowest layers). This factor n changes
after reclamation by evaporation, transpiration (reeds) and drainage within 14 year
from 2.2 to | and becomes (.5 in the course of 11 years. This moisture loss causes
considerable vertical as well as horizontal shrinkage. The horizontal shrinkage gives
rise to deep cracks and fissures. As computed from graph 3 of DoMiNgo’s publication,
the vertical shrinkage for the whole layer of 66 ¢cm amounts to 23%,, while the hori-
zontal shrinkage {air filled pores caused by permanent water loss) amounts to 18.7 %,
for the whole layer and to 379 for the topsoil of 23 ¢m. As the adsorbed sodium
has usually been exchanged by calcium during the desalinization process {due to the
formation of gypsum, by oxydation of iron sulfides reacting with calcium carbonate)
the waterloss is to a large extent irreversible and the cracks will not close when the
soil is wetted again by excess rainfall. These permanent cracks improve the internal
drainage to a large cxtent, so that clay soils first quite impervious become more
permeable than fine sandy soils. The definite drain distance is according to SIEBEN
(1951) 18-24 m for silty clay soils and 8 m for sandy soils.

If the situation is such that it is impossible to lay out drainage experiments, one
might use the backswelling characteristic of the fresh deposits in order to make a
prediction of the drainage distances. From the backswelling of the dried soil one can
calculate its volume at saturation after reclamation. Substraction of this volume from
that of the original sediment furnishes the pore volume not closed upon resaturation,
i.e. the amount of irreversible shrinkage. Since the proportion between horizontal and
vertical shrinkage is known from field experiments one can calculate the horizontal
shrinkage. As the influence of this value on the drainage distance has already been
established, the estimation of the drainage distance with the aid of the backswelling
should be possible. The difficulty that might arise in this case is the evaluation of the
change in the adsorption complex on desalinization.

2.2.3 Subsoils

Although no data is available it is plausible that the backswelling characteristic
exerts an influence on the permeability of normal subsoils. Especially subsoils which
are elastic up to a certain suction will be difficult to manage until this suction has
been passed since above this suction no irreversible shrinkage is possible. But even in
case there is no question'of irreversible’shrinkage theelasticity of soils willimpede drain-
age. The cracks in the soil which'conduct the drainage water are formed by shrink-
age caused by'waterloss, They'willlbe closed if the water is replenished, whether the soil
is elastic or not. In the case of normal, slightly elastic, soils this closing will however be
a slow process as the outside of the blocks will swell only slightly as it geis saturated
and this swelling will slowly continue until the whole blocks are saturated, Further-
more there exists a considerable hysteresis'in the swelling, probably due to internal
friction, Hormes (1955), which will only be eliminated at low suctions. That this
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slowness of swelling may be of practical importance has been observed by Emerson
(1955), who found that the drain performance of a wheat cropped field was consistent-
ly better throughout the following winter, than that of an adjoining fallow field. He
atiributed this fact to the higher water content of the fallow field, which stayed swollen
during the summer, whereas the subsoil of the cropped field dried out considerably.

In the case of the elastic soils the outside layer of the blocks will swell unlimited as
soon as rainwater starts to percolate and the cracks will be clogged before the whole
mass of soil has swollen.

Though the equilibrium situation will be in both cases the same i.e. all large
cracks closed by swelling, the rate at which this swelling proceeds may differ and this
difference may be so large that it can be of importance to agriculture.

2.2.4 Filling in of drainage ditches

This is a subject closely related to the preceeding one. But in this case it is possible
for the excavaied mass of soils, which behave over a large range like an elastic colloid,
to dry out until their elasticity is lost. If this soil is filled in, the big pore spaces
between the clods will probably be preserved to a large extent and therefore the per-
meability of the soil above the drainagetilewill belarge. In most theoretical considera-
tions little thought is given to the permeability of the filled in ditch, but this must be
of some importance since the water falling in excess of the infiltration rate and seeping
horizontally through the more permeable topsoil can be removed. The permeability
of the filled in soil will be of importance, the more the land slopes towards the ditch.
This is often the case where open ditches have been converted to tile drains.

The question whether the soil should be filled in dry, or moist after it has been
dried, is open to some discussion. If it is filled in dry, it will swell to some extent and
the pores will become smaller, If it is filled in moist the swelling will be less, but on
the other hand part of the soil might get puddled during this operation and thereby
lose its semi-elastic property acquired by drying.

Of course the permeability of subsoils which behave like a semi-elastic or inelastic
colloid if they have never dried before will also benefit from this drying procedure.

2.2.5 Frost action

Whether the action of frost will be beneficial depends to some extent also the back-
swelling characteristic of a soil. If the soil behaves like an inelastic or semi-clastic
colloid the action will be beneficial, if it behaves like an elastic colloid up to high
suctions the effect will depend upon the degree of dehydration.

If a puddled soil is frozen slowly the mass will be divided by vertical plates of ice,
cf. DE LEENHEER, 1958; CzeraTski, 1955; Joncerus, 1937 (type B6). This may be
roughly explained as follows, The water in the finest pores is subject to considerable
undercooling before it freezes, and therefore the freezing will start in a relatively
large pore. At first pure water freezes raising the concentration of the solution in the
neighbourhood or compressing the double layer. By the osmotic gradient thus
created, water will be attracted and frozen. The growth of the ice crystal is retarded
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as the hydraulic conductivity of the paste surrounding it is lowered by the decrease in
moisture. The next crystal will only form at some distance due to the decrease in the
dimensions of the pores and the increase of the concentration in the vicinity of the
first crystal. The vertical growth of the crystal might be influenced by the higher heat
conductivity differing with regard to the direction, and its lower specific heat
compared to water. Also the expansion of the water during freezing may lead to the
creation of fissures, The growth of the crystals before the whole mass of soil freezes
determines the degree of dehydration and the dimensions of the ‘units’ between the
ice wedges. This growth is slow, being determined by the flow of water through fine
pores.

The following predictions can therefore be made: The larger the cooling gradient
and the higher the moisture content the smaller the aggregates. In accordance with
this prediction one finds that the surfaces of large clods of winterfurrow are divided
into very fine blocks and that the dimensions of these blocks increase rapidly with
depth. With natural aggregates freezing will start first in the fissures and pores. As
water will migrate to the icecrystals and freeze there, the fissures will be enlarged and
the large clods will be broken up into smaller ones.

Although the principal action of freezing in regenerating a puddled soil is a de-
hydration, it has also the advantage of dividing the puddled mass into smaller units,
while only large clods are formed by drying.

If the soil behaves like a semi-elastic colloid water will not be taken up on thawing,
with colloids elastic up to a certain suction, water ray be taken up again if thissuction
hag not been surpassed.

With sandy soils the action of frost will seldom be beneficial as the water in the
large pores will freeze in every pore at the same time rupturing the bonds of organic
matter which hold the units together.

2.3 AR EXPLOSION

The air explosion takes place if the small pores have been emptied and the soil is
suddenly wetted. This is heneficial for some soils but harmful for others as the degree
to which the aggregates are broken up differs considerably. It usunally helps to break
up large clods; if the slaking is very strong the units into which the soil is broken will
form a crust on drying. As the effect is most pronounced with soils saturated with
divalent cations and the effects of salt concentration are negligible the only way to
prevent the air explosion is to keep the soil moist by mulching or irrigation.

2.4 STABILITY TESTS

In chapter I11I the resistance of clay and soil granules to abrasive forces has been stu-
died. Though it might be inferred from the backswelling of suspensions whether a soil
has any stability in the saturated state, the magnitude of this stability has to be found
by direct measurements as there exists no simple relation with the moisture content.
Provided that the sampling and storage problems have been mastered, the end over
end shaking method should give useful indications on the resistance to the destructive
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action of raindrops. By varying the concentration of the salt solution in which the
experiment is conducted, the influence of the former can be determined.

This method might be useful in particular to obtain some information as to the
stability of soils which have not yet been used for agricultural purposes, such as un-
reclaimed sea beds, and for the evaluation of the change in stability which is to be
expected from such measures as the application of gypsum etc.

From the experiments with calcium saturated clay and soil granules, at very low
salt concentrations, the following deductions can be made. Pure montmorillonites
have a higher resistance than coarse kaolinites while illite has none, This order may
change completely if instead of the pure and well crystallized clay minerals the
clays isolated from soils are investigated. The smaller the clay crystals become, the
higher the resistance. Also the admixture of small quantities of organic matter may
have a large influence on the stability of illite. As the content of ultra clay of a given
soil can not be increased, the stability of the soils containing coarse illite and kaoli-
nite will depend on the amount and nature of humus and on the salt concentration.
The influence of the humus has been stressed by Trunin (1933): ‘Tt is impossible to
get rid of the noxious action of such rough dispersions by liming. In places where they
abound one should raise the quantity of highly dispersed colloids in soil, especially
those organic’. The influence of the salt concentration has been observed by BoereL
(1958) who found that the beneficial effect of liming depended on the increase
of the salt concentration caused by the liming material.

As the Jow stability of the pure kaolinite is also increased by raising the concentra-
tion, the stability of the soils containing this clay mineral will be also increased by a
raise in salt concentration and of organic matter content. The latosol studied had a
far higher resistance than the clay mineral, probably because the crystals had much
smaller dimensions. The stability of the latosol decreased by raising the salt concentra-
tion and the pH. If this is a common feature of latosols heavy applications of fertilizers
especially those which raise the pH will be harmful.

The influence of magnesium saturation has not been investigated extensively, but
it seems probable that the illite containing magnesium soils are slightly less stable than
the calcium ones.

With potassium saturation the bentonite has no stability at low salt concentra-
tion, that of the margalite clay mineral is low, pure illite has none, but the illitic
clay mineral from soils is very stable, The potassium margalite soil has about the same
stability as the calcium margalite soil. The stability of the illite containing soils is
scarcely impaired by saturation with potassium, though part of the potassium satu-
rated humus is soluble in water.

