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Abstract:
Investigations regarding the causes of the fairly common but virtually unexplained phenomenon of soil
crusting were made. Attention was focused on the clay fraction of the soil. The behavior of clay
particles in crusting and aggregation was shown in a molecular level. Variations in the conventional
methods of physical and chemical testing of soils in the laboratory were employed to arrive at the
conclusions.

Soil crusting was considered to be a step in the reversion of the weathering of mica to the various clay
minerals; soil aggregation was considered a necessity in the formation of soils with good structure and
a must in bringing back badly-crusted soils to their original productiveness.

New methods of preparing H -saturated clays are proposed. The methods involved the use of a
mixed-bed ion-exchange resin. 
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ABSTRACT

Investigations regarding the causes of the fairly common but vir
tually unexplained phenomenon of soil crusting were made. Attention was 
focused on the clay fraction of the soil. The behavior of clay particles 
in crusting and aggregation was shown in a molecular level. Variations 
in the conventional methods of physical and chemical testing of soils 
in the laboratory were employed to arrive at the conclusions.

Soil crusting was considered to be a step in the reversion of the 
weathering of mica to the various clay minerals; soil aggregation was 
considered a necessity in the formation of soils with good structure and 
a must in bringing back badly-crusted soils to their original productive
ness.

New methods of preparing H -saturated clays are proposed. The 
methods involved the use of a mixed-bed ion-exchange resin.
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. Chapter I

INTRODUCTION

The successful growth of crops depends upon favorable soil condi

tions, In many areas of the world, especially areas which have been ex- 

tensibly cultivated, soils have a tendency to develop hard and impene
trable surface crusts. These hardened topsoils inhibit seedling emergence 

and root penetration, Clark (1970) and Moe, et al (1971) described crus

ting as a major problem in the Blaine, Cascade, Choteau, Fergus, Hill, 
Liberty, Pondera, Teton and Toole counties of northcentral Montana,

Crusts in one- to ten-acre inclusions in otherwise productive fields 

have been estimated to occupy as much as 150,000 acres of farmland in 

the "golden triangle". They are therefore regularly cultivated, ferti

lized and planted to crops even though production of grain is inadequate 

on these inclusions to pay for expenses.

Similar problems exist in other regions of the world. In England, 
for example, Pilpel (1971) ascribed a condition in some farm areas of the 

Midlands and East Anglia to poor granulation and inability of the soil 

to form and maintain a proper crumb structure.
Problems associated with soil crusting include the preparation of 

favorable seedbeds in the cloddy surface, soil loss and water run-off 

due to impermeability to water, poor aeration and difficulties in the 

manipulation of the soil by farm machinery (Moe, et al, 1971; Pilpel, 

1971).
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Many factors are believed to contribute to the formation of soil 
crusts. Internal factors include the inherent characteristics of the 

soil, which depend upon its origin and formation. Location, mineralogi- 

cal composition and the nature of ions present influence soil behavior. 

External factors include effects of the atmosphere and the treatment 
given to those soils by man. Climate, weather disturbances and drying 

are atmospheric factors, while puddling (mechanical manipulation of the 

soil while still wet), monoculture (failure to use crop rotation), "over- 

cultivation" and excessive use of synthetic fertilizers (and inadequate 

use of natural fertilizers) are among those caused by man.

Conversely, many treatments which decrease crusting have been 

known for ages; the arts of maintaining soil friability have been prac

tised for thousands of years. In tropical regions, for example, growth 
of native trees and shrubs is allowed to occur on a regular basis as a 

means of restoring the good qualities of the soil. The laborious return 

of plant and animal residues to the soil is a common practice in the 

Orient for the same purpose of ameliorating the soil. The underlying 

causes of soil crusting, on the other hand, are not well understood at 

a l l .

In this thesis, a tentative model for the soil crusting phenome

non is proposed. An attempt is made to show how the model can be used to 

explain many of the observations previously made pertaining to crusting. 

The validity of the model is tested by laboratory experiments.
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HYPOTHESIS REGARDING MODEL OF SOIL CRUSTS 
XiThen rocks and minerals comprising the bulk of the earth's surface 

are exposed to the physical and chemical processes of weathering (free

zing and thawing, heating and cooling, dissolution and recrystallization, 
hydrolysis, etc,), the larger rocks and minerals are slowly transformed 

into smaller fragments. Erosive effects of wind and water transport 

these small fragments from one place to another on the earth's surface, 

providing raw materials for the soils of the earth. The action of the 
factors of soil formation (topography, climate, vegetation, etc.) forms 

a soil with characteristic propertiesj these properties depend upon the 
particular factors of formation imposed upon the soil over a period of 

possibly thousands of years. In this formative period, the original mine

rals are changed via a sequence of degradative and synthetic processes 

to the so-called clay minerals comprising the bulk of the earth's soils.

The solid phase of the soil is composed of fractions which are 

categorized according to particle size. The larger fractions, viz., gra

vel and sand, apparently do not play a significant role in crust forma

tion, except in the sense of preventing soil crusting; the smaller size 

fractions, viz., silt and clay, play very important roles in crust for

mation. The clay fraction, being colloidal in nature, is considered the 

more active of these, so attention will be focused on this fraction.
The organic fraction, a relatively small amount of which is pre

sent in soils, plays a significant role in preventing soil crusting.
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These particles are not related to clay minerals in composition, and 
will be considered later in the thesis®

Table I - Size Limits of Soil Separates

from Two Schemes of Analysis

U eSe Department of Agriculture 
Scheme International Scheme

Name of Separate Diameter range 
(mm) Fraction Diameter range 

(mm)

IVery coarse sand 2.0-1.0

Coarse sand le0-0,5
I 2.0-0.2

Medium sand 0.50-0.25
II 0,20-0.02

Fine sand 0,25-0,10
III 0.020-0.002

Very fine sand 0,10-0.05
IV Below 0.002

Silt 0.050-0.002

Clay Below 0,002

Prior to 1947, this separate was called fine gravel. Now, 
fine gravel is used for coarse fragments from 2mm to \  
inch in diameter*
On a geological time scale, one might visualize one of a series 

of related events (Fig, 1,1), The processes occurring in crust formation

Soil Survey Staff, Soil Survey Manual, UeSeDeAe Handbook No, 18 
(Washington: U0S9 Government Printing Office, 1951), p, 207,
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and degradation might be viewed on a smaller and less grandiose, but 
more rapid,scale than the one described. An attempt to understand what 
might be happening on a molecular level will be shown.

PRIMARY ROCK. LAY MINERALSA \  y
physical breakdown so il formation

^■PRIMARY MINERALS'  ̂ ,  ,
building erosion

processes" b-tiALL̂ ;
heat and pressure

"mountain

SLATE'
compaction

^ ^ C L A Y  SEDIMENTSv

Figure 1.1 - A Rock-Clay Cycle.

The structure of an ideal clay mineral would consist of an inner 

aluminum octahedral sheet bordered by two outer silica tetrahedral sheets 

(Fig. 1.2). This arrangement brings about a three-layer plate-like sys

tem, giving rise to the 2:1 types of clay minerals. In nature, clay mine

rals always divert from this ideal structure. Aluminum substitutes for 

silicon in the tetrahedral configuration and/or magnesium, iron, chromium, 

zinc and nickel, etc. for aluminum in the octahedral configuration (Mar

shall, 1935; Hendricks, 1942). These isomorphous substitutions cause

electrical imbalance in the crystal lattice, which.is compensated partly
+ -H- -H-by the presence of alkali and alkaline-earth cations (K , Mg and Ca 

being the most abundant) in exchangeable form. Electrostatic forces some

times retain these cation-bridges between adjacent plates, as in musco

vite (Fig. I.2).



O O ..O O;<Q O O
n-3 M 1O
Ce3 M1O

4  (A l,  S i)

4  0 , 2  OM 
4  (A l, F e * * * ,M g ) 
4  0 , 2  OM

4 0 , 2  OM 

4  Al

4  0 , 2  OH 

A l , 3 Si6 O

Io>I

M O N  T M O  * I L I O N I  T E M U S C O V  I T I

Figure 1.2 - Structures of liontmorillonite and Muscovite 
(Reference: Bear’s Chemistry of the Soil)
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Two common primary minerals, muscovite and biotite (collectively 
known as the micas), have structures which are very similar to montmoril- 

lonite and illite (2:1 clay minerals). Their flakes are commonly large 

enough to be readily seen in rocks and in detrital material derived from 

rocks. The transformation of a muscovite particle into a montmoriIIonite 

particle is a relatively simple process involving hydration and/or hydro
lysis of the alkali cations and their loss from binding positions bet

ween the plates. Adjacent plates can then be readily fragmented and dis

persed throughout the aqueous medium and function as independent entities.

It is pertinent to note that the process is reversible: a high concentra-
+tion of soluble K added to a clay system can cause montmoriIlonite to 

revert to muscovite (Jackson, et al, 1952), A systematized diagram of 

the said transformations, with other clay minerals acting as interme

diates, may be seen in Fig, 1*3»

A central feature of the hypothesis proposed in this investiga

tion pertains to a comparable reversible transformation between montmo- 

rilIonite particles in suspension and the crust which results upon drying® 

The independent particles of clay, of course, do not combine to form a 

single crystal, but some of the characteristics of the crust which forms 

will be shown to be roughly comparable to those of a crystal. The forma

tion of a crust composed of montmorillonite clay particles is therefore 

visualized as a step towards the reversion of weathering, i.e«, from clay 

minerals back to primary minerals. Subsequently, if this hypothesis is
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reasonably correct, one immediately wonders why all clayey soils do not 
form crusts upon drying, i.e=, why some retain good structure and are 
friable even when dry. Here is where the more favorable counterpart of 
soil crusting, soil aggregation, enters into the picture. Many substan
ces (e.g., polyvalent cations, organic matter, polymers, etc.) form 

aggregates in a variety of ways (electrostatic interactions, adhesion, 
adsorption, physical entanglement, etc.) from the more active clay frac

tion (Harris, et al, 1966). If silt and fine sand are entrapped in these 

clay aggregates, the aggregates increase in size. Should the clay surface- 

aggregating substance binding forces be of greater magnitude than the 

aggregate-aggregate cohesive forces, planes of weaknesses are apt to 

appear along the aggregate surfaces. Dry soils with stable aggregation 

of particles are therefore easily friable and would easily crumble, yet 

retain a good structure.
Fig. 1.4 outlines the above hypothesis and other relevant conside

rations.

Much of the experimentation undertaken in this investigation was 

designed in an attempt to test the validity of the preceding hypothesis 

regarding the crusting phenomenon. The focal point of the experiments is 

Fig. 1.4. A literature review wherein the usefulness of the hypothesis ■ 

in explaining many of the observations pertaining to crusting and non
crusting (i.e., aggregation), is included in every Results and Discussions

section
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Chapter II

SAMPLE PREPARATION

Fractionation

Materials and Methods, The method is a modification of the pro-
1 2cedure found in Methods of Soil Analysis, Part I . Portions of Pylon 

topsoil were passed through a 2-mm square-hole sieve. In four 9-liter 

bottles, 1% suspensions of this soil in water were prepared. The suspen

sions were homogenized for about three minutes using an electric mixer 

and were allowed to stand in a section of the laboratory with, the least 

temperature fluctuations.
Stoke* s Law defines v, the rate of settling of small, spherical 

particles (in cm/sec) as:

2r* 2g( p -p,) 
v = ^

where r = radius of particles (in cm); g = acceleration of gravity (in
2 3cm/sec ); pg = density of particles (in g/cm ); p̂  = density of liquid

3medium (in g/cm ) and n = viscosity of water at a particular temperature 

(in g/cm-sec or poise). In terms of particle diameter, the above equa-

*PeR. Day, "Particle Fractionation and Particle-Size Analysis", in C.A. 
Black (ed.), Methods of Soil Analysis, Part I, Agronomy No. 9 (Madison: . 
American Society of Agronomists, Inc., 1965), pp. 545-567.
2For a detailed description of Pylon soils, refer to Appendix A.
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tion is transformed into:

X g( P -P1 )
v = isT;

where X = diameter of particles (in cm).
Also,

H

where t = time (in sec) required for particles 2 p and below in diameter 

to settle through a preselected depth, h (in cm), t was found by equating

^S(Ps-Pi) h
18n P

The values 2 x  10 ^ cm ( = 2  p, the upper limit of the clay size fraction), 

980 cm/sec^, 2.6 g/cm'^'^, «1 g/cm^, 8,57 x 10  ̂poise^^ and 30 cm ( =
80 % of the total height of the bottles) were given for X, g, pg, p^, n 

and h respectively. A value of 73,800 sec ( = 20 hours and 30 minutes) 

was obtained for t, after which, a marked glass tubing was carefully 

lowered into the suspensions and maintained at about 3 cm below the 30-cm 

mark® This allowed a distance of. about 9 cm from the bottom of the bottles 

to the tip of the glass tubing. The suspended clay fraction (< 2 g) was 

withdrawn by siphoning.