The only soil which remains stable at low concentrations in the sodivm form, is
the latosol. If the pH is raised above 9 this soil also becomes unstable.

The stability of the sodium saturated soils depends therefore on the electrolyte
content of the solution. Grouping the clay minerals in a decreasing order of salt
concentration ‘necessary to keep the stability we find for clay minerals bentonite,
margalite, kaolinite, and illite, and for soils margalite, illite, and latosol.
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2.5 LABORATORY EXPERIMENTS ON TILLACE

The investigations reported in chapter IV have shown that the moisture content at
which a soil is worked has a strong influence on the stability of the structure of clay.

2.5.1 Suction at moisture content of maximum destruction

In accordance with the observations of ALLMAN & Konnke (1947) it was found that
the pF at which maximum puddling occurred shifted towards higher values with in-
creasing clay content. If small forces were applied the soil could be worked at lower
suctions than if large forces were used.

The implications of these results are cbvious, with increasing force the moisture
content for tillage should be lower. This is in accordance with the observations made
on the slow working digging machine operable at moisture contents where ploughing
becomes impracticable. The heavy soils should be ploughed at equilibrium with a
higher tension of water than the light soils. This is an adverse factor if the climate 1s so
moist that the desired equilibrium is seldom obtained, and it may explain someof the
difficulties in management with heavy clay soils.

2.5.2 TInfluence of backswelling characteristic on results of tillage

It appeared that soils elastic over a large range are easily reconverted into soils which
swell spontaneously by tillage at too high a moisture content. All of the potassium
clays and soils investigated as well as and some of the calcium and magnesium illite
clays belong to this type. The organic matter does not alter this characteristic of the
potassium clays, but the calcium and magnesium illite soils behaved more like elastic
systems than the clays. By raising the electrolyte concentration the puddled potas-
sium soils were made to behave like a semi-elastic gel and their stability was raised.
The limiting value was a salt concentration 0.01 M for potassium margalite. Tt is
probable that the soils partly saturated with sodium and calcium will behave like the
potassium clays if the sodium percentage is too low to cause spontaneous peptisation
of the granules. If these soils are worked they may swell spontaneously; the
experience in the Netherlands is, that tillage of soils inundated by seawater may be
very harmful, Zuur e.a. (1953). The danger of reconverting a semi-elastic soil system
into an elastic one, is of course only present if climatic conditions are such that the
soils will not dry to any extent before they are saturated by rainfall. If puddled soils
dry, then their aggregates are often denser and more resistant to rainfall than the
original ones, cf, ViLENsky {1934). In the Netherlands where ploughing is often done
in the autumn, drying by evaporation will seldom take place. Even soils belonging to
the semi-elastic systems may be easily dispersed due to 'rainfall, if they have been
worked at too low a suction, as this working reduces considerably the stability. This
phenomenon has been observed by Jonger & VERVELDE (1953).

The stability analysis of the worked soil could be used in the case of the model
tillage tests to determine the degree to which working had affected the soil. It is doubt-



139

ful whether this method would give the same results if applied to practice. The dis-
homogeneity of the field samples might well mask the influence of the tillage operation.

2.6 NON SCOURING OF S0IL$ ON IMPLEMENTS

The backswelling characteristic of a soll may explain to some extent its sticking to
the plough. Fountame (1359} might have followed the same reasoning writing ‘Das
legte die Vermutung nahe, dass der auf einem Werkzeug bewegte Boden eine héhere
Reibung verursacht als ungestorter Boden’.

Ifa soil sticks to an implement which is moved through it, this means that the soil
particles stick better to the implement than to the other soil particles. This may have
two causes; the first is that the soil units are deformed by the sliding over the imple-
ment surface so that the contact with the implement is better than with the other
soil units; the second factor is that the friction is proportional to the soil moisture
tension as investigated by Fountame (1954) and that a certain degree of puddling
may occur during the sliding which raises the moisture tension (change from the
desorption curve of the granules to that of the drying slurry). On the metal surface
this tension will be largest; it will be lower further away, because the puddling will be
most intensive near the surface and because no water can flow from the metal to
decrease the tension, but must be drawn from the surrounding soil. By the larger
tension at the metal-soil interface, the soil will stick to the metal surface.

3 RICE GROWING

The examples and discussions in this paragraph are limited to the rice growing in
Indonesia. They should be applicable to all regions where similar conditions as to
soil, climate and labour prevail.

3.1 DESIRABILITY OF A THIN MUD

In contrast to other crops rice is grown if possible in a near liquid mud, covered by
some inches of water. That this mud closely reserbles a mechanical suspension which
has settled out is corroborated by the statement of Van bE Goor (1950a), that the
mud of a well prepared paddy field contains considerably more moisture than the
fully saturated dry soil, which tallies perfectly with the experiments (cf, I, 2.5.8.4).
The necessity of the covering with water is explained by the beneficial influence
it has an the suppression of weeds {Van pE Goor, 1950b), and the low expenditure in
work versus the furrow irrigation (TERRA, 1939). The necessity of converting the soil
into a mud has usually been founded on the decrease of water losses it induces.
There exist however low lying regions with very heavy soils {margalite) where
drainage is naturally low, but where also the soil is converted into a mud. As much
labour is required for the preparation of a paddy field, 13 man days and 24 cattle days
in Java for rice against 5 man days and 7 cattle days in the Netherlands for rye
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(TErRRA, 1959), it is interesting to know whether the mud is a better environment for
rice than a finely granulated soil, for instance latosol.

Although numerous authors have stated that a well prepared mud is favourable
for the development of rice, i.a. VAN DER Erst (1925) stresses the better water perme-
ability of 2 mud compared with a paste, real experiments to establish the difference
quantitatively are scarce.

3.1.1 Granules versus mud

An example is given by Vax pE Goor (1950b) who studied the influence of mud
making on the yield of rice on a mature reddish brown lateritic soil (latosol}, derived
from andestic tuf near Bogor, Java. The data reproduced in table 56 have been taken
from his table 5.

Tasre 56. Influence of soil structure on yield of rice (Van pe Goor)

yields in 100 kg/ha of sundried paddy

Variety Mas Variety Sukanandi
yield difference yield difference
Experiment 59/Lec  97/Lc 59fLe  97/Le  73/Lc 98/Lc 73/Lc 98/Lc

A, sawah!) weeded,

standard for D 38.2 42.4 27.2 30.2
D, sown on dry cultivated

soil, inundated im-

mediately, weeded 23.7 380 —145 —44 18.1 180 —91 —122
B, sawah not weeded,

standard for E 369 39.0 21.1 21,1

E, as D, not weeded 7.7 —29.2 3.7 -—17.5

Almost significant differences for 59/Le 1.6; 97/Lc 5.2; 75/Lec 2.7; 98/Lc 7.4,
1) A sawah iz a wet tilled paddy field.

It is clearly seen that the yields of the dry cultivated soils are appreciably lower
than those of the sawah soils, the difference being largest for the unweeded fields.
This decrease in depression by weeding, may be explained by the way weeding is
usually carried out. The weeds are turned upside down with the toes and trod into
the mud, an operation which converts part of the aggregates into mud. The beneficial
influence of the mud or flock structure, compared with the small granules may be
explained in the following way.

As the Muara latosol if moistened suddenly falls apart into small sandlike granules
it is improbable that root growth is impaired by mechanical obstruction, nor is the
uptake of water restricted. It is more probable that the exchange of ions between clay
surface and soil solution is hampered by the steric factors {close packing) caused by
the granulation, so that only the outside surface is available for the exchange reactions,
the roothairs being unable to penetrate into the granules. In the mud the distance
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between the clay particles is large compared to that of the granulated soil so that
the exchange reactions from the clay surface with the roothairs and the solution are
less impeded. As the nutrient status of the mature latosols is usually low, the reduc-
tian of the available surface by granulation might be the cause of the lower yield of
the dry tilled soil, compared to that of the wet tilled. Where soils are poor, fertilizers
expensive and labour cheap, the wet tillage of the paddy fields seems rational not
calculating the lower waterloss.

The postulation that the availability of plant nutrients is a function of the direct
contact area soil-water, is in accordance with the results ohtained by Hurrman,
Care & Demine (1960), who studied the initial solution rates of an iron phosphate
with different surface areas and the uptake by cornplants. They found that both the
solution rate and the uptake were proportional to the surface area of the fertilizer.

That the better availability of the nutrients is a factor, was indicated by the result
of a preliminary pot experiment where the growth of rice in a slurry of latosol was
compared with that of the inundated soil. The growth was better in the slurry but
stagnated after some time, liquid fertilizer was then injected into the rootzone. The
response to the fertilizer was quicker and stronger with the granulated soil, which was
ascribed to the quicker adsorption and consequently lower activity of the fertilizer
in the slurry.

3.1.2 Paste versus mud

That the mud should be nearly liquid is proved by ancther experiment of Van bz
Goor (1950a) in which he compared ploughing at field capacity with that of tillage
after inundation. The soil was the same as in the previous experimegnt. The data are
represented in table 57.

Tasee 57. The influence of moisture content at tillage on the yield of rice (Vax pe Goor)

yield in 100 kg/ha dry kernels

tillage Mas Gendjahratji
with excess of water 26.9 25.0
at field capacity 202 13.6
difference — 6.7 — 114

It is seen that the ploughing at the lower moisture content has reduced the yield
in one case by nearly half.

By ploughing at field capacity the granulated soil will have been transformed into
a more or less homogeneous paste. As this soil has an inelastic moisture characteristic
no water is adsorbed by the paste after inundation. By harrowing after inundation
the paste will have been only partly dispersed, the slippery rounded surfaces of the
large clods offering little grip to the tines of the harrow.