3An arbitrary figure which satisfies the two definitions of the clay 
fraction: particles having an effective diameter of 2 p and a settling 
velocity of 10 cm in 8 hours at 20°C (International Society of Soil 
Science, 1929).
^Corresponds to a temperature of about 27°C.

2
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Suspension and sedimentation of the soil were done repeatedly un

til most of the clay in all four bottles had been fractionated. A clay 

paste was obtained by introducing the clay suspension to a Sharpies 

Supercentrifuge with a bowl radius of 3 cm and a maximum speed of 23,000 
rpm. The rate of feeding was maintained at 200-300 ml/min. The clay paste 

was resuspended in the smallest amount of water and was stored in that 
state.

A jet of water was directed to the silt and sand fractions left 

in the bottles. After vigorous shaking, they were transferred to a large 

beaker where additional water kept the fractions in suspension. After 

sufficient mixing, the suspension was allowed to pass through a 44-M 

square-hole sieve. Sand particles retained on the screen were air-dried. 

The suspended silt fraction was introduced into a Sharpies Supercentrifuge 

at a rate of 300 ml/min. The silt paste was air-dried, pulverized by 

grinding, and passed through a 1-ram square-hole sieve.

Discussion. Groups of soil particles under 2 mm in diameter are 

the only ones called "soil separates"; coarser fragments commonly found 

interspersed are classified as mineral particles, but are not included 

under soil separates. In separating the clay fraction from the silt and 

sand fractions, the principle of sedimentation is involved. The soil as 

coming from the fields had been passed through a 2-mm sieve to eliminate 

coarse material prior to suspension in water. Dispersion and suitable 

agitation detaches a single particle from the others, and effectively, 

this particle is suspended.
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In the derivation of equations for sedimentation, spherical par

ticles were considered. Soil particles are mostly anisometric, but for 

all practical purposes, they are either assumed to be .spherical or spe

cial mention of the particular method used in sedimentation is made. Sus

pensions are kept in a room with the least temperature fluctuations since 
particle movement is dependent on turbulence.

Separation of silt from sand involves wet sieving. The upper limit 

for the size of a particle to be classified under the silt fraction cate

gory is 50 M ( = 5 x 10  ̂mm). Using a 44-p sieve would not only prevent 

the passage of 50 m particles which are longer than wide, but also cor
rect for any mechanical defects the sieve might have.

It was more convenient for the clay fraction to be kept suspended 
in water than dried, because of the difficulties encountered in resus

pension. Great care was practised in pulverizing the dried fractions. 

Rupture of crystal lattices might have occurred, but there was no better 

way of bringing them back-to their original powdery states.

Cation Saturation
+Materials and Methods. A proposed new method of preparing H - 

saturated clays is treated separately in Chapter X.
To 250-g portions of the soil, measured amounts of chlorides of 

seven cations were added (Table II). The mixtures. were allowed to stand 

until decantation was feasible. They were washed free of Cl by decanta

tion and centrifugation, a Servall Superspeed Centrifuge, type SS-I being
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used . Washing was continued until the soils were free of Cl" as deter
mined with the AgNO^ test.

The cation-saturated soils were dried, pulverized and passed 
through.a I-mm square-hole sieve.

Table II - Amounts of Salts Added to the Soil^

salt formula weight g/meq g/500 meq 
(250 g soil)

LiCl 42.4 0.0424 21.2
NaCl 58.45 0.05845 29.225
KCl 74.55 0.07455 37.275
MgCl2

.6H20 203.3 0.10105 50.825

CaCl2 110.99 0.055495 27.7475

AlCl3

.OH2O 241.44 0.08048 40.24

FeCl3

.OH2O 270.3 0.0901 45.05

5A Powerstat variable transformer maintained at the 80-volt level pro
vided a high-enough speed for the centrifuge to settle the soils.
^The cation-exchange capacity of the soil is «20 meq/100 g (refer to the 
chemical analysis of the topsoil. Appendix A). 250 g of soil have a cat
ion-exchange capacity of 50 meq. Ten times this amount in salt concentre 
tion was added to make allowances for complete saturation of exchange 
sites.
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Discussion. An initial objective was to prepare a homoionic soil 
with only the basic minerals and a selected cation present in the system. 
For this matter, the cation- and anion-exchange phenomena occurring in 
soils was depended upon. Ion exchange is a reversible process; addition 

of a salt of a cation, of an amount over and above the cation-exchange 

capacity of the soil, saturates the soil with the wanted cation and 

shifts the equilibrium to the right in the equation:

(x+n, Y-hi# Z+n)Clay + ^  = (Mhl)Clay + X+n + + Z+n + M+n^ ,s)

where X^n, Yhl and Z^n are the original cations saturating the soil, and 

Ilhl is the wanted cation. Washing-off of the supernatant containing the 
unwanted cations and excess added salt creates a homoionic soil.

Salts were used to saturate the soil because the other sources of 

cations, bases, have unwanted effects oh the soil.

It is the clay and silt fractions and the organic matter that are 
almost entirely responsible for the exchange phenomena in the soil. They 

have the capacity to exchange ions due to their colloidal nature and net 

negative charge.
Isomorphous substitutions in clay mineral crystal lattices and the 

ionization of hydroxyl groups attached to the silicon of broken tetrahe- 

drons impart the net negative charge on a clay particle (viz., Al can 

substitute for Sih^ and Si-OH + H^O = SiO + Ĥ o"*"). In the former case, 

the charges reside at the basal planes and in the second case, at the 

corners or along the edges of the clay plates. These negative charges
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are neutralized by the presence of an equivalent amount of positive char
ges, mainly from exchangeable cations. The most common of these ions

44. 4-1- -1- 4- 4- -foccurring naturally are Ca ,Mg , H , K , Na and NH^, in roughly the 
same decreasing order of abundance. Therefore, the capacity of the soil 
to exchange cations is dependent on its clay and organic matter content 

and its mineral composition (Baver, 1956; Bear, 1964; Grim, 1968),

The cation-exchange capacity (CEC)^ of montmorillonite is placed 

at 80-150 meq/100 g®.

The soil is an ion-exchangert in aqueous suspensions, the counter

ions are distributed along the soil particle surfaces within a certain 

space, forming a "diffuse layer". Counterions and diffusible free elec
trolytes are in constant motion and because of this, exchange of ions bet 

ween the soil and the solution of free electrolytes is continuous. The 
rate of exchange is generally rapid and is dependent on the degree of 

swelling of the clay plates and on the size of the exchangeable cations 
present in the system (Saver, 1956; Bear, 1964; Grim, 1968; Koehnke, 

1968), The clay in Pylon soils is montmorillonitic and is therefore con

sidered to be freely expansible. With all other factors held constant, 

this characteristic of Pylon soils allows equilibrium to be reached in a 

matter of minutes,

^CEC is defined as the amount of cation species bound at a suitable pH, 
usually 7,
OR,E, Grim, Clay Mineralogy, 2nd ed, (New York: McGraw-Hill Book Co,, 
1968), p, 189, Table 7-1,



-18-

There is no universal order in the effectiveness of the replace
ment of cations by other cations, but for the alkali and the alkaline- 

earth series, the order has been found to be the same as that of the lyo
tropic series: Cs > Rb > K > Na > Li, and Ba > Sr > Ca > Mg (Baver, 1965), 
However, in judging the relative replacing power of cations, the exchange 

material, its exchange capacity and the nature of ions present have to be 

taken into consideration.
Ion hydration has an important role in the adsorption of cations. 

The less hydrated and the nearer an ion fits the exchange sites, the more 

tightly it is held. If monovalent and divalent cations are present in a 

soil-water system, dilution would shift the equilibrium to the direction 

where adsorption of divalent cations increases while adsorption of mono

valent cations decreases. If the solution concentration is increased, the
9 +nreverse happens * The degree of saturation by a cation M , D^, is

governed by the mole fraction^.
The observed pH of the untreated soil was 6,75 and the relative 

effects of the cations to flocculation were as follows: Fe = Al > Ca =

Mg > (K) > Na = Li, Potassium cannot be positioned exactly since the deg
ree of flocculation due to its addition approached that of Ca and Mg, but 
this effect decreased more rapidly after subsequent washings. In washing, 

the very fine clay particles had to be sacrificed.since they are in per-

^L, Wiklander, "Cation and Anion Exchange Phenomena", in F,E, Bear (ed,), 
Chemistry of the Soil, 2nd ed,, American Chemical Society Monograph Series 
No. 160 (New York: Reinhold Publishing Corp., 1964), pp. 163-205.
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petual suspension and are easily eliminated by decantation. Each prepara

tion was dried and pulverized; adverse effects of drying and grinding were 
considered negligible.



Chapter III

TURBIDIMETRY

Materials and Methods

Figs. III.I and 2 show a block diagram and a photograph of the tur- 
bidimetry apparatus. It consists mainly of a sample compartment where a 
35-ml rectangular optical-glass cuvette can be inserted, a G.E. AH4 mer

cury arc lamp, a 1P21 photomultiplier tube, a Rubicon galvanometer and a 

magnetic stirrer.

The set-up was kept in a dimly-lit room. To minimize the amount of 

stray light, the inner walls of the sample compartment were blackened and 

all corners and holes where stray light could enter were sealed.

The concentration of the clay suspension was adjusted to 10 g/1 

by dilution, using a Taylor hydrometer for soil colloids having a range 

of 2-60 g/1 at 67°F ( = 19.44°C). 0.1 N LiCl, NaCl, KCl, MgCl2, CaCl2, 
AlCl^ and FeClg solutions were prepared. FeClg was prepared by dissolving 

iron powder in concentrated HCL. Excess HCl was subsequently boiled off.

No color was imparted to the FeClg solution.
0.1-ml portions of the 1% Pylon clay were transferred to 100-ml 

volumetric flasks. 0, 0.01, 0.05, 0.1, 0.2 and 0.5 ml of the electrolytes 
were delivered and distilled water was added to dilute the suspensions to 

the mark"*". The mixtures were aged for a day.

I These made 0.001% suspensions, which were turbid enough to give readings 
within the galvanometer scales.
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Figure III.I - Block diagram of the turbidimetry set-up. A, 
voltage stabilizer; B, power supply; G, photomultiplier tube; 
D, mercury arc lamp; E, sample compartment; F, magnetic stir
rer; G, galvanometer; H, variable resistor0

Figure III.2 - The turbidimetry set-up in full view
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3O-ml aliquots of these suspensions were transferred to the cu
vette. The mercury arc lamp and the photomultiplier tube were warmed up 

for about 10 minutes. A cuvette-full of clay suspension was introduced 

into the sample compartment at a time. To prevent settling due to floccu

lation, the cuvette was provided with a small magnetic bar which stirred 

the suspension at a constant rate. As the shield which intercepted the 

beam of light from the source to the phototube was slid out, the degree 
of light scattering was read from the galvanometer. Several readings were 

recorded since the galvanometer pointer oscillated. The average reading 

for a single cuvette-full of suspension was taken.
I

The pHs of the solutions were measured by means of a pH meter.
I

A standard clear plastic cuvette was read at proper intervals to 

correct for the diminution of light intensity common to many mercury arc 
lamps. Time plots, with clock time as the abscissa and galvanometer rea- j

dings as the ordinate were constructed. From these graphs, the readings 

on the plastic cuvette at particular times were corrected, that is, what
I

would have been the readings on the cuvette had the intensity of light 

diminished linearly with respect to time?
To obtain relative values, ratios of the galvanometer readings on 

the samples to the corrected galvanometer readings on the standard were 

computed:
________galvanometer reading for the c l a y____ .
corrected galvanometer reading for the standard

i
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The proportions

galvanometer reading for the clay with added electrolyte 
corrected galvanometer reading for the standard

galvanometer reading for the clay without added electrolyte 
corrected galvanometer reading for the standard

were plotted against concentration of added electrolyte.

The procedure was repeated using bentonite instead of Pylon clay.
Table III.I shows the milliequivalents and concentrations of added

electrolytes in each cuvette for both the Pylon and bentonite clay samples.

Table III.I - Amounts of Added Cation Present

in 30 ml of 0.001% Clay Suspension

ml
electrolyte

meq
present

concentration 
of added electrolyte

0 .01

0.05

0 .10

0.20
0.50

I x 10"3 

5 x IO"3

1 x 10"2

2 x IO"2 

5 x IO"2

3.3 x IO"5 N

1.66 x 10 4 N
3.3 x 10"4 N

6.67 x IO"4 N 

1.66 x 10 3 N

Results and Discussion
Turbidimetry or nephelometry is based on the observation of the 

Tyndall effect. The intensity of light scattered at right angles to the ~

incident beam by a turbid medium is measured by means of a photosensitive

tube. Larger particles scatter light more, than do small particles, so if
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samples of clay suspensions are subjected to such treatment, the degree
of aggregation of clay particles in the presence of cations could be

determined by the amount of light a suspension scatters,

Kolthoff, et al (1969) describes the usual methods in turbidimetry,
one of which had been employed in this paper.

Fig, 111,3 shows the relationships between the proportion

galvanometer reading for the clay with added electrolyte 
corrected galvanometer reading for the standard

galvanometer reading for the clay without added electrolyte 
corrected galvanometer reading for the standard

and the concentration of added electrolyte for each sample. The complete

data in tabular form can be found in the Appendix,
The pHs of the Cl solutions used are listed under Table 111,2,

Table III,2 - pHs of the Chlorides Used in Turbidimetry

cation pH of a 0,1 N solution

Li+ 5,87
+Na 6,00

K+ 6,03

Mg++ 6,08

Ca'14" 6,74

AIw 3,58

Few 1,48

30 ml of the 0,0017, clay suspensions contain 0,0003 g clay.
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Fig, III,3 shows a distinctive pattern. The curves for clays with
+ + +added Li , Na and K imply the dispersing effects of those cations to a 

predominantly Mg - and Ca -saturated Pylon clay (refer to the chemical 

analysis of the topsoil. Appendix),

In explaining the above phenomenon, the concept of the diffuse 

double layer is found to be very appropriate. Four men are essentially 

responsible for the mathematical description of the double layer. In 1879, 
Helmholtz proposed an arrangement of particle surfaces and counterions 

equivalent to a simple parallel-plate capacitor. This model is inadequate 
because the thermal motion of the liquid molecules could scarcely permit 

such rigid array of charges at the interface (Moore, 1962), In 1910, Guoy, 

and later, Chapman, introduced the diffuse double layer theory. In this 

theory, the concentration of the counterions is highest in the immediate 

vicinity of the surfaces and decreases asymptotically to the outside solu

tion of free electrolytes of uniform composition (Wiklander, 1964), In 
1924, a modification of this theory was introduced by Stern, The inner 

part of the double layer in his model is similar to Helmholtz’s condenser 

and the outer part, structurally similar to Guoy’s treatment. These three 

concepts are represented in Fig. 111,5,
Due to the greater osmotic activity of monovalent cations, a 

diffuse ion layer is created around clay particles. Interparticle repul

sion, which increases as the distance between the particles decreases, 

results from the clay particles not being effectively neutralized. The
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Concentration of Added Electrolyte (N x 10 )

Figure III.3 - The Relationships between Light 
Scattering and Concentration of Added Electrolyte 
in Pylon Clay.



Li
gh
t 

Sc
at

te
ri

ng
 (

Ga
lv
an
om
et
er
 R

ea
di

ng
 R

at
io
s)

0 . 7 -

3.3 4 1 6 
Concentration of Added Electrolyte (N x IO- )

Figure III.4 - The Relationships between Light 
Scattering and Concentration of Added Electrolyte 
in Bentonite.
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Figure III.5 - Schematic representation of ion 
and potential distribution in the double layer 
according to the theories of Helmholtz, Guoy and 
Stern, w,, total potential; un, zeta potential; 
x, distance from particle surface; -o, surface 
charge density; and 6, thickness of the Stern 
layer. (Reference: Bear's Chemistry of the Soil)

individual particles may stay dispersed for an indefinite period of time

unless the concentration of the monovalent cations is increased. This

effect will be seen later in modulus of rupture.

Within a group of cations in the periodic table, the thickness of 

the double layer decreases due to decreased ion hydration. The zeta poten

tial, or the magnitude of charge on the surface of the clay particle is
+ + +therefore decreasing in the order Li =» Na > K , when such cations are 

present in a clay system. With increasing electrolyte concentration, the 

force of repulsion decreases. There is a tendency for more cations to 

surround the clay particles and neutralize the negative charges. The 

zeta potential reduces and the thickness of the double layer decreases.
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The particles are allowed to come closer together and as a consequence, 

the floe size increases, causing more light to be scattered. This pheno
menon would be apparent in the latter portion of the Li+-, Na+- and Re
treated samples turbidimetry curves upon addition of more electrolyte.

The sodic nature of Mg+ *" is shown in the clay with added Mg+ *"- 

curve. This behavior of clay systems when Mg is present will be fur

ther discussed in the Modulus of Rupture chapter. Decrease in light scat

tering (because of dispersion of particles): is caused by the displacement 
-H- -H- -H-of Ca by Mg ,Ca , a good flocculating agent, can be seen floccula

ting the clay particles at the very moment a few milliliters of CaClg

solution were added. Similarly, upon addition of more Mg+ *", an upward
-H-swing in the latter portion of the Mg -treated sample turbidimetry 

curve would be apparent.

The higher valency of divalent cations causes these cations to 

stay nearer the negative sites they are neutralizing, A lower zeta poten
tial and a narrower and more fixed double layer allow more particles to 

approach each other more closely, A higher degree of flocculation dis
perses more light. The effect of ion hydration within a .group also holds 

for divalent cations.
-H-)- +-H-As expected, clays with added Al and Fe were best floccula

ted. The first additions of electrolyte caused the greatest aggregation. 

An extension of the effects of monovalent and divalent cations to the 

double layer theory can explain the effects of trivalent cations to clay

systems,
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A parallelism exists between results obtained from turbidimetry

studies made on Pylon clay to those obtained from identically-treated

naturally-occurring bentonite (Fig® 111*4)* Bentonite, a montmoriIlonitic
clay mineral, is predominantly saturated with Ca*^ in its natural state*

+ + +When saturated with Li , Na and K , the particles were dispersed* The
Ilmonovalent cations replaced Ca from the system* Mg dispersed bento

nite particles after the first few additions of MgClg, but started to 
reflocculate the particles after subsequent additions* This might be due 

to increased electrolyte concentration with respect to Mg*"*"* Ca**, Al*** 

and Fe*** caused appreciable aggregation*
A working model for aggregation caused by cations is hereby pre

sented: 1
i

A clay surface, due to isomorphous substitution, has a net nega-
Itive charge* In montmorilIonite, a charge of about -0*65 is present per
I

2unit cell (Grim, 1968)* Al-Si- substitutions in the tetrahedral sheet are 

less than 157* but Mg-Al substitutions in the octahedral sheet may either 

be IMg/lAl or 3Mg/2Al; these types of substitutions may be present alone 

or in combination with each other. This does not mean that each unit cell 

is negatively-charged, but what it implies is that in a clay particle, 

isomorphous substitution occurs in some cells and does not occur in other 

cells.

2 "Unit cell: that configuration having a formula (0H)^SigAl^02Q in an un
substituted clay crystal lattice©

I
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Figure III.6 - Dispersion and flocculation caused by monova
lent and divalent cations respectively. Lines, clay plates; 
dots, cations. Arrows show that floccules tend to settle out.

• OH

Figure III.7 - Flocculation caused by trivalent cations. A, when aggre
gates arc imparted with a positive charge; B, when hydroxy hybrids are 
formed; C, when gels envelop the particles to form large aggregates.
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As explained by applying the diffuse double layer theory, at elec
trolyte concentrations below the optimum that would cause complete satu
ration of exchange sites with the wanted cation, little or no aggregation 
is caused by monovalent cations.

Aggregation occurs when divalent cations are present in a system. 

This is because of the less diffuse nature of the double layer in divalent 

systems. Aggregates formed via these cation-bridge type linkages are 

stable even in water suspensions (Fig, 111,6),

The above-mentioned phenomenon occurs at a greater extent when 

trivalent cations are present in a clay system. In Fig, 111,7, three as

sumptions as to why aggregates are larger in such systems than in divalent 
systems are represented. Firstly, when a trivalent cation acts as a cation- 

bridge, only two of its possible three bonds might be used for positive

negative interactions, A positive charge could be imparted on an aggre

gate, If an unaggregated clay particle, which is negatively-charged, 

approached this charged aggregate, the former would be attached to the 

latter to form a larger aggregate. Secondly, an Al-hydroxy or a Fe-hydroxy 
and clay particle hybrid could exist in the form

clay particle
(M-OH) e yclay particle

where both x and y are integral numbers governing the size of 

gates. Bower and Truog (1940) postulated that polyvalent iron

the aggre- 
introduced
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into a clay system as FeCl^ may be held in the exchange sites as posi
tively-charged ferric dihydroxy ions. This is replacing one of the clay 

particles with an extra -OH group, and both species might actually be pre
sent in a system. Finally, if Al and Fe precipitate as hydroxides at the 

pH of the clay suspension (6.43), precipitates could form on clay-particle 

nuclei. More clay particles, or perhaps, silt and fine sand, could be 

occluded in these formations to allow growth of aggregates. It is also 

presumed that iron serves a dual purpose. The part which remains in solu

tion functions as a flocculating agent and the remainder which could be 
precipitated as the hydroxide acts as a cementing agent (Lutz, 1936).

The possibility of light scattering being caused by the formation 

of Al(OH);, and Fe(OH)- alone was remote. Precipitates were not seen by 
the naked eye. Moreover, Bower and Truog (1940) indicated that under cer

tain conditions, clay can absorb as much as three times its exchange equi- 

valent of Fe . In this case, adsorption of trivalent cations on clay 

surfaces might have lowered the effective concentration of cations avai

lable for precipitation.
After stepwise dissolution of labile and poorly crystallized inter

layer Al and Fe material and other amorphous Al coatings from soil samples, 

sufficient interlayered Al and Fe hydroxy material still binding the clay 

platelets prevented the expansion of clay crystal lattices with ethylene 

glycol treatment (Singleton and Harward, 1971). Further treatment caused 

deterioration of the clay in addition to stripping the hydroxy compounds
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from between the layers. This indicates the stability and ease of forma
tion of bonds between hydroxy compounds and clay surfaces in water, and 
in some polar solvents. However, a citrate-bicarbonate-sulfate treatment

i
of soils removed Al and Fe presumed to control the stability of micro
aggregates (Deshpande, et al, 1968),

In addition to what have been discussed, differences in viscosity, 

specific heat capacity, water tension, optical density and weight conduc

tance, measurements of Na/Al-saturated Wyoming bentonite from values for 

Na-saturated Wyoming bentonite all indicate the good aggregating abili

ties of Al (and Fe), Such differences were caused by aggregation (Davey 

and Low, 1968).
The data obtained experimentally in this paper, together with the 

observations of investigators whose works have been discussed earlier, 

indicate that the presence of cations can alter the behavior of a soil 
system. The changes occurring in the physical properties of the soil 

clay reflect the idea that aggregation does cause an increase in size of 

aggregates. It would be seen more clearly in the remaining parts of the 
discussions that the size of soil separates influences the crusting or 

non-crusting tendencies of a soil. This concept of aggregation clearly 
supports the second half of the hypothesis presented, that is, why many 

soils retain a good structure in the moist and the dry state. Turbidi- 

metry cannot fully explain the phenomenon of soil crusting because crus

ting occurs when a soil is dry, and turbidimetry studies rely on the
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scattering of light by particles in a suspension. It is also suspected 
that the behavior of particles in a suspension is different from their 

behavior in the dry state.



Chapter IV

MODULUS OF RUPTURE

Materials and Methods

The procedure is a modification of the method described by Richards
(1953).

The concentrated clay suspension was air-dried and pulverized. Air- 

dry clay, silt and sand were passed through a I-mm square-hole sieve. Six 

rectangular brass molds having inner dimensions of 7 x 3% x I cm were 

coated on the inside with petroleum jelly and were laid on glass-fiber 

filter papers on a wire screen drying platform. Six briquettes for each 

fraction were prepared by evenly distributing the fractions in the molds 

using a small plastic spoon. The excess was struck off using a straight 
stainless-steel spatula.

2000 ml of distilled water was poured into a soaking pan. The wire 

screen drying platform was lowered into the pan; water surrounded the 
molds completely, but did not overflow into them. After an hour, the 

screen was lifted from the soaking pan and water was drained off for 15 

minutes. The screen with all six briquettes and molds was put in a drying 

oven at 50°C for 7 hours. The briquettes were carefully transferred to an 

anhydrous-CaCI2 dessicator and were dried for another 12 hours. The 
weights, lengths and widths of the briquettes were carefully measured.