The following factors might have hampered the growth of the rice, 1f it had to
grow in lumps of paste instead of in a liquid mud.

a. More energy is required to withdraw water from the paste than from the mud.
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The mud is comparable with a suspension which has settled out from excess water,
the paste with a partly desorbed suspension. This can explain the observed moisture
deficiency symptoms.

b. The diffusion of nutrients through the lumps will have been slower than
through the mud. This may explain the observed nitrogen deficiency, even though
green manure had been applied,

¢. The growth of the roots may be hampered mechanically by the higher resis-
tance of the lumps to penetration.

A pot experiment with margalite from experiment station Ngale, Java, showed
that the growth of rice (cv. Manipsuri Dumai 2041) in a thick (669, water) paste
was retarded in comparison with the growth in liquid mud, (1809, water}. (cf.
phatograph 8)

At the end of the experiment it became apparent that the roots had penetrated
the cake of stiff paste in the dishes and grew under it. They had lifted the paste, and
were able to adsorb free water consequently. The differences in yield may have been
reduced by this reason. As the roots will not have this opportunity in the field, in
practice the difference in yield might be larger. The yield in ovendry unhusked
grain was 5.66 gram per plant for the rice grown in the mud and 4.54 gram for the
rice grown in the paste, the difference being 1.12 and the mean error of the difference
0.82. The growth curve is given as total length of leaves per plant, during the vege-
tative state in fig. 37. The flowering of the plants grown in the mud started about a
week carlier than that of the plants in the paste,

1500}

1000

Total length of teoves {cm) per plant

Fia. 57. Growth curve of rice

Total length of leaves per plant
x x mud with 180%, moisture
« » paste with 669 moisture

257 37 6/8 138 208 B S/9 date
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The causes of the slower growth and lower yield of rice grown on the paste in
comparison with that grown on the mud of margalite will he the same as with the
latosol.

The differences in availability of water are illustrated in fig. 58. The energy
necessary to withdraw a 209, of water per gram of dry matter will be in the case of

%H0

A 160

|
H4OQ
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Fic. 58. Desorption curve ofr margalite soil

% moisture against suction 8 oo

A. slurry with 180% rnoisture /—
6 . o

B. soil worked at 669 moisture P Tem 1201 100 50 0

the mud with 180 %, moisture, 2500 erg and in the case with the soil worked at 66 %,
11000 erg. After withdrawal of this quantity the suction will be 20 g/cm?® in the first
case and 110 g/cm?® in the last case. It must be born in mind, however, that the energy
to withdraw water does not necessarily increase according to the suction moisture
content curve; moisture losses may be replenished from the water standing on the
field, if the structure of the mud is able to withstand the pressure gradient caused by
the suction of the roots. In the field no example of the drying of the mud covered with
water has been found, but in pot experiments with vigorously growing rice the mud
in the centre of the pot (10 1) was concentrated into a tough paste. As the permeability
of the paste is much lower the probability that waterlosses will be replenished is also
lower.

Figure 58 shows the desorption curve of the paste after swelling in excess of water.
This may be a favourable representation as it is not certain that in practice the paste
will swell to the same extent as its lumps will have larger dimensions, and certainly
not if the paste has been made by partial dehydration of a mud caused by failing
watersupply.

Summarizing the possible advantages of liquid mud over granulated clay soil or
a paste we get the following picture, summarized in table 64.

Tasre 58. Qualification of soil structures as to their suitability for rice growing

mud paste granuiated
waterlosses low low high
availability of nutrients high low low
availability of added nutrients, no leaching low low high
availability of moisture high low high

(It is supposed that the roots will grow ingide the paste and mud but outgide the granules)
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With these experiments it has been shown that liquid mud is in most cases the
best medium of growth for rice and a tough paste the worst,

3.2 'TECHNIQUE OF MUD MAKING

As the subject may be unfamiliar it is perhaps appropriate to dwell a bit longer on the
tillage operations involved with mud making and some other problems involved with
rice growing.

3.2.1 Necessity of over saturation

The more or less granulated soil is converted into a mud by ploughing the land after
it has been inundated completely, As the soil is super saturated the cohesion of the
granules has obtained its minimum value, but as the friction between the soil units is
low (Nicaors’s lubricant phase) the force that can be expended on the soil per
unit of treatment is also low. This means that the drawbarpull is much lower than at
field capacity and that the operation will have to be repeated if a high degree of
dispersion is desired. This lower amount of energy per unit of treatment is very
important as the maximum draw in rice farming is often limited to one pair of
buffaloes; but as the time factor is of less importance there is little objection against
the repetition of an operation. Moreover if the soil has been worked at field capacity
into a paste, this paste has often to be converted into a mud by further operations as
the pastes of calcium margalite and latosol do not take up water spontaneously. This
is particularly the case with latosol. The granules which are destroved in excess of
water are at once converted into a suspension as has been demonstrated by the tillage
experiments, The total amount of labour will be considerably higher in the case the
mud making is started at field capacity than in the case tillage Is started with a super
saturated soil. Only in the case of illitic soil the difference will be less as pastes of
these soils have very little stability,

Having explained why the tillage operations should be carried out with sorne water
standing on the land, the question arises at which moisture content should the soil be
inundated.

3.2.2 Influence of state of soil at irrigation

After harvest the soil i3 usually in the state of a tough paste divided by fissures into
large hexagonal blocks. As the latosols and margalites take up little water and at a
slow rate, tillage will be difficult at this stage. The soil being in a worse state than
after ploughing at field capacity. A high cohesion, a high uniformity and a slippery
surface make it difficult to disperse the soil paste,

The more the soil dries out (between sticky point and shrinkage limit) the more it
will be divided into smaller units by shrinkage fissures and the more it will break up by
swelling if moistened {cf. photograph 7). This phenomencn is of great importance
with the smectite containing clays and is very helpful in the preparation of soils for
dry land crops (Dames, 1951). With illitic clay and latosols it will not manifest itself
to any useful extent.
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If a soil dries out below its shrinkage limit the influence of entrapped air will
enhance the slaking, giving rise in the case of the margalites to a very increased
swelling and a high degree of dispersion. The latosols being more stable are not
dispersed but slake into fine granules with the dimensions of fine sand or silt, while
the degree of slaking of the illitic soils depends on the amount of organic matter and
ultra clay ranging from no effect to complete dispersion.

Though the stability in the saturated stage of a piece of latosol paste is lower than
that of the granules, the amount of work required to disperse a field being in the
latter condition will be smaller, as the paste will be present as big lumps and the
granules as loosely packed sand. The reasons are the following:

a. The friction will be lower. The squeeze of water from the interstices between
the granules, by the compressive action of the plough has a lubricating effect. As little
freewateris presentin the paste this lubrication will be nearly absent. With the gran-
ules the contact with the implement will be not as good as with the paste and there
is not need for cutting loose the plough beam.

b. More soil will be brought into suspension per unit of action. The formation of
a slurry can take place only at the interface granule water, as the destruction caused
by the rolling of soil units over soil units during the upward and forward movement
induced by the plough. In a granulated soil this interface is large and free water is
present between the granules which will all be displaced with regard o one another.
In the paste units are large and there is a possibility that the soil will only suffer
plastic deformation with consequent little water mixing,

The importance of the state of the soil before inundation has been made plausible
and it is seen that full advantage has to be drawn from the changes that take place
spontaneously when a dry soil is flooded to ensure a succesful mud making. The forces
at the disposal of the indigenous rice farmer are small compared with the forces
which act on a dry soil if it is submerged.

‘Whether the conditions for mud making, i.e. excess of water on a dry soil are met
depends on:

a. The quantity of water available. If the supply is insufficient or intermittent, the
swelling of the margalites is interrupted and relatively stable granules are formed.
Accordingly Smrrs (1926) has found that the time necessary for the first ploughing
of one ha margalite clay soil may vary from 15 to 89 hours depending only an the
watersupply (mean value 54.3).

b. On the rainfall during the dry season. It can be so high that the mud does only
dry into a paste difficult to convert into a mud. VAN pEr Eirst (1916) mentions that
irrigation on a dry soil gives an easier tillage than irrigation on a soil wetted by
rains.

The degree of drying necessary to cause air explosion is higher for the margalite,
approximately pF 6 for a drying slurry (509, rel. humidity) than for the latosol,
approximately pF 5 (rel. humidity 93 %,).

The coarser has been the slurry the lower will be the pF at which the pores will
be filled with air and air explosion starts. Moreover, dryving of the latosol wili be
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easier as its backswelling characteristic is inelastic, superficial drainage is easier and
the capillary conductivity of the latosol profile will be less than that of the margalite
as the ploughpan of the latosol causes a sharp discontinuity (Kozgnics, 1951). There-
fore difficulties in drying are only encountered with the margalite,

¢, On the continuity of the rammfall during the wet monsoon. If the rainfall is interrupted
by a long spell of dry weather the mud will dry into a paste. This mainly occurs where
the irrigation system is insufficient or where the water supply depends entirely on the
rainfall. This factor has been discussed by JoosTEN (1934) who, estimating the im-
provements caused by technical irrigation of a margalite area writes: ‘Susceptibility
to root rot is stimulated when an early beginning of the rainy season, —is followed by a
stagnation of the rainfall. This results in a retardation of the soil treatment and the
drying up of the fields. The soil then obtains an unfavourable structure, which can not
be improved again to an important extent’,

3.3 FLoccuLaTtion

A desirable property of the mud not yet mentioned is that it should be flocculated.
If this is not the case the scil will ultimately be carried from the paddy field into the
sea, and severe losses of topsoil occur even on flocculating soils if the outlet of a field
is opened during and shortly after the tillage and weeding operations. Afier the clays
has settled out its surface is soon protected by a mat of algae. If the water remains
turbid the algae can not develop, and if rice is not transplanted but sown, the seed-
lings will be suffocated {DE Wrr, 1960). Flocculation moreover is necessary to give the
mud some rigidity, so that the riceplant will find some support.