The modulus of rupture apparatus consists of a briquette-support 

and knife-edge assembly which makes use of two parallel bars 5 cm apart
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for supporting the sample, and a third, overlying, centraIIy-located bar 

parallel to the other two to supply the breaking force. The bar above 
and one below are self-aligning, and all three bars are coated on edge 
with strips of soft rubber,

A beam balance was used to apply and measure the load to the bri

quette-breaking apparatus. The briquette-breaking apparatus was laid on 

the left pan of the balance and a sample was positioned on it. A contai

ner that would hold water sufficient to break the sample was put on the 

right pan of the balance'*". Weights were added to either pan to maintain 
the balance. A metal rod was securely clamped to two iron stands; the 

rod thus ran parallel to the bars and effectively constrained the upward 

motion of the upper bar.
Tygon tubing was attached to a cold-water faucet. The rate of wa-

2ter flow was adjusted to 2000 ml/min . The tubing was clamped to stop the 
flow of water with the tap still on, and suspended above the container 
in such a way that a jet of water just hit the walls of the container 

near the brim when the clampVas loosened. The clamp was released and 

water was allowed to flow and accumulate in the container, At the brea

king point, the jet of water previously intercepted by the walls of the

*Three containers, a 2000-ml beaker, a 4000-ml beaker and a 6000-ml 
Erlenmeyer flask were used. The first briquettes were sacrificed to 
determine which particular container was appropriate to hold the volume 
of water,
"This represents a force being applied at a rate of 1.96 x 10 dynes/min.
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container is no longer intercepted, since the right pan has swung lower 
(Figs. IV.1-3).

The thickness of the broken briquettes at the cleavage plane was 
measured with calipers. The volume of water that accumulated and its 
weight were also measured.

The formula employed to compute for the modulus of rupture is:

S 3 Fl0 
2 M 2

where S = modulus of rupture (in dynes/cm^; IO^ dynes/cm^ = I bar); F = 

breaking force (in dynes& weight of water in grams % 980); L = distance 

between supports (in cm); b = width of briquettes (in cm) and d = thick
ness of the briquettes at the breaking face (in cm). Weight effects on 

modulus of rupture were calculated by dividing the modulus of rupture by 

the weights of the briquettes. This gave a value of modulus of rupture/ 

unit weight in bars/g.
The modulus of rupture of unwashed and washed soil was also deter

mined. Washing the soil was done five times with the aid of a Servall 

Super centrifuge, type SS-1.
The modulus of rupture of soils saturated with selected cations 

was determined similarly. In soaking the soils, solutions containing 30 

meq of the cation in question in 2000 ml of water (made 0.015 N solutions) 

were used instead of distilled water.

Other modulus of rupture determinations included the effect of 

increasing electrolyte concentration in the soak solution using NaCl;
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Figure IV.I - Modulus of rupture set-up be
fore the briquette is broken.

Figure IV.2 - The briquette-breaking assem
bly with a broken briquette.
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Figure IV.3 - Position of the tube delive
ring the jet of water after the briquette 
has been broken.

the effect of using sodium hexametaphosphate [(NaPO^] in the soak solu
tion; the effect of varying pHs using HCl and NaOH in the soak solution

3and the effects of adding sand and Al^O^ .
Shrinkage. Shrinkage was calculated by the use of the formula

V -Vu
7.3 = x 100

m

^Using Na^-saturated soils: for increasing electrolyte concentration,
-22.5, 5, 10 and 20 (x 10 M) solutions of NaCl were used; for the phos

phate, 8.2, 16.4, 32.8, 131.2, 262.4 and 524.8 (x 10  ̂M) ( N a P O ^ ; for 
the pH study, 5 and 25 (x 10  ̂M) HCl and NaOH. Using untreated soils: 
soils were made to contain 17., 37. and 57. Al^O^; 4:1 soil :sand mixtures 
were made up, with sands of mesh numbers 60-120, 50-200 and 320-325.



“41“ •
3vjhere %S = percent shrinkage; = volume of molds (in cm ) and =

3volume of briquettes (in cm )»

Soil samples soaked in KCl solution were compressed under applied 
pressure®.The modulus of rupture of these briquettes were determined in 

the usual manner® Prior to oven- and dessicator-drying, the moist bri

quettes, still in the molds, were laid on sheets of glass-fiber filter 

paper and were subjected to 50 psi (3*4 atm) gage pressure, in a press 
for three hours.

An estimation of the modulus of rupture of muscovite sheets was 
obtained. VJel!-crystallized muscovite was trimmed lengthwise and cross

wise to yield a 7 x 3% cm rectangular piece. Thin sheets were peeled off 

and laid on parallel supporting brass bars separated by a distance of 

0.8 cm. The modulus of rupture was determined as usual.

Results and Discussion
Allison, R.V. (1923) devised one of the earliest methods in modu

lus of rupture determinations. His procedure involved the breaking of a 

supported soil sample by an applied load .and measuring the weight of the

load and the dimensions of the soil sample. The formula he used to com-
2pute for the breaking strength, R (in g/cm ) is

where VJ = load (in g); I = distance between the supporting fulcra (in cm); 

B = width of sample (in cm) and d = depth (in cm). Carnes (1936) modified 

the method by using the spring of a Jolly balance to suspend the breaking
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load and determining the amount of take-up in the spring after the crust
2had .been broken* Modulus of rupture (in g/cm ) was calculated by the for

mula

R 3 Pi,
i b f

where P = breaking weight (in g); b = width of sample (in cm) and d = 

thickness (in cm).

The procedure presently used by the U.S. Department of Agriculture 

Salinity Laboratory is essentially a modification by Richards (1953). 
Reeve (1965) had also described this procedure, which is used in this 

paper. The major changes made are:
1. The upper limit of the sizes of the aggregates was not 2 mm, 

but I ram. Moe,, et al (1971) made studies on the effects of using finer- 

sized soil samples and found that the finer ones had greater modulus of 

rupture than the coarse ones. This does not hinder the determination of 

modulus of rupture of various cation-saturated soils because all samples 

were pulverized to the same degree of fineness and a legitimate basis of 

comparison was still present.
2. The use of glass-fiber filter paper instead of plain blotting 

paper prevented the soils from sticking to the paper upon drying.

3. Some soils were soaked for more than an hour (e.g.> Li - and 

Na+-saturated soils were soaked for two hours) if they wetted slowly.

4. A single weighing after thorough drying in a dessicator was 

done instead of weighing to constancy. This eliminated unnecessary dis
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turbances which might alter the magnitude of forces holding the particles 
together.

Extensive tables showing the results of the modulus of rupture 
determinations may be found in the Appendix.

Graphs of modulus of rupture, modulus of rupture per unit weight 

of sample and shrinkage averages of five determinations versus different 

parameters are shown on the following pages. Fig. IV.4 shows how washing 
the soil evidently increased the modulus of rupture. Water destroyed some 

aggregates and dissolved some of the aggregating agents. Repulverization 

through grinding also decreased the aggregate sizes. The modulus of rup

ture of soil fractions were such that washed soil > clay > silt »  sand. 
If observations are made from modulus of rupture per gram sample values, 

clay > washed soil > silt »  sand. The weight of the sample might have 

entered into the modulus of rupture values; a heavier sample containing 
more particles involved in bonding would have a higher modulus of rup

ture.
The high surface area of minute particles like clay and silt allow 

these particles to participate in more effective bonding. This is why 

crusts of clay and silt are stronger than those of sand. Clay and silt 
are mainly clay minerals, oxides and very fine organic matter, while 

sand is quartz. Most clay minerals exist as plate-like crystals with or 

without oxide coatings; sand particles are irregular in shape. The size 

and shape of particles greatly influence their behavior. It is well known
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Size Particles in Pylon Soil.
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that small particles of a given weight have a greater surface area and 
more colloidal properties than large particles of the same weight. In 

comparing shapes, plate-like solids are usually more effectively brought 

closer together and held tighter than rough, irregular ones® More surface 
area is involved in plate-like systems.

Silt and clay seldom exist as individual particles in well-aggre

gated soils; they act as binding agents in the formation of wind-resis

tant clods (Ghepil, 1955). Clodiness in certain soils was greatest with 
the soil fraction 0.005-0.010 mm in diameter and decreased as the particle 

size increased or decreased beyond this range. According to Chepil, mecha

nical separates greater than 0.10 mm in diameter were lower in crust 
strength than finer ones, and the bulk density of surface crusts was grea

ter than that of the soil beneath. Crusts of mixtures with more clay-silt 
content than sand had greater strength than those with low clay-silt con

tent (Gerard, 1965). Moe, et al (1971), working with the crusting Pylon 
soils of Montana, found that a higher silt content in soil contributed 

to a more solid crust, that is, cracks were absent. A higher clay content 

in the soil would allow more shrinkage, and consequently, more cracking. 

Seedlings would emerge to the surface through the cracks. If, however, 

crusts in clayey soils fail to crack, a worse situation than is encoun

tered in silty soils, is expected.

Clays of the expanding lattice type are more apt to crust. This 

was found by Lemos and Lutz (1957) who related montmorillonite content to
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m
A Bm m
C D

Figure IV.5 - Schematic diagram of how particles 
in different soil fractions could come close to
gether and form crusts. A, in clay; B, in silt;
C, in sand; and D, in soil. Surface contact among 
small, plate-like particles is more complete than 
contact among large, irregularly-shaped particles.
The extent of contact among the particles in a 
heterogeneous mixture of clay, silt and sand is 
expected to be intermediary.

crusting. More montmoriIIonite was found to cause more crusting in a soil.

Differences in the modulus of rupture of various size soil parti
cles uphold the hypothesis that the presence of aggregates in a soil sys

tem prevents the formation of hard crusts. It is also indicated that the 

consolidation of small size particles is of a more compact nature than the 

consolidation of large size particles. The former leads to a higher brea

king strength. A visual representation of how clay, silt and sand parti-
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cles might come close together and contribute to their respective modulus 

of rupture values as compared to naturally-occurring soil is shown in 
Fig. IV.5.

One reason for the differences in crust strength of soils satura
ted with different cations is the size of the saturating cation. Clay 
particles have flat surfaces; when the distance between the plates is 

small compared to their thickness, the mutual potential energy of attrac

tion among particles is. inversely proportional to the square of the dis-
4tance between the plates . If adsorbed cations are to stay between the 

plates, their sizes upon dehydration would surely influence the strength 

of this potential energy of attraction between the plates (Fig. IV.6).

The unhydrated sizes of the cations used in this study are given 

in Table IV.
Under a group of elements in the periodic table, ionic radius in

creases as atomic number increases. As ionic radius increases, the poten

tial energy of attraction decreases. Along a period of elements in the 

periodic table, ionic radius decreases and as could be noticed, the modu
lus of rupture decreases. This apparent discrepancy will be discussed 

later.
Electrostatic attraction between the negative and the positive 

species of a clay system is assumed to depend on the radius of the posi-

S).J, Alner (ed„), Aspects of Adhesion, Vol. II, Proceedings of the Confe
rence Held at Northampton College of Advanced Technology, ECI, on 23 and 
24 March 1964 (London: University of London Press, Ltd., 1966).
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Table IV - Unhydrated Sizes of Saturating Cations**

ion 0radius (A)

Li+ 0.68
Na^ 0.98
K+ 1.33

Mg+* 0.65
Ca^f 0.94

AIw 0.45

Few 0.53

tive species and the distance between the center and the surface of the 

negative species* The observations from the modulus of rupture studies 

can be made to fit the generalized formula

where F = electrostatic or Coulombic attraction; k = a constant of attrac

tion; e^ and e^ = charges on the anion and cation respectively and rQ and 
rc = distances from the center of the clay particle to the surface of the 

clay particle and the radius of the cation respectively. As the radius of 
the cation increases, the force of attraction decreases. **

**F.A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry - A Comprehen
sive Text (New York: John Wiley and Sons, 1962), p. 43, Table 2-3.
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The net negative charge on the clay particle' surface would be more

effectively neutralized by higher-charged cations than lower-charged ones*
+ -H- ° oComparing Na and Mg (+1, 0.98 A and +2, 0.68 A respectively), it would

be expected that Mg**""*" would make a stronger crust than Na**" by looking at
I]the ionic radius alone. However, due to the charge on Mg , more effective 

aggregation is caused than if Na**" were present (Fig. IV.7).

The potential energy of attraction and charge relationships are 
mathematically represented by the Born equation^:

P.E.
2 0 

zlz2e , be2

where z^ and z^ = charges of the cation and anion respectively (note: the

anion in this case is the clay particle); e = charge on the electron ( =
4.8029 x 10”10 e.s.u. = 1.6021 x 10 ^  coulomb); d = distance between the

nucleus of the cation and the nucleus of the negative species; n = Born

exponent and b = repulsion coefficient. Potential energy P.E. is positive

when d is small and increases as z increases. An average value for nI
(value for cation and clay particle) is used to account for the differen-

6ces in electron densities of both the positive and negative species . If 

cation-saturated clays are considered to form a single crystal structure, 
b could serve as a constant characteristic of all cation-saturated clays.

^B.E. Douglas and D.H. McDaniel, Concepts and Models of Inorganic Chemistry, 
(New York: Blaisdell Publishing Co., 1965).
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The Born equation accomodates the differences observed in the modu

lus of rupture values of various cation-saturated soils. The potential 

energy PeEe is assumed to represent the interparticle forces within an
- j -aggregate, In explaining why Na -saturated soils require a higher brea-

• -j-king force than K -saturated soils, it is apparent that by looking at the
+  -J-sizes of both ions, the term d for Na is smaller than for K « Therefore,

-j- -j-PeE, is higher for Na -saturated soils than for K -saturated soils. In
-j- -j-j- -j- -j-fcomparing Na to Ga (note: Na and Ca are almost identical in size) 

as to the magnitude of the potential energy binding the particles to the
-J-I-cations, it would seem that Ca -saturated soils would yield a greater

-J-J-PeEe value. There is a tendency to rashly assume that Ca -saturated
-j-soils should have a higher modulus of rupture value than Na -saturated 

soils, though modulus of rupture is actually lower for the former than
-j-for the later. This is the same discrepancy mentioned before for Na and

.IJMg , and leads to the question as to which bonding forces modulus of
-j-j-rupture breaks. Actual data (Appendix) show that Ca lowered the brea

king strength of soil briquettes. If the modulus of rupture values are 

lower, the bonds broken must be weaker. It is therefore suggested that 

in Ca -saturated soils, and in other divalent cation-saturated soils 

for that matter, interparticle bonds are stronger and what modulus of 

rupture measures are the weaker forces that bind the aggregates of parti

cles together. This reasoning can be extended to include the potential 

energy of attraction in trivalent cation-saturated soils.
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In turbi dime try, when the system is in suspension, a Mg***1" -satu
rated clay is dispersed to a certain extent. The behavior exhibited is 
very similar to a Na -saturated clay system. This could be explained by
the hydration of cations: the smaller a cation, the more hydrated it is.

+ -H- -H-Looking at Table IV for the radii of Na and Mg , the value for Mg is
+  -i-i-actually lower than the value for Na „ However, the hydration of Mg is 

compensated for by its charge. In modulus of rupture, the unhydrated 

sizes of the cations are taken into consideration.
One of the earliest researchers on this behavior of sodium and 

other cations on soil crusting was Carnes. Carnes (1934) reported that 
alkali and sodic soils produced stronger crusts than normal soils. Modu

lus of rupture was higher in sodium-saturated soils than in potassium- 

saturated soils (Reeve, et al, 1954).
The interaction between different cations and clay surfaces are 

described earlier in this paper. In the dehydration process, cations 

become more and more oriented and confined towards the clay surface.

They approach the negative charges they are neutralizing as closely as 
possible and "fit" into the hexagonal hole created by the silica tetra
hedrons (cations compensating for lattice imbalance would tend to take a 

position as close to the negative charge as possible, Mering and Glaeser

1954). The ease with which ions could fit into the oxygen hexagon is
.

shown by a representation in Fig. IV.8.
The smaller, the cation, the thinner the electron shell is



-53-

Figure IV.8 - Various cations and the oxygen 
hexagon, a, Li(+1); b, Na(+1); c, K(+l); d,
Mg(+2); e, Ca(+2); f, Al(+3); g, Fe(+3) and 
h, unshaded portion represents a distance of 
2.76 X (side to side). For sizes of cations, 
refer to Table IV.

and the easier would the positive charge of the nucleus be available for 

positive-negative interactions with the negative clay surface. Although 

some divalent and trivalent cations are smaller than some monovalent 
cations, higher positive charges make polyvalent cations reside at the 

vicinity of not just one point charge but at a region where their char
ges arc satisfied.

Monovalent cations could neutralize only a unit negative charge.
-f +Particles of Na - or K -saturated montmorillonite in a soil stack up on 

top of each other when dry, in a manner analogous to the arrangement of 

sheets in muscovite. A very high modulus of rupture was expected for 

muscovite. A value of 23,070.58 bars was obtained as an average. The use

of excessive volumes of water is not only impractical but also almost un-
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feasible. To compensate for this drawback, the quantity d in the formula 
3 FlS = ^  was decreased. A second drawback was the flexibility of thin 

sheets of muscovite. This problem was lessened by decreasing the distance 

between the parallel supporting bars of the briquette-breaking apparatus.

Only a rough estimate of the modulus of rupture could be obtained 

for muscovite because of the contributions of shear and other related 
interactions. It was observed that although the balance swung indicating 

a break in the sample,, the halves of the sample never detached completely 

from each other. Breaks were also found in spots which were lying on top 
of the supporting bars. Despite these difficulties, high modulus of rup

ture values (see Appendix ) would place muscovite in a position above all
4.soils in the order muscovite »  pressurized K -saturated clay > naturally- 

occurring soil crusts of Pylon soil.
Compression of K**"-saturated soil increased its modulus of rupture 

by nearly a factor of two. A value of 16.72 bars was obtained as an ave

rage. It would seem that if application of higher pressures on montmoril- 

lonite were feasible and would actually happen, compressed K*"-saturated 
montmoriIlonitic soils might attain a modulus of rupture value close to 

that of muscovite.
+ + +A slight upward curling in the Li -, Na - and K -saturated soil 

briquettes indicates parallel stacking of clay plates. Curling is only 

possible in disc-shaped or plate-shaped particles and would occur after

baking
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Diva lent cations go into a position nearest the negative charges 
they neutralize, in a manner shown in Fig. IV.9. Clay particles and di
valent cations arrange themselves in such a way that a cation is held 
between two hexagonal holes having a net charge of -2.

Curling was not observed in divalent cation-saturated soil bri

quettes.

Due to the phenomenon of aggregation, there is an increase in the 

size of floccules in these systems. On drying, extensive stacking does 

not occur because of the irregularity in shape of an individual aggregate. 

As in sand particles, weak bonds lead to the formation of planes of weak
nesses throughout the entire crust which make such crusts easier to break. 

As in clay particles, strong interparticle bonds (within an aggregate) 

allow the modulus of rupture breaking force to break the weaker inter- 

aggregate bonds.
A consideration of the formation of Al and Fe' hydroxides on clay- 

particle nuclei enters this phase of the discussion. It is suggested that 

hydroxide gels entrapping the particles dehydrate to the respective oxides 
and cement the particles in an aggregate. The formation of larger aggre
gates creates weaker bonds between aggregates and more planes of weaknes

ses. These make the crusts the easiest to break.
A schematic diagram of all three crusts is shown in Fig, IV.9.

One can now visualize an inner and outer force bonding the particles 

and aggregates in a soil crust respectively. The inner force is defined
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by Born's equation and could be described as the electrostatic attrac

tions between cations and oxides on one hand and clay particles on the 

other. The outer force could be the cohesion between particles and aggre
gates, or aggregates among themselves. The non-aggregating properties of 
monovalent cations leave the original sizes of the particles unchanged 
and since the particles remain small, the cohesive forces remain strong.

Cation-bridge type of bonding between divalent and trivalent cat
ions and clay surfaces are stronger than cohesive forces between aggre

gates. These aggregates are larger in size compared to a single particle 
and less surface area is available for cohesive interactions. The fact 

that modulus of rupture values of aggregated soils are lower than those 

of unaggregated soils indicates that weaker cohesive bonds arc broken.

The maxima in the modulus of rupture - added electrolyte concen

tration and modulus of rupture/unit weight - added electrolyte concentra-

m ?
W/-'-

o. -.-o
A

O - W
B

Iq --OsW
C

Figure IV.9 - A, stacking in a Li(4-1)-, Na(4-1)- or K(4-l)-saturated soil 
crust; B, in a Mg(4-2)- or Ca(4-2)-saturated soil crust; and C, in an Al 
(4-3)- or Fe(4-3)-saturated soil crust. Straight lines represent clay par
ticles and dots are cations. Irregularly-shaped figures are silt and 
sand.
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tion for soils saturated with Na"*", Before these maxima are reached, the 

soil still contains cations unreplaced by Na"*", A crust with a lower 

strength than the maximum is thereby obtained. After these maxima, the 

excess electrolyte act to repress the thickness of the double layer, 

lowering the zeta potential and consequently, the crust strength upon 
drying.

Although the double layer exists only in suspensions and there-, 

fore pertains only to the relations between cations and clay surfaces in 

a water system, the influence of the double layer is exerted on a dry 

soil system through a capacity to order or disorder particles. While 

still in water, the particular manner in which particles are arranged 

would be reflected by the magnitude of the force necessary to break the 

dried crust.
Reeve, et aI (1954) expressed the relationship between modulus of

rupture of Na"*"-saturated soils to the percentage of exchangeable Na"*"
present in the system with the equation y = mx + b. y represents the

modulus of rupture, m, the slope of the line, and x, the percentage of

exchangeable Na"*". This is presumed to occur before complete, saturation
of exchange sites on the clay surfaces; continuous incremental addition

of Na"*" would increase the modulus of rupture until a particular point is
+reached. This point represents the maximum concentration of Na that would

cause the greatest modulus of rupture value and beyond this limit, the
+modulus of rupture would start to decrease upon addition of more Na .
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This last portion of the argument- is what is supposed to have happened 
in the experiment, the result of which are in Fige IV.10. The line can 

be described by the equation j  = -mx + b where y = modulus of rupture, 

x = concentration of exchangeable Na* and b = a parameter characteris
tic of the soil properties.

In the phosphate study (Fig. IV.11), it is believed that the 
lowering in crust strength was caused by one or more of several factors. 

(NaPO^)g behaved like a polymer; its oxygens being available for H-bon- 

ding with -OH groups on the clay surface and its sodium partially bonded 

with the negative sites. Several particles could be bonded together 

throughout the entire chain and can cause aggregation and disorienta

tion. A second speculation would involve the same effect as in added 

electrolytes. It should be remembered, that the addition of (NaPO^)  ̂in

volves the addition of Na*. Na* in (NaPO^)  ̂ could have acted as excess 

electrolyte which could lower the crust strength as a result of the re

pression of the double layer thickness while in water suspension.
Phosphoric acid and monocalcium phosphate in small amounts (50- 

100 ppm) were effective in lowering the crust strength of soils (Lutz 

and Pinto, 1965). It was proposed that the formation of aluminum and 

iron phosphates and the consolidation of soil particles by these comple

xes were the reasons why crust strength of these soils was lowered. Small 

increments of phosphoric acid produced microaggregates as a probable re

sult of particle linkage by the phosphate ion (Lutz, et al, i960).
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Figure IV,10 - Modulus of Rupture, Modulus of Rupture/Unit 
Ueiglit and Shrinkage, and Concentration of Added Electro
lyte Relationships*
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Figure IV,11 - Modulus of Rupture, Modulus of Rupture/Unit 
Weight and Shrinkage, and Concentration of Added Phosphate 
Relationships,
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However, the addition of phosphoric acid and monocalcium phos- 

phate to a soil has its complications. The H ion dissolves aluminum 

probably from aluminum oxhides and hydroxides from the soil, or even alu

minum from the octahedral layer, As a whole and depending upon the deg
ree of dissolution of aluminum, the clay particles behave as if they were 
saturated with Al-*-*-*". One of the manifestations of an Al * * * -saturated

soil is the low modulus of rupture upon drying. Similarly, and again
-H-depending upon how much Ca is dissolved from monocalcium phosphate, 

the lowering of the modulus of rupture of soils with monocalcium phos

phate might be due to the Ca"̂ * and not to the phosphate ions.
The idea behind the pH study is the effect of increasing the posi

tive and negative charges on the clay particles. It is a well-accepted 

notion that at lower pHs, an excess of positive charges exists and at 

higher pHs, an excess of negative charges exists, At both instances, the 

presence of similar charges should lower the crust strength of a dried

sample. Since the changes in modulus of rupture did not reflect this, it
+ +is believed that there were side effects contributed by the H and the Na 

ions (Fig, IV,12),
Changes in pH might affect the Al and Fe oxides that might be pre

sent in the soil. It is the amphoteric behavior of these oxides which 

contributes to the buffer capacity of oxide-rich tropical soils (Sumner, 

1963), At low pHs, iron hydroxide seems to be sorbed more readily on clay 

surfaces but with some clays and in some circumstances, sorption could
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occur irrespective of the pH of the surrounding medium (Greenland and 

Oades, 1968). The commonly observed phenomenon of increasing positive 

charges at low pHs and increasing negative charges at increasing pHs 

was also presented by Deshparide, et al (1964) in their study of the ef
fects of synthetic iron and aluminum oxides on the charges of soils and 
clays. Chesters, et al (1957) concluded that pH has little or no effect 

on soil aggregation. Evidently, most natural soils are neither too al
kaline nor too saline for investigators to suspect low-charged cations 

to be the sole cause of crusting. Pylon soils that crust have a pH range 

of 5.6 to 7.3 in comparison to a range of 6.6 to 7.8 for other soils in 

the area (Clark, 1971).
Apparent discrepancies in the modulus of rupture of soils where 

sand has been added are due to the use of sand of a range of sizes and 

not just of a particular size. However, the modulus of rupture was grea

test for soils without added sand. Modulus of rupture of soils with added 
fine sand (320-325 mesh) was greater than the modulus of rupture of soils 

with added coarse sand (60-120 and 50-200 mesh). The increase of inter

particle distances upon addition of an inert material like sand affects 

the modulus of rupture, following the same line of reasoning as in in

creased interparticle distances due to aggregation (Fig. IV.13).