3.4 DisCUSSION OF THE INVESTIGATED CLAYS AND SOILS AS TO THEIR SUITABILITY FOR
RICE GROWING

Having established that for various reasons a well flocculated suspension is the
most suitable structure for rice, which has much less exacting demands than the
dry crops, we may now group the investigated soils and clays as to their physical
suitability for rice growing, bearing in mind that the flocculation value and the
stability of granules and pastes should be low but the destructive effect of sudden
wetting high.

Table 59
Flocculation value Stability of granules Stability of paste Destr. effect of sudden wetting
(Ca and Mg} {Ca and Mg) (Ca and Mg)
prohibitive: low low high
all Na- and K-soils kaolinite, illite illite, illitic soils matrgalite soil, illite
latosol excepted intermediate kaolinite, bentonite intermediate
bentonite, margalite soil, high bentonite, kaolinite, illitic soils,
illitic soils margalite soil, latosol
high latosol low
latosol, illitic soils illitic soils, rich in organic

rich in organic matter matter




V THEORETICAL CONSIDERATIONS

1 LIMITATION OF THE SWELLING

By the experiments described in 1,2 it has been proved that many clays have a limited
swelling in distilled water and consequently a certain resistance to mechanical dis-
persion.

In order to explain this phenomenon it seems worth wile to consider the behaviour
of calcium bentonite more thoroughly. This material has been investigated by nu-
merous authors: HorFman & Brke (1936), Mooxey, KEEnan & Woob (1952a),
NorrssH (1954). It exhibits a limited swelling in distilled water, the maximum
distance of separation observed is 11.6 A, corresponding to four layers of water.
Therefore any explanation of this behaviour should apply to a certain degree to the
observed limited swelling of soil granules. As the relative vapour pressure at which
this initial swelling of bentonite saturated with different cations occurs is inversely
related to the hydration energy of the cation present, it is assumed that this first
swelling is caused by the hydration energy of the cations.

1.1 DisPERSION FORCES

To explain this limitation of the swelling one could resort to the LonNnon-VAN DER
Waauis’ forces, which play an important role in the older concepts of soil structure
based on flocculation and in the theory on colloids with a constant surface potential,
In this approach this force was or is the only attractive force opposing the osmotic
force separating the particles.

Until some years ago however no experimental proof had been furnished with
regard to the magnitude of the constant necessary for the calculation of the attrac-
tion.

In 1954 it was determined by DerjacuiN e.a. and in 1960 these experiments

were confirmed by BrLack, DE JoNGgH, OVERBEEK and SPARNAAY.
By these measurements only the constants of the retarted van der Waals® force were
determined. As the experimental values for this constant agree fairly well with the
theoretical value, it may by assumed that also the theoretical value for the constant
A of non retarted Lonpon-Van DER Waars’ force, i.e. 10712 erg, is correc.

As also the theory on the swelling pressure of colloids with a constant charge
has been worked out {cf. 1,2) a calculation can be made an order to see whether
the LoNDON-VAN DER Waals’ force is strong enough to prevent separation beyond
four layers of water.

1.L1.1 Calculation of attractive potential due to LoNDON-VAN DER WaALs

The calculation of the attractive potential due to LoNpon-Van pEr Waars® forces
has been made using the complete formula (No. 48) given by VErwey & OVERBEEK
(1948) and using as constant {A) 10-12 erg,
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This is not quite correct as a correction for A should be applied as soon as the medium
is water and not vacuum as used in DERJAGUIN’s experiments. The new constant
should be calculated according to: A == A}, -+ A,, — 2A,,, where Ay, refers to the
interaction between the atoms of the plates, A,; to the interaction between the water-
molecules and A, to that between the clay surface and the water molecules. Since the
attraction of clay for water is very strong, A,, will exceed A,., so obviously A will be
smaller than A,;. Accordingly the use of A,; will lead to an overestimation of the at-
tractive potential.
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Fic. 59. Energies between plates of montmeorillonite at zero electrolyte concentration

1. hydration energy of the cations

II. attractive potential due to LoNpon-Van neEr Waars forces
IIL repulsive energy due to swelling pressure of monovalent cations
IV. repulsive energy due to swelling pressure of divalent cations

V. electrostatic contractive potential due to monovalent cations
VI. and to divalent cations, according to MacEwan

This uncorrected potential is represented by curve II in fig. 59. Curve I illustrates
the hydration energy of the cations, which is very high but falls of steeply with in-
creasing distance,

1.2 (CALCULATION OF THE REPULSIVE POTENTIAL

The maximum value of the repulsive potential occurs in salt free systems. In that case
the potential is easily calculated by means of integration over the swelling pressure-
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distance curve of the system. One finds for the swelling pressure at zero concentration
{ScrOFIELD, [946)

_R.T.x*
S 2 B D8 in which R = 8.21 x 1.0l x 10* dyne
z = valency of the counterion
B = 1.06 x 10 cm/millimol
D=d 4+ §—4, 8§ = 4/z for montmorillonite
d = halfdistance in A (cf. I, 2.4.2.2.)

The repulsive potential {Eg) per cm? opposing surface is then equal to

[+ <] o0 k1
2R.T.n* dD -2R.T.x?
Er=2{P.dD="";%"f D= m.g.D
D D

This relation between the repulsive potential and distance is represented by
curve III (fig. 59) for monovalent ions and by curve IV for divalent ones.

1.3 CoOMPARISON OF ATTRACTIVE AND REPULSIVE POTENTIAL

Though the attractive potential has been calculated using a constant which is
probably too large, it is evidently not large enough to explain the presence of an ener-
gy barrier at about 5 A half distance, as is necessary to account for the observed
limitation of the swelling to this distance. So some other attractive force must be
present.

1.4 PLATE CONTRAGTION CAUSED BY COUNTER IONS IN THE MIDWAY POSITION

A suggestion was made by MacEwan in 1948, followed bya quantitative formulation
in 1954, that this contraction may be due to the presence of all the cations in the mid-
way position and that it is based on the resulting electrostatic attraction between the
cations and the opposite negative charges.

In order to explain how the cations, which are the cause of the repulsion at one
distance can effect a contraction at another distance the following reasoning is
adopted chiefly based upon MacEwan’s work:

1.4.1 Limitation of the Gouv-CHAPMAN theory

When the interaction is considered between clay plates at very short distances, i.e.
distances comparable to those between the individual charges on the clay plates, the
standard treatment based on the Gouv-CraPMaN theory is obviously not satisfactory.

Thus the latter theory departs from the assumption that both the colloid charge
and the diffuse countercharge are homogencously distributed in lateral directions,
This then leads to a zero value of the electrical potential gradient in the plane of
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symmetry between the interacting plates, which implies the absence of MaxwELL’s
stresses in that plane,

For this case the interaction between double layers of adjacent plates leads to a
‘swelling pressure’ of the system equal to the hydrostatic pressure in the plane of
symmetry, which in turn may be found from the ionic concentration in this plane.
Consequently any attractive force, if present, must be derived from interactions
different from the electrostatic interaction between the diffuse double layers, as e.g. the
Lonpon dispersion forces.

The situation becomes entirely different in case the distance between the ions and
the plate is such that the individual fields of the ions and the plate charges emerge
clearly, cf. fig. 60. In this case the electric field strength will usually not be zero in the
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plane of symmetry and the conditions for the application of the Gouy-Crarman
theory, based on lateral homogeneous fields are not longer met. In consequence the
Gouy-CHAPMAN type of calculation should be replaced by a MADELUNG type, in
which the interaction of each individual cation with the surrounding negative and
positive charges should be calculated.

1.4.2 MacEwan’s calculation of the MaDELUNG potential

As a first approximation MacEwaN attempted in 1954 to calculate the attractive
potential assuming that the ions were placed in a square, The. curves V and VI of
fig. 59 signifying the electrostatic attraction of systems containing mono- and divalent
ions, resp., have been taken from his fig. 1 (curves 1 and 2). It is seen that these forces
are of the right order of magnitude, though they are so large that they will prohibit
a swelling beyond 5 A half distance in the case of monovalant ions.

From the data of NorrisH it follows that the contractive and repulsive forces are
near equilibrium in 0.3 N sodium chloride solutions, as at that concentration
separations of 9 and 30 A occurred simultaneously. Consequently the attractive
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potential should be even less as the repulsive potential is lowered by the rise in salt
concentration. On the other hand one might argue that the repulsive potential as
calculated here may be too small as for the calculation of the swelling pressure all of
the water between the plates has been taken into account, not correcting for the
hydration water of the ions and the clay surfaces. If the hydration water is substracted
from the total amount of water the swelling pressure will increase considerably at
small separations.

Also it is very dubious whether Van 't HorF’s law can be applied at all, Thus
Van ’t HorFrF's law is based upon ideal (homogeneous} solutions. As the ions will
occupy fixed positions at 5 A half distance, any increase in plate separation should
involve a considerable gain in entropy of the system, thus favouring the swelling.

As all these corrections are difficult to apply, the author will limit himself to the
suggestion that these electrostatic mozaic forces may, in view of the obvious deficiency
of the LoNponN-Van DErR Waats forces to explain the observed plate condensation
of calcium montmorillonite, very well prove to be the cause of this phenomenon.