AlgO^ ^  considered an inert and fairly insoluble material. It 

would be expected that the behavior of soils upon addition of Al^O^ would 

mimic that of the addition of silica sand. The graph on Al2O3 percent
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Weight and Shrinkage, and Al^O^ Content Relationships.
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versus modulus of rupture again shows how the size of an inert material 
affects modulus of rupture due to increased interparticle distances. The 

decrease in modulus of rupture is greatest when sand or Al^O^ are added 
in large amounts (Fig, IV,14),

The modulus of rupture study had supported the model of soil crus

ting (i«e,s crusting is a step in the reversion of the weathering process) , 

in a number of ways. Crusting as believed to be caused by the arrangement 

of clay particles in the soil in a manner analogous to sheets of musco

vite was shown by the high crust strengths of monovalent cation-saturated 
Pylon soils and compressed K*"-saturated Pylon soil (as compared to modulus 

of rupture values of muscovite sheets). The parallel stacking of clay plates 

when a system is saturated with monovalent cations was evidenced by the 
curling of dry soil briquettes containing monovalent cations. Although 

large crystals of muscovite-like minerals are not formed, compaction by 

pressurization is assumed to cause higher breaking strengths. Conversely, 
polyvalent cation-saturated Pylon soil particles aggregate and assume 

sizes approaching the silt and fine sand category, or larger, As shown by 

the addition of sand, the increase in size of aggregates discourage com

paction and the irregularity in the size and shape of the aggregates do 

not allow a close proximity when particles (now aggregated) come close 

together. Thus, low breaking strengths were obtained for soils treated 

with polyvalent cations.
Shrinkage, The degree of shrinkage of soil material is an indica
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tion of the type of clay mineral present* MontmorilIonite, being of the 

expanding lattice type, would exhibit the greatest shrinkage of the clay 
minerals* Since Pylon soil is montmorillonitic, a considerable amount of 

shrinkage is expected*
Shrinkage is inversely proportional to the amount and size of 

interstitial spaces between soil particles. An indirect relationship 
between shrinkage and modulus of rupture is recognized in a physical 

standpoint in that a greater shrinkage of a soil bulk allows a greater 
compaction and consequently, an increased modulus of rupture. Shrinkage 

graphs have been shown in conjuction with modulus of rupture graphs.

In an effort to clarify modulus of rupture observations further, 

similar investigations dealing with strengths of consolidated material 

are explained:
++ +Ca -montmorilIonite had lower shear strength than Na -montmoril-

+Ionite (Warkentin and Yong, 1960). In Na -montmorilIonite, strength ap

peared to depend upon interparticle repulsion due to the osmotic activity 
of diffuse ion-layers, while in Ca"*~*"-montmori I Ionite, forces of attrac

tion and repulsion led to a particle arrangement that influenced the 

strength. They also found that increasing the salt concentration and the 
valence of exchangeable cations decreased interparticle repulsion and 

either increased or leaves unchanged the forces of attraction.

The tensile strengths of' soils saturated with cations were such 

that Fe > K = Na > Al > Ca (Dowdy and Larson, 1971). The controversial
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position of iron in the order was suggested to have been caused by the 

cementation action of hydrous Fe oxides formed during cation saturation. 

In this arrangement, there is no way of grouping the cations as to the 

effects of ionic size or valency. An exact comparison between modulus of 
rupture on one hand and shear strength and tensile strength on the other 
cannot be made since these three measurements reflect different breaking 

planes and probably, the breaking of different types of bonding. Modulus 
of rupture determinations as applied to the soil represent the breaking 
strength of plantlets as they emerge through the soil to the surface.

Bulk Density. Although a separate chapter is devoted to Bulk Den

sity, values for bulk density using the weights of the briquettes and 
their volumes as measured with calipers were obtained. Discussion on this 

will be found in the Bulk Density section. Data can be seen in the Appen

dix section, separate from the modulus of rupture, modulus of rupture per 

unit weight and shrinkage tables.

modulus ofrupture

tension

Figure IV.15 - A Comparison between Modulus of 
Rupture, Shear and Tensile Strengths. Arrows show 
the direction of applied forces; dotted lines, 
cleavage or breaking planes.



Chapter V

BULK DENSITY

Materials and Methods

The density of the soil was first determined by the pycnometer 

method. Two trials were made, one with boiling the sample to expel the 

air dissolved in the water and letting the sample cool, and another, with

out boiling the sample.
The formula

d (W -W ) w s a
p  _ ( V V -cwSW-V

where = density of the soil particles (in g/cm ); d^ = density of water

at a particular temperature; W = weight of pycnometer and soil (in g);

= weight of pycnometer; W ĝ  = weight of pycnometer, soil and water; and

W = weight of pycnometer and water, was applied.
W

Broken briquettes of soil fractions, unwashed and washed soil, and
cation-saturated soils from the modulus of rupture experiments were dessi-

cated for 24 hours. Each briquette and 6-inch (15.24 cm)-long polymer-

coated copper wires (with a diameter of 5.615 mils = 0.005615 inch = ■

0.014262 cm) were weighed. Each briquette was tied with a length of cop- •

per wire, rewcighed, and dipped in molten paraffin for 15 seconds. The

briquette was cooled for a minute, redipped for another 15 seconds, and

cooled. Each briquette was weighed in air and in water.
3Bulk density B.D. (in g/cm ) was calculated from the formula
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Bo Do Hbsp - (HP +  gS> 
Lbsp - %  + vS >

where = weight of briquettes, paraffin and strings (in g); W =

weight of paraffin; Wg = weight of string; = loss, in weight of bri

quettes, paraffin and strings in water; V = volume of paraffin (W /p ,P P P
3weight divided by density, in cm ) and = volume of string (Ws/ps)® 

Results and Discussion

The bulk density measurements yielded small differences among the 
different cation-saturated soils, but apparently showed the differences 

in compaction in soil, clay and silt (see Appendix) such that silt > soil > 
clay. Aggregation and cementation in clay caused a relatively smaller 

bulk density value when compared to silt. Air spaces between aggregates 

cause a low bulk density.

As a relationship is believed to exist between compaction and dis
orientation on one hand and the strength of crusts on the other, an indi

cation of the sizes of the pores present in a dried soil could be obtained 

from bulk density measurements as long as the nature of the pores is pre

served. Paraffin, by coating the surfaces of the briquettes, is presumed 

to do this, though the entire method itself may not be sensitive enough 

to detect small differences in bulk density. Apparent similarity or close

ness in the bulk densities of the soils seems to show that very slight 

changes in bulk density, if any, could cause great changes in modulus of

rupture
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The bulk density as computed from the weights and volumes of the 
briquettes used in modulus of rupture may be found in the Appendix.
Fig. V.I shows the relationships in soil fractions and Fig. V.2 shows 

the relationships in different cation-saturated soils.

Compactness could explain the high value for washed soil. Aggre

gation in clay gave a lower bulk density value, and the large size of 

silt particles caused an even lower bulk density. The trend for the cat

ion-saturated soils are Li > Na > K > Ca > Mg > Fe > Al.

Should there be no real difference among the bulk densities of 
cation-saturated soils, an explanation as to what could be the mode of 

stacking of the parallel clay platelets is brought into consideration. 

Fig. V.3 shows how parallel stacking in monovalent cation-saturated clay 

differs from parallel stacking in polyvalent cation-saturated clay, yet 

give similar bulk density values. In congruence to modulus of rupture 

studies, the parallel stacking in polyvalent cation-saturated clay would 

indicate the presence of planes of weaknesses (broken lines), which would 

amount to low breaking strengths.

Figure V.3 - Parallel stacking in monovalent cation-saturated 
clay systems (A) and in polyvalent cation-saturated clay sys
tems (B) .



Chapter VI

THIN SECTIONING

Materials and Methods

Briquettes of soil fractions, unwashed and washed soil, and cation-
saturated soils from the modulus of rupture experiments were impregnated

»with plastic „ Thin slices were made and set in glass slides. The slides 

were studied under a polarizing petrographic microscope and photographed. 
The size of the pores and the degree of orientation and aggregation of 
particles were noted.

Results and Discussion

The visual proof of orientation of particles and aggregation in a 

soil which forms hard crusts should be seen in any of two methods: micro

scopy using polarized light and electron microscopy. The former method 

was employed in this paper. When a thin section of a soil is viewed , 

through a microscope using ordinary light, the largest bodies seen are 

mineral grains (usually quartz and feldspars) and crop residues. Organic 

matter and pores appear dark and transparent respectively and are of 
varying sizes. Individual particles of clay are not seen but a soil ma

trix consisting mostly of clay appears as very fine fillings between 
large minerals. Silt is seen as small pellets interspersed with the clay 

and fine sand in the matrix. Coatings of organic matter or sesquioxides 

are usually darker than the mineral grains they are enveloping.

Commercially prepared by Cal-Brea, Inc., Brea, California.I



-72-

When viewed under crossed polarizers (Nicol prisms), particles 
which are parallel to the plane of polarization of light (0° angle with 

the plane of polarization) appear dark. Rotation of the microscope stage 
in such a way that the particles are at a position 45° to the plane of 
polarization of light brightens the images of those particles. If there 

is any clay orientation, dark "extinction bands" seem to sweep across the 
thin section, alternately brightening and darkening as the microscope 

stage is rotated.

Reproductions of the thin sections under IOOx magnification (I mm 
particles appear as 10 cm particles) are shown in ordinary light and pola

rized light. A third picture shows the same sample with the microscope 

stage rotated 45°. These photomicrographs can be seen in the Appendix.

The appearance of larger particles in washed soil as compared to 

unwashed soil indicates the loss of some clay particles upon washing. 

Aggregation is seen in the clay thin section. Definite borders of aggre

gates are apparent in the micrographs. Grinding did not break the aggre

gates, implying the good cementing properties of clay. The presence of 
aggregates could be a reason why the modulus of rupture of clay is grea

ter than the modulus of rupture of washed soil, but not too great as was 

expected.
Silt appears aggregated to a lesser degree than clay.

The soils saturated with monovalent cations show small and few 

pores. There is no sign of extensive aggregation in any of these thin

sections
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Ca"̂ "- and Mg"^"-saturated soils appear as mixtures of larger par-
~ j - |tides and some aggregatese Further evidence of aggregates in Ca -satu

rated montmorilIonite was obtained using electron microscopy (Mathieu- 
Sicaud, et al, 1951), The aggregates appeared to increase in size after 
aging for several hours and days. Most interesting is the presence of 
very large aggregates in Al ' *'* - and Fe * * * -saturated soils. They are easi
ly mistaken for mineral grains with a sole exception: a conglomerate sus

pected to be a clay aggregate would be composed of grains that alternate

ly brighten and darken when the microscope stage is rotated under pola

rized light; a mineral grain would brighten or darken as a whole. The 

conglomerates found in the thin sections seem to twinkle as the stage of 
the microscope is rotated, and are therefore considered as clay aggre

gates.
The reddish-brown coloration of the iron-clay aggregates is a 

strong indication that iron oxides had coated the particles and had 

caused the aggregation. According to electron microscopy studies and 

data obtained by Greenland and Oades (1968), at pH 7, clay particles 

are actually observed as to be coated or enveloped by ferric hydroxide 

gels. Drying had transformed the hydroxides to oxides, still retaining 

the particles that had been trapped in the initial formation of conglo

merates.
These aggregates are presumed to be composed of clay particles, 

silt and very fine sand held in firm bonding by iron oxides, As such,
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an aggregate could act as a single large particle. This is an evidence 
of "clay domains" observed and explained by Emerson (1959). The inter

mingling of these large aggregates with the unaggregates silt and sand 

makes a soil crust behave like a sand consolidate, with low breaking 
strength. Appearance of planes of weaknesses is also expected, and was 
actually photographed (Fig. VI).