1.4.3 Energy of activation of the swelling process

Another difficulty with this kind of calculations is that it is not certain whether
the electrostatic attraction and the repulsion act to the same degree over the entire
surface. Due to diffusion difficulties the osmotic swelling can only develop fully there
where the system is in contact with free water, i.e. initially only on the contour. So at
first the repulsive force must be also able to bent the plates apart at the circumference
or to overcome the contractive force over the entire surface if water is to be adsorbed.
In fact this means that initially a considerable energy of activation must be overcome
in order to initiate swelling, Some proof for this hypothesis may be found in the
marked hysteresis of the swelling and desorption of clays during equilibrium with
water vapour, established by Mooney, Keenan & Woon (1952 b). If this hypothesis
13 true, then the primary swelling should also depend on the dimensions of the crystals.
This was found by WALKER (1958) who observed that particles of Macon vermiculite
smaller than 1 micron expanded within some minutes from 4.4 to 6.3 A separation,
that particles of 40 microns did so within some hours, but that particles of 1 mm wide
and 0.1 mm thick failed to expand after some weeks.

1.4.4 Qualitative discussion of the electrostatic attraction

Though the quantitative approach is difficult, the following qualitative aspects of the
electrostatic attraction are evident:

a, The electrostatic attraction will diminish quickly, once the clay crystals become
separated over a distance larger than the diameter of the hydrated ions.

Most of the ions will not keep their midway position in this case, but segregate
to one of the walls (the minimum distance remaining the radius of the hydrated ion).
As the contractive force exerted depends on the attraction between the cation and
the furthest wall, the contractive potential will decrease rapidly upon separation of
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the plates, This is enhanced by the fact that the dielectric constant of the additional
water will be much higher, than that of the first layers of water. Furthermore the
repulsive potential will add a vector perpendicular to the crystal plane as soon as all
the cations are no longer in a midway position.

b. The contraction caused by divalent cations will be larger and persist over a
larger separation.

Though the electrostatic attraction remains the same (twice the potential per ion
half the quantity of ions}, the hydrostatic pressure due to the difference in concentra-
tion of the liquid between the surfaces and the outside solution, will amount te about
half of the pressure caused by the monovalent jons.

1.4.5 Difference between sodium and potassium saturated systems

Though the difference in swelling between monovalent and divalent ions is easily
understood this way, the difference in behaviour between sodium and potassium
saturated clays must depend on other factors,

The potassium ion has a smaller hydration mantle than the sodium jon. Con-
sequently the distance between the potassium ion in the midway position and the
centre of negative charge will be relatively small and the Madelung attraction
strong, for this reason, and because at this separation the dielectric constant is low
as all the water is still strongly oriented by both the ions and the walls

2 APPLICATION OF THE CONCEPT OF MADELUNG ATTRACTION

2.1 THE COHESION OF GRANULES

In case the electrostatic attractive forces prohibit the swelling within the polyplates,
they should also be active there where polyplates are in close parallel contact with
another. In the regions where the contact is not close, the full - or a fraction of the
swelling pressure — may exist, depending on the separation in that region. Whether
the net contractive force of the areas in close contact or the net swelling pressure in
the areas further separated prevails, will depend on the ratio of the respective areas
and the values of the forces acting there.

The net swelling pressure reaches its maximum at some distance beyond the
critical separation. Therefore the chance that desaggregation will occur is maximum
when the distance of sepaiation equals that of the distance where the net swelling
pressure is maximum, it will decrease at larger or smaller separations. {This is the
reason why there is little hope to verify the MapELUNG forces experimentally. If by
X-ray a separation of 10 A is measured, the separation at one quart or one third of
the surface of the cross section will be 30 A, see fig. 1, a distance where the repulsive
forces will be larger than the attractive ones. Therefore the value found for the
concentration at which the interlayer distance of sodium bentonite jumps from 10 to
30 A is no base for theoretical considerations without corrections).
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S0 an infinite range of combinations, on which the stability of the granules will
depend, may occur,

We may thus regard the cohesion of granules as the resultant of Gouy separation
force and electrostatic attraction, the latter being enforced by edge to surface
attraction and confining forces such as bonds caused by the presence of organic
matter. In the case that all these forces nearly balance each other a small decrease of
the swelling pressure may result in a relatively large increase in stability.

2.2 (OBSERVATIONS SUPPORTING THIS CONCEPT

The electrostatic force does only work if the cations are in the midway position
between the charged plates. As the dimensions of the hydrated calcium ion are larger
than those of the potassium ion, the moisture content at which stability is reached
will be higher for calcium than for potassium. This has been demonstrated by the
back swelling curves of margalite clay, knip clay and basin clay. That higher pressure
will be necessary to obtain this distance in the case of the potassium suspension follows
from the higher swelling pressure of clay saturated with monovalent cations, which
continues to be active at smaller separations than is the case for clays saturated with
divalent cations.

That especially the clays saturated with the small potassium ion have to be
compressed to values lower than those at which electrostatic attraction should become
dominant may be caused by the irregularity of the arrangement of the clay plates.
To bring about a large enough area of contact, a part will have to be compressed
beyond the desired distance to bring another part within that distance. With subse-
quent swelling some rearrangement, bending or fractionation may be the cause that
the area of contact is not decreased proportionally to its increase at compression.

An interesting observation is that the backswelling was quickest with pastes
desorbed just near the point where the colloid became semi-elastic. Perhaps part of
the polyplates were then at a distance where the osmotic force is maximum,

That the types of arrangement and the possibilities to ensure close contact play
an important role, is demonstrated by the fact that with slurries allways a higher
degree of dehydration is necessary to get a gemi elastic behaviour than with suspen-
sions (cf. backswelling curves of calcium bentenite, -margalite, -basin clay, potassium
margalite and -basin clay). Secondly with coarser fractions of clay minerals the
semi-elasticity becomes less pronounced and is originated at higher pressures (calcium
knipclay), the coarse pure calcium illite {Fithian) exhibiting no limited swelling.

By working soils and clays at increasing moisture contents and determining the
stability then, it was found that the potassium clays and soils did disperse spontane-
ously if the original structure had been altered by the kneeding in such a way that
the moisture was evenly distributed. The calcium clays mostly stuck together if
worked into 2 homogenous paste, especially the smectites. Moreover the moisture
content at which complete alternation of the original structure could be obtained
was lower with the potassium clay than with the calcium clays. This is in agreement
with the predicted influence of the dimensions of the hydrated cation and its valency.
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3 OBSERVATIONS NOT EXPLAINED COMPLETELY BY THE
CONCEPT OF MADELUNG ATTRACTION

According to the theory presented considerable work must be done to overcome
Gouy repulsion between parallel plates, before the distance is lowered to the range
where the MapeLuNG forces become active. Nevertheless the following observations
seem to prove the contrary.

3.1 ‘FLOCCULATION’ PHENOMENA

3.1.1 ‘Flocculation’ at low salt concentration

From the change in colour from the transparent yellow to opaque white, observed if a
sodium bentonite suspension is passed through a calcium resin column, it might be
inferred that the crystals are bound into larger units. At the same time a strong
Schlieren effect is observed which means that the larger units are elongated in the
direction of the a and b axis (¢f. Le CHATELIER, 1910). Although this schlieren effect
is not observed with sodium bentonite at low salt concentrations, a weak effect can
be seen if the concentration of sodium chloride is increased (between 10-2 and 10-1).
That it does not depend on the thickness of the crysials follows from the observation
that the ultraclay of the soil illites does not show the Schlieren effect although the
crystals are at least twice as thick as those of the sodium bentonite since the specific
surface area of the soil illites is half of that of the bentonite. The suspensions of the
coarse fractions of these illites show the Schlieren effect strongly, irrespective of the
saturating cation,

That this association is accompanied by a condensation has been proved by
BLackMORE & MiLLER (1961) who observed that a 10 A separation was detectable
after the exchange had been completed and that this separation was still observed
in the ultra clay separated by a supercentrifuge. They proved also that the units
increased in thickness with increasing suction.

From these observations it can be concluded that the energy necessary for this
type of condensation may be provided by the kinetic energy of the platelets themselves
and that this association takes only place over a small part of the surface as otherwise
no Schlieren effect could be observed.

In order to explain this type of flocculation one might think of the influence that
the strength of the positive field of the edges (cf. ScrorieLD & Samson, 1953) has
on the place where the collision between the plates will take place. The relative
strength of the positive field depends on the salt concentration, If the negative field
is very extended {monovalent ions, low salt concentration), then the positive field is
overlapped by the negative one. With decreasing thickness of the negative field (diva-
lent ions or higher salt concentration), the positive field will emerge gradually (cf.
Frissew, 1961).

It is thought that in the first case the negative field is so strong that no collision
will take place, If the negative field is however weakened slightly, then the ficlds from
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the edges are nearly neutral or weakly positive. The interaction of the negative fields
would be strong enough to prevent a penetration of an edge to the negative surface
in the middle of the plate. Nearer to the edge there is however a region where the
negative field will be weaker and a collision may have place there. The most probable
collision wiil be a frontal one. All other collisions will be deflected by the interaction
of the negative fields. Till the plates come quite near to one another no interaction
will take place. If the plates are not moving in the same plane, the collision will be
elastic and no bond will be the result, If they are moving in nearly the same plane,
then at very short distances the positive edges will interact deflecting the plates slightly
from their course. Once the edges of the plates have passed cach other, both will be
attracted to the surface of the other plate (linear type of attraction). From the kind of
the collision the possibility is given that the plates slide over each other during a short
moment over a short distance, giving the electrostatic attraction a chance to become
operative. Whether this collision will result in a permanent bond will depend on the
relation of the attractive forces between edge and surface with the combination of
ManzLung and osmotic forces in the area overlapped and on the surface of this area.

As this type of flocculation is only possible with a very special type of collision, it
must be necessarily slow, This ‘Chain’ type of units formed is illustrated by figure 61.

. “C“

Fic. 61. Chain type flocculation of calcium bentonite at low salt concentration

3.1.2  Flocculation at high salt concentration

At high concentrations where the negative field is more suppressed and the positive
ficld emerges clearly, the mentioned type of flocculation is not expected as the positive
fields will repulse each other. An edge to surface flocculation as suggested by Vawn
OupreN (1951) is more prohable, the plates moving in crossing planes. As at this
concentration nearly every collision will result in a permanent union of the particies
the flocculation will be quick. These units should be isotropic and consequently no
Schlieren effect is observed if flocculated suspensions are stirred.