Evans and Buol (1968) have found numerous horizontally-oriented 
particles and platy structures along with the absence of large pores in 

some photomicrographs of natural crusts. The orientation of particles 

would be expected to contribute to the rigidity of the crusts. Large

Figure VI - An apparent line of weakness in a soil aggregated by 
the presence of ferric ions.
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pores were present in thin sections of weak crusts and small pores, in 

thin sections of strong crusts (Moe, et al, 1971).
To a certain extent, the thin sectioning study has shown that 

soils saturated with monovalent cations are more compact than soils satu
rated with polyvalent cations. Moreover, if the thought is extended, the 
particles in monovalent cation-saturated clayey soils are arranged in 

such a way that less pores are created. This ordering leads to a model 

of soil crusts approaching the arrangement of sheets in muscovite. On 

the other hand, the formation of irregular aggregates due to the presence 
of polyvalent cations, disorient the particles. Particles (now aggregates) 

which are almost sand-like in proportions, lower the crust strength due
Ito the presence of large pores in between the aggregates.



Chapter VII

WATER AND OXYGEN PERMEABILITY

Water Permeability

Materials and Methods. Briquettes of soil fractions, unwashed and 
washed soil, and cation-saturated soils were prepared* They were dipped 

in pans of water and the time required for the water to completely wet 

the briquettes was recorded. Water permeability was expressed in sec/cm, 
the dimension of thickness being used.

Results and Discussion. The relationship between the diameter of 

a soil fraction and the rate of infiltration of water suggests the extent 
of sealing of the pores. Soil losses and crust formation are consequen

ces of raindrop impact (Epstein and Grant, 1967); pores sealed by smaller 
clay particles and compaction prevent the seepage of water through the 

entirety of the soil. Numerous investigations have shown this (Duley, 

1939; McIntyre, 1958a and b; Tackett and Pearson, 1965).
Figs. VII.I and 2 show the water permeability.of the samples: 

sand >> silt > clay; Fe > Al > Ca > Mg > -K »  Na = Li. The speed with 

which water could penetrate a soil stratum, water permeability, as an 

interplay between surface tension and capillarity, depends upon the dia

meter of the pores present in a system.
-j- +Air and water permeability were lower for Na - than for K -satu

rated soils (Reeve, et al, 1954). In kaolinite systems, addition of cat-
-fions influenced water permeability. It was greatest for H -saturated 

samples, followed by control (Ca^-saturated) > K*"- > Na^-saturated sam-
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ples (Elgabaly and Elghamry, 1970).
The model of soil crusts with the clay platelets lying horizontally 

and in parallel configuration is supported by the water permeability re
sults of soils saturated with monovalent cations. Water seepage through 

the platelets was longer than water seepage through aggregates in random 

arrangement.

Oxygen Permeability
Materials and Methods. Fig. VII.3 represents the oxygen permeabi

lity apparatus used in the experiment. It consists of a diffusion chamber 

and a Beckmann Model D2 Oxygen Analyzer. The diffusion chamber is a filter 

flask over which a plastic plate with a hole 2% cm in diameter has been 

fused. The inlet of the flask has a 3-way stopcock; one branch was con

nected to a nitrogen tank and the other, to the sample outlet of the oxy

gen analyzer. The outlet of the flask has a Y-tube, one branch of which 

is provided with a 2-way stopcock. The other branch was hooked up to the 

sample inlet of the oxygen analyzer.
Dessicated, broken briquettes of soil fractions, unwashed and 

washed soil, and cation-saturated soils from the modulus of rupture stu

dies were mounted, one at a time, on another plastic plate with a circu

lar hole 2>s cm in diameter. All exposed surfaces of the briquette, except 

those directly lying on top of the hole, were coated with petroleum jelly. 

The plastic plate-briquette set-up was fitted on the identical plate on 

the flask. All contact points between the two plates were coated with 

petroleum jelly.



-79-

A

9- O a
>to atmosphere

to N 0 tank

Figure VII.3 - Oxygen permeability apparatus. A, plastic 
plates; a, holes in plates; b, sample; B, diffusion chamber;
C, flask outlet; D, flask inlet; E, rubber bulb for circula
ting gas; F, Beckmann Model D2 Oxygen Analyzer.

The hole of the plastic plate on the flask can be blocked by sli

ding the overlying plastic plate-briquette set-up. With stopcocks closed 
and all connections from the flask to the oxygen analyzer completed, a 

closed system is produced. Letting nitrogen through the 3-way stopcock 

and opening the 2-way stopcock flushes air out of the system. Residual 

oxygen, if any, is detected by the analyzer, which gives readings in mm 
Hg partial pressure.

The plastic plate-briquette set-up was carefully slid on the plas

tic plate of the diffusion chamber in such a way that both holes coinci

ded. Air from the outside was allowed to diffuse through the samples, 

into the chamber for one minute. After the hole has been closed again, 

the analyzer bulb was squeezed for 30 seconds, at a rate of -i squeeze/sec.
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A reading from the analyzer gave the amount of oxygen present in the 

system after the operation. The amount of diffused oxygen was taken as 

the difference between the final and the initial readings.
Oxygen permeability was expressed as atm partial pressure-cm-

-1sec e
The experiment was done in a constant-temperature room (37 F = 

about 3°G) since the rate of diffusion of oxygen into the system is di
rectly proportional to the absolute temperature (Taylor, 1949)® The par
tial pressure of oxygen in the air was determined by letting atmospheric 

air enter the analyzer. A sample of silt briquette was mounted on the 

plastic plate and the above procedure was repeated. To check for the 

validity of the equation

(where P = partial pressure of oxygen in air; P = partial pressure of 
oxygen in the vessel; D* = diffusion coefficient; A = cross-sectional 

area of the sample; A = a parameter with a value of. unity when the sys

tem is free of soil and when diffusion is allowed to occur over a unit 

cross-sectional area where the entire area is available to the movement 

of gases) (Taylor, 1949), readings from this silt briquette were made 

at I, 3, 5, 10, 30 and 120 minute intervals. Pq Z(Pq-P) values were plot

ted against t (in sec) in a semi-logarithmic paper, and the shape of the 

resulting curve was observed.
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Results and Discussion, The method used is a modification of an 
earlier scheme by Taylor (1949),

The rate at which a gas diffuses through a porous medium can be 

a measure of the permeability of a system. The oxygen permeability of a 
soil sample gives an idea of the arrangement of particles in the sample. 
The amount of oxygen as detected by an oxygen analyzer would be small if 

the particles are oriented in a manner that would not permit the forma
tion of pores and would be great if the particles are disordered in a 

manner that permits the formation of large pores.

The validity of the experiment is proven in Fig, VII,4, i,e», 

equilibration of a soil sample to atmospheric oxygen would yield a cha

racteristic curve showing the rate of oxygen permeability® Taylor (1949) 
had done a similar experiment and had obtained similar results.

The oxygen permeability of soil fractions and cation-saturated 

soils are shown in the Appendix* Curves expressing the relationships bet

ween oxygen permeability and sizes of particles, and valency.of cations 

are shown in Figs, VII,5 and 6, The general trend among soil fractions 

and cation-saturated soils is very similar to that obtained from the 

water permeability measurements.
Bulk density, water permeability and oxygen permeability measure

ments all point out the presence of pores, or the absence of pores, in a 

soil system. The model of soil crusting presented was greatly upheld by 

these three clear-cut determinations. Although bulk density values were
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Figure VII.4 - Partial Pressure of versus Time
Relationships in Silt Crust.

Data
P P

time (min) Partial Pressure of O2 (mm Hg) O
P -PO

O
P -PO

I 2 I 2
0 0 3 I 1.025
I 23 26 1.230 1.268
3 56 60 1.836 1.952
5 65 72 2.121 2.412
10 73 80 2.460 /2.861
30 92 95 3.96&/ 4.393
120 113 116 12,300 17.571

Po=partial pressure of in the air=l23 mm Hg

IO 5 0
time (min)

100
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0 . 0 3
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Average Diameter of Soil Particles (mm)
Figure VII.5 - Oxygen Permeability versus Average Dia
meter of Soil Particles Relationships.

0 . 0 3

Valence of Cation
Figure VII.6 - Oxygon Permeability versus Valence of 
Saturating Cation Relationships.
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no t as clearly-defined as was expected, the permeability tests, together 
with thin sectioning, have shown the absence of pores in fine-size par
ticles and the presence of large pores in large-size particles forming 

crusts. In muscovite, these measurements should have given very low 

values. Again, the model of soil crusting, i.e., layering of small par
ticles and compaction resulting from influences of cations approximate 

the layering of sheets in muscovite, and that this could be avoided by 

causing more aggregation.



' Chapter VIII

SOIL AGGREGATION

The presence of stable aggregates is an index of the tilth of the 

soil. There are materials which promote soil aggregation and these mate

rials form crumbs which allow plat roots to penetrate, grow and anchor 

themselves well,•provide stable traction for farm implements and maintain 

adequate drainage with moderate retention of water. Organic matter is one 
of the factors responsible for stable aggregation (Browning and Milan,

I944I Emerson, 1959; Mehta, et al, 1960; Greenland, et al, 1962; Allison, 
FeEe, 1968; and others). Sugars (Greenland, 1956), carbohydrates and re

lated compounds (Lynch, et al, 1956) and polysaccharides (Clapp, et al, 

1968) are adsorbed on clay particles and from electron microscopy studies 

(Kroth and Page, 1946), organic matter is seen universally distributed 

throughout naturally-occurring soil aggregates.

Organic matter in the soil have been found to be comprised mostly 
of polysaccharides and polypeptides (see preceding references). They have 

been extracted and their components identified (Mehta, et al, 1960; Bar

ker. et al, 1965 and 1967; Finch, et al, 1967; Swincer, et al, 1968). 

Several researches have proven the presence of such compounds in the soil 

as products of microbial activity (Chesters, et al, 1957; Mehta, et al, 

1961; Clapp and Emerson, 1965; Clapp, et al, 1962; Martin, et al, 1965; 

Aspiras, et al, 1971). The identification of some proteins and lignins 

were also reported by Weldon and Hide (1942). The stability of these 

microbial excretions and residues is a measure of the stability of the
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aggregates formed by them* Comprehensive summaries of the effects of 
polysaccharides on soils were given by Allison, FeEe (1968) and Martin 
(1971).

The second important aggregating or cementing agents are alumi
num and iron oxides or hydroxides. Chesters, et al (1957) considered 

them to be the most important aggregating agent in some soils and their 
effect on all size particles is great (Area and Weed, 1966). These two 

compounds are present as coatings on clay surfaces (Kroth and Page, 

1946) and are usually the common oxide minerals.

Clay, in small quantities, acts as a cementing agent of silt and 

sand. Clay of smaller size limits contributes to the presence of more 

water-stable aggregates (Area and Weed, 1966).
Harris, et al (1966) outlined the possible binding mechanisms in 

the table below; •
Table VIII - Possible Aggregate Bonding Mechanisms '

I. Clay Domain-Clay Domain3

A. Domain face-Domain face
Cation^ bridge between negative faces. Mechanism simi

lar to that for orientation of clay platelets into 

domains (E.W. Russell, 1935).
— n+ *»Face ---M --- Face

B. Domain edge-Domain face
Positive edge site to negative face (Emerson, 1959).
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Table VIII - continuedo

+Edge AI-OH2 — - Face
He Clay Domain-Organic Polymerc-Clay Domain 

Ae Domain edge-Organic poIymer-(Domain)

Ie Anion exchange: Positive edge site to polymer car
boxyl (Ruehrwein and Ward, 1952; Packter, 1957; 

Warkentin and Miller, 1958; Mortensen, 1962; Emer
son, 1963)*

2e Hydrogen bonding between edge hydroxyl and polymer 

carbonyl or amide (Emerson, 1955; Holmes and Toth, 

1957; Kohl and Taylor, 1961)*

S h
Edge-OH--O=C-R-C-N— -HO-E dge 

'H
3* Cation-bridge between negative edge site and poly

mer carboxyl®
- rH- -Edge-O ———M ——— 00C—R—C00 ———

4« Van der Waals attraction between edge and polymer 

(Greenland, 1965).