This type is the common or card house type of flocculation, illustrated by fig, 62.

The direction of the collisions makes it more probable that the plates will remain
at angles unless forced by external pressure into a parallel orientation. This type of
flocculation will be reversible. The electrostatic attractive forces are small, only a
point type of contact, and consequently they will be overcome if the negative fields
expand again on lowering of the salt concentration, The parallel type of flocculation
will be more resistant as the attraction between edge and surface takes not place at
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Fic. 62. Common or cardhouse type of flocculation at high salt
concentration

some points only, but over a longer linear distance. It will depend on the surface
covered, where with decreasing concentration repulsive forces might prevail, in
proportion to the line where attraction will dominate whether the bonds will be
severed. The chain type of flocculation will permit a 10A separation to be observed
in the case of calcium bentonite, as this distance will prevail in the overlapped area.
With the card house type of flocculation this separation will not be ohserved as no
parallel orientation will occur. As BLAcCKMORE exchanged in a 0.00] M solution, it
is probable that he got the chain type of flocculations. As the chains will not be
very long, {Brownian movement, breakage by collisions) they may flocculate edge to
surface at higher concentrations. On the other hand formation of sheet like associa-
tions or a two dimensional network should be possible.

3.2 SEMI-ELASTICITY

3.2,1 Semi-elasticity of suspensions

The phenomenon that slightly compressed suspensions of calcium bentonite do not
redisperse spontaneously needs some explanation.

As the desorption curve of calcium bentonite suspensions is not reversible, and as
at low pressures the moisture contents are higher than predicted, not only Gouy
repulsion but a gradual collapse of some structure must play a role. The only structure
which might contain water in excess of the theoretical value is that of the flocks of the
edge tosurface type. It is probable thatin the deflocculated state some degree of orien-
tation will exist between the plates as the charges are not equally distributed, the
edges being near neutral and the planar surfaces negatively charged. The most
probable orientation will then be one with the plates perpendicular to one another.
That this orientation is probable, has been demonstrated by Warkenriv, Bort &
MiLLer (1957) who found that even the compression curve of sodium bentonite
{10— M Na(Cl) was above the predicted value, but decompression and recompression
curves just on it. So if water is removed from the calcium system the plates will be
forced into contact with one anather and the energy barrier which prevented floccu-
lation will be pierced. The pressure is not born by the whole surface of the clay but
only at some points of contact where it will be considerably larger.

Further withdrawal of moisture will necessitate an ever increasing degree of
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structural rearrangement and because the points of contact become more and more
numerous the friction will increase. As the plates or small chains bend easily, they may
be forced into close contact over a certain area and in this zone the same forces will
act as between the plates at chain formation (linear edge surface and electrostatic
attraction),

The reason why the pastes formed by dehydration do not disperse if brought into
contact with excess water may be the following:

a. The energy barrier due to the edge-surface flocculation {only of importance at
very low pressures).

b. The energy barrier due to the linear edge-surface attraction plus the MapeLUNG
forces of the bent area in close contact.

¢. The denser structure of the desorbed suspension, compared with that of a suspen-
sion made by salting out, resuiting in more points of contact per unit of cross section.

A certain amount of backswelling is easily explained by a certain degree of un-
bending and by the osmotic pressure in the interstices. With increasing desorption,
the contact area where attractive forces prevail eventually reaches its maximum. As
this area will never be more than 759, of the total, the swelling of the granules will
always be larger than calculated by the observed intercrystal separation.

It is possible that in certain cases the edge to surface type of structure is water
stable and the plane to plane type not. This is observed with the swelling of sodium
bentonite where in a salt concentration of 0.4 normal the granules change into dense
flocks. The linear edge surface attraction is changed into a point surface attraction by
the osmotic pressure in the overlapped area. The attractive force hetween point-
surface is apparently still strong enough to overcome the interaction of the double
layers.

3.2.2 Semi-clasticity of slurries

Assuming that the afore mentioned concept of the semi-elasticity of suspensions is
right, this leaves one with some difficulty to explain why the same factors are not
operating to the same degree with the slurries and suspensions of multilayer crystals.

Factor a, the energy barrier of flocculation, should be the same for both.

If the polyplates are thought to be much thicker than the chained monocrystals,
then they would be much stiffer and bent less easily. This would prevent the close
contact of part of the polyplates.

If also the dimensions with regard to the a and b axis would be much larger
(which is probable) than the number of contact points per unit of cross section
would be smaller and the structure therefore less stable. With decreasing distance the
roughness of the surface will come into play as exposed in the discussion on the conse-
quences of MADELUNG attraction.

4 CONCLUSION

It may be said that the electrostatic attraction is nowhere in contrast with the floccu-
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lation concept, but that they contribute to each other. In combination with the Gouy
theory most phenomena can be understood fairly well on a qualitative basis.

The old picture that the flocculation by addition of salts is a conditio sine qua non
for a stable structure must however be abandoned as waterstable granules can also
be prepared from deflocculated suspensions and slurries depending on the saturating
cation.

Moreover with waterstable granules saturated by divalent cations, no sharp increase
of the resistance to abrasive forces was found when the salt concentration of the liquid
was raised above the flocculation value.

Therefore one might better define the causes of aggregation as ‘close distance -+’
instead of ‘flocculation +°.

5 THE EXCEPTIONAIL BEHAVIOUR OF LATOSOLS

The behaviour of the latasol is in contrast with the above theory as its stability
decreases with increasing concentration, whereas the kaolinite behaved normally.

The main difference between the latosol and the kaolinite, is probably the pres-
ence of a large amount of iron as oxide or hydroxide, in addition to the difference in
dimensions of the crystals. The latter obviously does not offer any perspectives as to
the explanation of the observed decrease in stability with increasing electrolyte con-
centration. With regard to the presence of the iron compounds the following hypo-
thesis may be forwarded.

As the iron oxides act as cementing agent between adjacent clay crystals (cf.
Horruan e.a., 1941; Fripiat & GastucHE, 1952, BEUTELSPACHER, 1955}, a loss in
stability could be caused by a decrease of the bonding strength between iron oxide
and clay surface. The question thus arises in what manner an increase in salt level
could influence this bonding strength. The iron oxides and hydroxides (at least the
amorphous and poorly crystallized forms) are presumably nearly uncharged or even
weakly positive at pH values near neutral. If now the anions of the electrolyte present
are chemically adsorbed by the iron oxide surface, a reversal of charge would occur
at a certain minimum level of electrolyte concentration, the magnitude of the nega-
tive charge rising with increasing concentration, This then would weaken the bonds
between oxide and clay, thus decreasing stability.

Obviousty this hypothesis implies that the anion of the salt present may serve as a
potential determining ion of the oxide. In fact the destruction of the bonds between
clay and iron oxide will be a matter of competition between the bond strength oxide-
clay and that between oxide-anion, Naturally both OH- and F ions are strongly
adsorbed by iron and also aluminum oxides, and thus will influence the stability of
these soils to a considerable extent. Thus it was found (cf. 1,2.5.8.1 and I, 2.5.8.3)
that sodium, potassium and ammonium latosols did only behave like an elastic
colloid above pH 9, while only above the same pH the suspensions did not flocculate.
It seems less probable, however, that anions like chloride could affect the stability in
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the same manner. In this respect it is of interest to note that THoMas (1960) ohserved
that only ferruginous salt free soils (saturated with calcium) exhibited a salt retention
when percolated with 0.005 N potassium chloride, implying that probably the
chloride ion was chemically adsorbed, the potassium ion being subsequently retained
as counter ion. Also MaTTsoN’s observation {1931) that the iso-electric point of Nipe
colloid was influenced by the anionic species present in the system, indicates that
chemical adsorption of the anion was taking place.

6 SUMMARY

6.l THE SWELLING OF BENTONITE POLYPLATES

Water will be adsorbed between the crystals of a polyplate if the energy of hydration
of the cations plus that of the walls of the crystals is larger than the LoNDON-VAN DER
Waavs® forces plus the electrostatic forces holding them together, By the hydration
of the cations the crystals will be separated roughly to a distance equal to the dia-
meter of the hydrated cations, which will be in a midway position.

Whether the plates will swell further will depend on the balance of the osmatic
pressure in the separated area and the electrostatic attraction between the ions in the
midway position and the negative plates. Exact calculation of both forces is impossible
for lack of information on the osmotic activity of the cations and the dielectric constant
in the space between the plates.

It appears that with divalent cations the separation is not increased beyond the
equilibrium midway position. With monovalent tons (Li and Na) the distance is
increased over the distance where the ions are held in the midway position by their
hydration hull. The electrostatic attraction diminishes then rapidly due to the segrega-
tion of the cations to the walls and the Gouy repulsion separates the plates further,
With the potassium ion the distance is usually not increased beyond the midway
position as its energy of hydration is low.

By raising the electrolyte concentration, the difference in osmotic pressure
between the solution within the polyplate and the outside solution decreases and
consequently the swelling pressure. Therefore if the concentration is raised far enough
even sodium clays have a limited swelling. The same result is achieved by raising the
dielectric constant, using ethanol-water mixtures instead of pure water.

6.2 IMPLICATIONS FOR THE SWELLING OF GRANULES

By the introduction of the electrostatic attraction at close distance the limited swelling
of pure clay granules in distilled water can be explained and also the behaviour after
working the clay at different moisture contents. The failure of some clays to become
semi-elastic is thought to be caused by their roughness of surface, preventing close
contact over a large enough area.
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6.3 SEMI-ELASTICITY AT LOW SUCTIONS

For the semi-elasticity at low suctions, observed with suspensions of some clays
saturated with divalent cations, the edge to surface attraction is held responsible.
The edge to surface attraction can be differentiated into a point type of contact
giving little stability and a linear type of contact. The last one is more stable as the
edge to surface attraction is reinforced by the electrostatic attraction. The plates are
then parallel and in close contact over part of their surface. By the introduction of
these forces all phenomena observed could be explained fairly well.

6.4 LaTosorn

With regard to the observed decrease of stability with increasing electrolyte concen-
tration observed with latosol, some indication is found that the attractive forces of the
cementing agents, like iron and alumina oxides and hydroxides, are shielded by the
higher salt concentration, causing reversal of the charge of the oxides.

The coincidence of deflocculation and degranulation at the same pH makes it
probable that the flocculation forces play an important role with the stability of the
latosol granules.



SAMENVATTING

Volgens de colloidchemische theorie over aggregatie wordt de overgang van klei uit
de gesuspendeerde naar de geaggregeerde ‘vaste’ toestand ingeleid door een uit-
vlokking van de klei. Men stelt zich voor dat de in de natuur voorkomende eenheden
van de grond opgebouwd zijn uit deze viokken. De uitvlokking is een functie van de
zoutconcentratie (vlokwaarde). De vlokwaarde is vele malen groter bij eenwaardige
dan bij tweewaardige kationen, De krachten die de aggregaten bijeenhouden zijn
volgens deze opvatting dezelfde als die welke de vlokking veroorzaken. De concen-
tratie waarbij een suspensie uvitvliokt, moet volgens deze theorie dan ook als minimum
concentratie aanwezig blijven om redispersie te voorkomen. Daar de vliokken vooral
wat hun dichtheid betreft sterk afwijken van de natuurlijke eenheden, wordt in deze
verhandeling onderscheid gemaakt tussen de gevlokte toestand en de gegranuleerde
toestand, in het vervolg aangeduid met vlokken en korrels.

Het blijkt, dat korrels voornamelijk als zij met tweewaardige ionen hezet zijn, wel
een beperkte zwelling vertonen maar niet spontaan in gedestilleerd water dispergeren,
in tegensteiling tot vliokken. De colloidchemische theorie van de aggregatic en de
hezwaren hiertegen zijn in I, 1.2 en 1, 1.3 besproken,

In het experimentele deel worde de overgang van suspensie naar waterstabiele
korrel behandeld. Als maat wordt hiervoor de hoeveelheid water gebruikt die door
de klei bij een lage onderdruk vastgehouden wordt. De klei kan immers in gesuspen-
deerde toestand oneindig veel water bevatten en in gegranuleerde toestand, ook bij
verzadiging, slechts een beperkte hoeveelheid, mits de korrels waterstabiel zijn, (Daar
de bepaling van het vochtgehalte bij volledige verzadiging niet mogelijk is, wordt in
plaats daarvan als maat het vochtgehalte bij cen lage onderdruk (p¥ 1) gekozen).

Uit de literatuur, besproken in I, 1.3, blijkt dat uitdroging een voorwaarde is voor
de korrelvorming en dat de ionenbezetting een zeer belangrijke invloed uitoefent op
het al dan niet waterstabiel ziin van de korrels.

Om na te gaan of uitvlokking een voorwaarde voor de korrelvorming is, werden
suspensies van homoione kleien met zoutgehaltes lager dan hun vlokwaarde in even-
wicht met toenemende zuigspanningen gebracht, Van de zo verkregen pasta’s werd,
na zwellen in overmaat water, het vochtgehalte bij pF 1 bepaald.

Het verband tussen het weer opzwellen en de mate van voorafgaande desorptie
wordt ‘herhevochtigingskarakteristiek’ genoemd. De proeven werden zowel met de
kleimineralen montmorilloniet, illiet en kaoliniet, als met de corresponderende
gronden margaliet, knipklei en komklei en laterietgrond uitgevoerd. Van de margaliet
en de komklei werd bovendien de kleifractie geisoleerd en onderzocht. De materialen
worden beschreven in I, 2.2.1. De bepalingsmethode wordt in I, 2.3 beschreven,

De theoretische desorptie curves (volgens de Gouy-Chapman-theorie) zijn op
transparanten gedrukt om vergelijking met de experimentele waarden mogelijk te
maken, Er werden voor de berekening van de curves correcties toegepast voor de
straal van het gehydrateerde ion en voor het residuaire poriénvolume, I, 2.4.2.

Uit de experimenten bleek dat de kleien en gronden aan de hand van hun her-
bevochtigingskarakteristiek in vier groepen te verdelen zijn:
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a. Een groep waarvan de suspensie zich gedraagt als een elastisch systeem, De zwel-
ling is cok na complete uitdroging onbeperkt.

b. Een groep, waarvan de suspensie zich als een elastisch systeem: gedraagt, totdat een
zekere mate van indroging bereikt is. Daarna gedraagt deze groep zich als die van
groep ¢. De zwelling van geheel gedroogde korrels is beperkt.

¢. Een groep, waarvan de suspensie zich gedraagt als een semi-elastisch systeem. Het
vochtgehalte tot welk de pasta’s bij toenemende desorptie zwellen vermindert naar-
mate de desorptie voortschrijdt, totdat het minimum vochtgehalte na zwelling
gelijk is aan dat wat de droge grond bereikt.

d. Een groep, waarvan de suspensie zich gedraagt als een inelastisch systeem. Na een
geringe desorptie worden geen noemenswaardige hoeveelheden water meer opge-
nomen. Pas na cen zeer sterke desorptie vertonen deze gronden enige zwelling.

Tot welke groep de kleien behoren hangt van de volgende factoren af:

1. De aard van het tegenion: waardigheid, straal. Alle Na-kleien behoren bij groep a,
behalve de lateriet grond.

2. De grofheid van het materiaal. Hoe grover het materiaal is (grote kristallen of
geringere graad van dispersic), des te elastischer de herbevochtigingskarakteristiek
wordt.

3. De aard van het kleimineraal. K-bentoniet behoort tot groep a, de andere K-kleien
en K-gronden tot 5.

4. De pH. Met eenwaardige ionen bezette lateriet grond behoort boven pH 9 tot
groep a, beneden pH 9 tot groep «.

Door verhoging van het zoutgehalte kunnen suspensies van groep b naar groep ¢
overgaan, Door deze verhoging kan ook de zwelling van korrels, behorende tot groep
a beperkt worden. (Een verlaging van de diélektriciteitsconstante heeft hetzelfde
resultaat). De zoutconcentratie waarbij de oorspronkelijke vorm van de korrels
verloren gaat werd geacht de kritische concentratie te zijn. De resultaten van al deze
proeven zijn samengevat in 1.2.6.

Nadat vastgesteld was of kleien en gronden water stabiele korrels vormen, werd

hiervan de stabiliteit bepaald.
De methode en resultaten zijn beschreven in hoofdstuk IT. In II,2 wordt eerst een
kwalitatieve methode beschreven. Een bepaalde hoeveelheid korrels werd in een
maatcylinder gebracht. Na vulling met water of een zoutoplossing werd over de kop
geschud, waardoor de aggregaten langzaam aan werden vernietigd. De losgeschudde
kleideeltjes vlokken uit en, daar het bezinkingsvolume van de vlokken vele malen
groter is dan dat van de korrels, kan men aan de hand van de toename van het be-
zinkingsvolume van de vlokken nagaan in hoeverre de aggregaten vernietigd zijn, De
resultaten zijn beschreven in 11,2.2.

Het bleek dat het vlokvolume per gram afham met toenemende hoeveelheid ge-
desintegreerde klei, zodat er geen kwantitatieve analyse op deze methode is tebaseren.

Bij de kwantitatieve methode werd de hoeveelheid materiaal die door schudden
gedispergeerd was (als grens werd 40 (1 genomen}, afgezogen, ingedampt en gewogen.
Uitgaande van de veronderstelling dat de per omwenteling gedispergeerde hoeveel-
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heid klei recht evenredig is met de aanwezige hoeveelheid dispergeerbaar materiaal,
kon de volgende relatie opgesteld worden:
In(A-X) =-K.R 4+ In A,

Hierin i3 A de oorspronkelijke hoeveelheid materiaal, K cen stabiliteits-
constante, X de hoeveclheid gedispergeerd materiaal { < 40 ) en R het toerental,
A wordt gevonden als som van X na oneindig toerental en X wordt uitgedrukt als
percentage van A. Het verband tussen log (A — X) bleek vaak niet rechtlijnig te
zijn, Het is vooral aan het begin sterk gekromd en eindigt in een recht stuk. Dit kan
het gevolg zijn van het feit dat verschillende typen korrels, met verschillende stabili-
teit en in verschillende hoeveelheden, tegelijkertijd door de mechanische actie afge-
broken worden. De gevonden curve is dan de som van een stel rechte lijnen die ik de
stabiliteit en de hoeveelheid van een bepaalde klasse aggregaten weergeven. Een
analyse van de curve maakt het mogelijk een aantal stabiliteitsklassen, elk met cen
stabiliteitsconstante te onderscheiden. Voor de vergelijking van het gedrag van ver-
schillende gronden werd ook nog een stabiliteitsindex ingevoerd. Zoals te verwachten
was is de stabiliteit van de Na-kleien sterk afhankelijk van de zoutconcentratie. De
stabiliteit van de K-kleien hangt sterk samen met het kleimineraal; bij bentoniet is
de afhankelijkheid van de zoutconcentratie groot, bij margaliet kleiner, bij de zuivere
illiet weer groot, bij de illiet vit grond geisoleerd en bij de lateriet grond gering.

De stabiliteit van de Ca- en Mg-kleien is over het algemeen weinig afhankelijk van
de zoutconcentratie (zuivere illiet uitgezonderd), Een duidelijke verandering bij het
passeren van de vlokwaarde werd niet geconstateerd. Neemtbijde besproken kleien de
stabiliteit toe met toenemend zoutgehalte, bij de laterietgrond is dit juist andersom,
hoe hoger het zoutgehalte hoe lager de overigens hoge stabiliteit. De afhankelijkheid
is echter gering. Slechts boven pH 9 neemt de stabiliteit van Na-lateriet grond toe
met toenemend zoutgehalte.

Dit onderdeel van het onderzoek werd behandeld in IT, 4. Vervolgens werden de
stabiliteits indices nitgezet tegen het zoutgehalte en tegen het vochigehalte bij pF 1,
zie IL,5. Over het algemeen is er een nauwere correlatic tussen de stabiliteitsindex
en het vochtgehalte dan tussen deze en het zoutgehalte,

Ofschoon er een nauwe correlatie zal bestaan tussen de stabiliteit van de verzadigde
grond en de weerstand tegen regenval, is dit echter niet de enige factor die een redis-
persie teweeghrengt,

Ook een onoordeelkundige bodembehandeling kan de oorzaak zijn. Zo is het te
verwachten dat de gronden, waarvan de suspensies zich gedragen als een systeem dat
over een groot traject elastisch is {groep §), na een versmerende grondbewerking
geen stabiliteit bij verzadiging zullen vertonen, Daar de al dan niet funeste invloed
van een bodembehandeling in hoge mate afhankelijk is van het vochtgehalte, werd
eerst een beschouwing gegeven over deze relatie, zie III,1.

Drie factoren blijken het resultaat van een grondbewerking te beinvloeden nl.:
[. de samenhang in de aggregaten, die sterk afneemt bij toenemend vochtgehalie;
2. de samenhang tussen de aggregaten, deze is bij laag vochtgehalte gering en gaat
bij toenemend vochtgehalte door een maximum; 3. de energicoverdracht van het
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werktuig op de aggregaten ; deze is een functie van de samenhang tussen de aggregaten.

Deze relaties werden met modelproeven onderzaocht. Het bleek dat men door een
stabiliteitsanalyse van de bewerkte gronden en kleien na kan gaan in hoeverre de
interne structuur door deze bewerking veranderd wordt. Verder bleck dat de zuig-
spanning waarbij het grootste percentage van een grond door een bewerking ver-
anderd wordrt, hoger ligt voor zuivere kleien dan voor de overeenkomstige gronden.
Naarmate grotere krachten bij de bewerking toegepast werden, verschoof demaximale
verandering naar de hogere zuigspanningen. De stabiliteit van de resulterende pasta’s
blijkt nauw gecorreleerd te zijn et de herbevochtigingskarakteristicken van de kleien
en gronden. De resultaten zijn in graficken samengevat, waarbij vier klassen van sta-
hiliteit onderscheiden zijn. De bewerking van de laterieigrond heefi zeer homogene
pasta’s ten gevolge, de stabiliteiten van deze pasta’s blijken samen te vallen met die
van gedehydrateerde suspensies.

Uit de resultaten (zie 11,4) blijkt dat gronden waarvan de droge aggregaten een
gelijke stabiliteit vertonen, na een bewerking een totaal verschillende stabiliteit
kunnen bezitten.

Men zal dus voor geval dat versmering van de grond geregeld optreedt, ook de
stabiliteit van het versmeerde monster moeten bepalen,

In hoofdstuk IV worden voorbeelden uit de landbouwpraktijk besproken. In de eerste
paragraaf worden de beperkingen waaraan de toepassingen van een laboratorium-
onderzoek onderworpen zijn, belicht. In de tweede paragraaf worden de toepassingen
voor de gewone landbouw besproken, o.a. de rijping van jonge gronden, de werking
van de vorst en het kleven van grond aan landbouwwerktuigen. In de derde para-
graaf wordt de natte rijstbouw behandeld, waarbij naar voren komt dat de traditio-
nele methode van grondbewerking rationeel genoemd mag worden.

In hoofdstuk V wordt met Ca-bentoniet als model nagegaan, welke krachten de be-
perking van de zwelling zouden kunnen veroorzaken. Aangenomen werd dat de
zwelling wordt ingeleid door de hydratatie van de geadsorbeerde kationen, Het bleek
dan dat de LoNDON-vAN DER WaarLs krachten te klein zijn om de osmotische zwelling
te voorkomen. Daarentegen was de elektrostatische aantrekking, veroorzaakt door
de laterale inhomogeniteit van het elektrische veld op korte afstand, (MaDELUNG
krachten), zoals berekend door MacEwan, van de goede orde van grootte. Vele ver-
schijnselen lieten zich door de MaperLuNG krachten verklaren. De semi-elasticiteit
zal echter ook gedeeltelijk op de aantrekking tussen de positieve randen en de nega-
tieve vlakken van de kleiplaatjes berusten. Om de waargenomen spontane associatie
van calciumbentoniet bij lage zoutconcentraties te kunnen verklaren, werd een
hypothese opgesteld, waarbij een vlokking van het kettingtype gesteld werd tegen-
over het kaartenhuistype, dat bij hoge zoutconcentratie optreedt. Voor het abnormale
gedrag van de laterietgrond waarbij de stabiliteit afham bij toenemende zoutconcen-
tratie, werd aangenomen dat door anionenadsorptie aan de ijzeroxyden de kittende
werking van de oxyden vermindert.

Men kan de resultaten van de onderzoekingen in een zin samenvatten; Stabiliteit
is korte afstand plus’,



SUMMARY

From the investigations as outlined in the preface the following conclusions may be

drawn,
Suspensions of soils and clays may be grouped into four categories according to

their backswelling characteristics at low salt concentration :

a. Elastic systems, exhibiting unlimited backswelling.

b, Systems exhibiting complete clasticity over a certain range of suctions.

¢. Semi-elastic systems, exhihiting limited backswelling.

d. Inelastic systems exhibiting no backswelling.
Whether clays belong to any of the above categories depends upon the foliowing

factors:

1, The saturating cation. All sodium clays and soils, with the ecxeption of the latosol,
belong to group a.

2. The size of the particles in suspension. The coarser the material (big crystals or low
degree of dispersion), the more complete its backswelling,

3. The type of clay mineral. Potasstum bentonite belongs to group a. all other potas-
sium clays helong to group &.

4. The pH. Latosols saturated with monovalent cations belong to group a. above
pH 9, and to group ¢. below pH 9.

Suspensions of group b. may be shifted to group ¢. by an increase of the salt concentra-
tion. Conversely the swelling of granules of clays belonging to group 4. may be limited
above a certain critical salt concentration, the same could be achieved by lowering
the dielectric constant.

The stability of the granules was determined by weighing the amount dispersed by
agitation in an end over end shaker. The treatment of the data was based on the as-
sumption that the rate of destruction during agitation is proportional to the amount
of destructible material present. This leads to a linear relationship between the log
of the amount of destructible material present and the number of revolutions of the
shaker. In case non linear relations were found, the curves were split into a number
of composing straight lines each line indicating the quantity and the stability of a
certain class of aggregates.

From these experiments it became evident that the stability of the clays and soils
belonging to group a is strongly dependent on the salt concentration. The stability
of the calcium and magnesium systems was influenced comparatively little by the
salt concentration and a sudden change near the flocculation value was never ob-
served. The backswelling characteristic was not reflected by the stability of the water-
stable granules. The sequence of the stabilities of the investigated soils was in ac-
cordance with practical observations. Latosol exhibited an abnormal behaviour as
below pH 9 its stability decreased with increasing salt concentration. A consideration
of the influences of moisture content (at pF 1) and the salt concentration on the
stability of granules indicates that the stability is closer connected with the moisture
content than with the salt concentration.
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Analysis of the stability of soil and clay granules subjected to model tillage tests at
different moisture contents showed that it was possible to determine the degree to
which the structure of the soil had been affected. The stahility of the affected part was
closely related with the backswelling characteristic.

Various soil properties as encountered in agricultural practice were elucidated by
the results of the experiments,

When explaining the observed limited swelling of certain clays, the Lonpon-
VAN DER Waars forces proved too small to be of consequence, The electrostatic at-
traction arising from the presence of the fons in the midway position between plates at
close distance as calculated by MacEwan was of the right order of magnitude. The
phenomena observed could be explained in a satisfactory manner by the presence of
this type of attraction in combination with edge to plate attraction.

The decrease of the stability of latosol with increasing salt concentration is explained
by the adsorption of anions at the surface of iron oxides thus decreasing theeffectivenes
of this cementing agent.

The results of the investigations can be summarized in the following statement:
Stability is close distance plus’.
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Foru 1. Na-margalite colleid
{By courtesy of Miss Dra C. van der Scheer; Physico-Technical Service of Agriculture, Wageningen)



Foro 2. Na-latosol
{By courtesy of Miss Dra . van der Scheer; Physico-Technical Service of Agriculture, Wageningen}



Faro 8. The swelling of Na-bentonite in dependence of salt concentration. 1 g granules in, from left to
right 0.002 N,0.02 N, 0.2 X, 0.4 X, 0.6 N, 1 X, and 1 N swollen in distilled water, salt added
afterwards.

Foro 4. The swelling of Na-bentonite in dependence of
salt concentration. 1 g granules in, from lefi to
right 0.4 N, 0.6 N and 1 N sclution




Foro 5. The swelling of Na-bentonite in dependence of ethancl concentration



Foro 6. The air expiosion of
Ca-margalite soil

a = original granule

b = 5 minutes after immersion
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Foro 7. The swelling of a granule of Ca-margalite soil, dricd to just above the shrinkage limit;
left — original granule; right — 12 hours after immersion.

Foro 8. Growth of rice as influenced by the original moisture cantent of the mud.

Upper row, 1809, meisture; lower row, 66 95 moisture.