Be Domain face-Organic polymer-(Domain)

I0 Hydrogen bonding between polymer hydroxyl and exter

nal or internal (expanding lattice minerals) face 

. silicate oxygens (Gcoghegan, 1950; Emerson, 1960; 

Emerson and Raupach, 1964)*
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Table VIII » continuedg

Face Si—0———HO—R—OH———

2e Cation-bridge between domain external face and, poly
mer carboxyl or other polarizable group (EeVJe Rus

sell, 1935; ICroth and Page, 1946; Peterson, 1946; 

Emerson, 1963),«

External Face ---Mn"*"--- OOC-R-COO.
3» Van der Waals attraction between face and polymer 

(Greenland, 1965)«

IIIe Quartz-(Silt, Inorganic and Organic Colloids)-Quartz 
Ae Chemical bonds established between quartz surface gels 

of hydrated alumino silicates and active groups of 

other aggregate constituents (Emerson, 1959)«

Be Quartz grains held in a matrix of silt and clay stabi

lized primarily by:
Io Oriented clay particles (EeJe Russell, 1950; J0P0 

Martin, ct al, 1955),
2« Irreversibly dehydrated silicates (Dutt, 1948), 

sesquioxides (Lutz, 1936), or humic-sesquioxide 

complexes (Filippovich, 1956),
3, Irreversibly dehydrated humic materials (Sokolov

skii, 1931; Williams, 1935; Sideri, 1936),

4, Silt-size microaggregates stabilized by iron hu-
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Table VIII - continued*

mates (Tiulin, 1954)«

5« Organic colloids and clay domains bonded by mecha

nisms cited under I and IIe

aClay domain defined as a group of clay crystals oriented 
sufficiently close together by cations or hydrogen bonds 
between the crystal faces to behave as a single unit.

= free cation or positively-charged metal oxide or 
hydroxide.
CR = organic polymer with axis horizontal or perpendicular 
to clay domain.
Formation of aggregates is caused by orientation of fine soil 

particles brought in close contact by physical forces which hold them 

together firmly even when in the dry state. These forces could be func

tions of particle size and properties, wetting and drying, freezing and 

thawing, other temperature changes, cultivation, plant growth and earth
worm activity. Chamical and electrical forces also exist. Stability (re

sistance to pulling apart when wet) is brought about by organic matter 

and oxides.
Martin (1971) summarized the role of aggregating agents as fol

lows: the length and linear structures of polymers bridge spaces bet

ween soil particles; their flexible nature allows a large number of , 

points to be in close contact with each other so that the Van der Waals 

forces become effective; and -OH and -COOII groups allow hydrogen bonding 

and ionic bonding between the compounds and the exchange sites on clay

surfaces
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Figure VIII - Sclieme of Aggre
gation. For explanations, see 
below. (Redrawn from Emerson,
1959).

A visual representation of soil aggregates is given by Emerson 
(1959) in Fig. VIII. A represents quartz-organic-matter-quartz inter

actions; B, quartz-organic matter-domain; C, domain-organic matter-domain;

, face-face; C^, edge-face; C^, edge-edge; D, D1, domain-domain, edge- 

face.
Eduards and Brenner (1967) proposed a microaggregate theory sa

ying that the basic structural units in soils of high base status are 

fine sand- and silt-sized microaggregates (250 p in diameter) consisting 

largely of clay-polyvalent metal-organic matter complexes.



Chapter IX

CONCLUSION

The soil is subject to building-up and breaking-down processes 

just as the human body is subject to the anabolic-catabolic cycle of 
life. Destruction of soil aggregates induced by erosion, raindrop impact, 
overcuItivation and drying produces tiny particles which together with 

the preexisting clay and silt, enter the pores. Through the action of 

water and cementing agents, cementation occurs. If a tract, of land is 

located in a depression, the presence of standing water may encourage 
the smaller clay and silt particles to rise and the larger sand particles 
to sink. Puddling orients the particles; formation of small pores after 

slow drying induces crusting.
As has been elucidated in the preceding chapters, the crust which 

develops, especially in montmorillonitic soils, resembles the structure 

of the common primary minerals, muscovite and biotite. Crystals of mica 

are not formed by these crusting clay particles, but if given the chance 

to revert to such mineral structures under certain conditions (presence 

of favorable exchangeable cations, pressure, temperature, etc.), it is 

possible that clay particles would eventually become mica crystals.

Crusting can be prevented by adequate aggregation of particles.

The grouping of small particles gives rise to crumbs which possess sur

faces that do not fit well together, thus preventing compaction. The pre

sence of. pores and planes of weaknesses reduce the strength of these soil

crusts
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The Role of Water

Water in a soil system has more than just a dispersing role* It 
is a vehicle in which ions and other soluble material reach the active 
clay surfaces which are available for bonding and cementation. The beha
vior of particles in water could be different from their behavior in the 
dry state. In water, particles are freely moving and when in the dry 
state, the particles are confined to a specific volume.

The bonding of positive ions to negative sites on clay surfaces 

when the soil system is in water suspension is governed by factors like 

the size of the cation, the magnitude of charge on the cation, the cation 
concentration, the temperature and pressure, and competition from other 

cations. Before dehydration, the surrounding water orients of. disorients 

the particles, again, accordingly as the nature of the ions present.

Loss of water also makes the particles come closer together and maintain 

a certain distance through which the forces of attraction grossly over

come the forces of repulsion. Together with mechanical interlocking of 

irregular particles and frictional forces, the above-mentioned forces 

contribute to the physical forces involved in the bonding of crusts.

Van der Waals forces of attraction, if considered to be physical 

forces, could not be strong enough to hold soil particles together. In 

a tightly-packed soil crust with a high modulus of rupture, the presence 
of forces superior to physical forces, is indicated. One possibility is 

extensive hydrogen-bonding within the crust.
Flakes of oriented clay (cation-saturated) do not disperse in
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water unless disturbed,, This is due to the presence of an energy barrier

at a critical distance of separation between clay srystals, This distance

varies as the kind of cation present® Emerson (1959) clearly defines a
"clay domain" as a group of clay crystals having suitable exchangeable
cations, where the particles are oriented, and are sufficiently close
together for the group to act as one® Clay domains had been identified

for Ca^-saturated clays, but not for Na^-saturated clays,
+If the idea of a clay domain is extended, a Na - or any monovalent 

cation-saturated clay crust is one big clay domain. Breaking such a grou

ping would require great forces which could approach the breaking force 

necessary for primary minerals.
It is emphasized, that aggregation, as opposed to crusting, contri

butes to the prevention of the formation of hard, cemented soil, by allo

wing the formation of pores through which water and air might circulate. 

The Rock-Clay Cycle
A step-by-step transformation in the rock-clay cycle is presented 

in Chapter I as Fig. 1,1. Fig, IX is another version.
Neither illite nor any of the micas is freely expansible. This 

limits the entry of water between the interlayers, making it quite dif

ficult for the cation to be exchanged once it bonds to the clay surface 

as the water evaporates. Addition of a high level of potassium would tend 

to reverse the equilibrium towards the micas (especially muscovite). Upon 

drying, a semi-permanent intermediate between a K -montmorilIonite and 

muscovite is apparently formed, •
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In the process of crusting therefore, the formation of montmoril- 
lonite-muscovite intermediates cause the abnormaIIy-high modulus of rup

ture, low water and oxygen permeability,'and decreased stability of aggre
gates e Conditions that would favor aggregation, then, are recommended if 

a favorable soil is wanted*

Curbing Soil Crusting
In clayey soils, incorporation of sand would decrease the clay/ 

sand ration; in silty soils, addition of clay in small amounts might ale- 

viate objectionable soil crusting* Deep plowing, which allows the subsoil 

to emerge to the surface, could be a good alternative to the addition of 

either sand or clay0
The addition of divalent or trivalent cations, whichever is most 

economical and least toxic to plants, might be expected to reduce crust 

strength*
Animal manure, green manure, crop residues and related farm by

products provide the much-needed organic matter for aggregation*
Addition of synthetic soil conditioners, mostly polymers, have 

been recommended* Polyelectrolytes (Allison, 1952), polyvinyl alcohol 

(Greenland, 1963), hydrolyzed polyacrylonitrile (Mortensen,. 1960), sur

face-active agents (Revut, et al, 1968) and soil conditioners HPAN (hy

drolyzed polyacrylonitrile) and VAMA (vinyl acetate-maleic acid copoly

mer) (Martin, V7*P., 1953; Sherwood and Engibous, 1953; Allison and Moore, 

1956; and Allison, 1956) have been found to be adequately adsorbed by soil 

particles to favor aggregation*



Chapter X

h+-saturated clays

The preparation of H+-Saturated clays have mostly been through

saturation of the clay with acid, usually HC1« It has been observed that

acids have unfavorable effects on clay systems; acids dissolve either
the oxides or the crystal lattice of the clay mineral itself,

+Two alternative methods for preparing H -saturated bentonite are 
proposed in this section. Both methods involve the preparation of a sus

pension of bentonite in water, and for that matter, a suspension of any 

clay preparation.

Procedure
In the first method, 100 ml of a 2% clay suspension was equili

brated with a 15-g portion of MB-3 (Amberlite) mixed-bed resin (pH = 6,28 

in a 100-ml suspension). After an hour, the suspension was filtered 

through glass wool. The filtrate was reequilibrated for one hour with 

another 15-g portion of the same resin. After filtration, a third and 

a fourth equilibration were done for Ih and I hour respectively.
The pH of the filtrates was measured after each operation.

Blanks containing AlgO^ (15 g/300 ml), SiOg (5 g/300 ml), AlgO^- 

SiOg mixture (7% and 2% g/300 ml) and RSO3Na resin (15 g/300 ml) were 

also treated with MB-3 resin to verify the lowering of pH of clays trea

ted with the resin.
In the second method, a 0.025 M NaCl ( = 1.46125 mg NaCl/ml = 

0.575 mg Na+/ml - 575 ppm Na+ ) in clay suspension (1000 ml contain 7.952
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+g clay; I g clay contains 0*0723 g Na ) was prepared# A liter of the above 

solution was equilibrated with 50 g of MB-3 resin for 5 minutes. After fil 

tration through glass wool, the clay suspension was passed■through a 12- 
inch high, 4.5-inch in circumference MB-3 resin column at a rate of 200 
ml/min, with the help of suction*

0.1 M NH^Ac solution was added to coagulate the clay (100 ml clay 

suspension diluted to 500 ml with the NH^Ac solution) in the eluate. 200 
ml of the supernatant were centrifuged at 20,000 rpm for 20 minutes* Resi-

-pdual Na in the eluate was determined by atomic absorption spectroscopy 

using a Beckman DB Prism Spectrometer with a Beckman Atomic Absorption 

Accessory*

The second method was repeated for a 0.25 M CaCNO^^el^O (45.5275

mg Ca(NO^)2A1Il = 10,020 ppm Ca*1-1") in clay suspension and a 0.25 M Mg(NO^)2
4+ -H-„6H20 (64.1075 mg/ml = 6,078 ppm Mg ) in clay suspension. Residual Ca

and Mg^+ in the eluates were determined by atomic absorption spectroscopy

using a Varian Techtron Model AA5 Spectrometer.

Observations
Table X.I outlines the results'obtained from the first method.

The pH of bentonite (2% suspension) was greatly decreased after 

the first batch treatment, and continued to decrease after subsequent 
treatments. The pH of Pylon clay also decreased when treated similarly. 

Al2O3 and SiO2 suspensions had increasing pHs due probably to increased 

dissolution and hydrolysis of the oxides to the respective hydroxides.



-98-

The pH of the RSO^Na resin decreased, indicating a transformation from
-hthe sodium to the H form.

Table XeI -  pHs of Suspensions Treated with MB-3 Resin

time
(hour) batch Al2O3 SiO2 Al-Si , „. , bentoniteoxide Pylon clay RSO^Na

0 7,7 4.3 6.95 9.7 6.4 9. I
I I 9,85 4.9 9.25 3,4 6.0 5.6
2 2 9.85 4.9 9.25 3.5 5.45 4.4

3% 3 9.6 .4.9 9.0 3.7 5.3 4.25

4-2 4 9.85 4.9 9.1 3.8 5,3 4.25

0 7.6 4.3 ' 6.95 9.65 6.4 9.2

I I 6.9 4.6 7.1 5.35 5.85 5.6

2 2 8.0 4.7 8.0 3.4 5.4 4.3

3k 3 9.4 4.75 9.0 3.5 5.3 4.25 .

4% ■ 4 9.6 4.75 9.0 3.6 5.2 4.25

Table Xe2 outlines the results obtained from the second method.
+  4-p 4-pConcentrations of Na , Mg and Ca were greatly diminished after

the operations, A 250-, 650- and a 900-fold decrease were obtained for
the three cation concentrations respectively. It is assumed that the

+ +bulk of the cations added was replaced by H from the resin to form H - 

saturated clays by ion exchange.
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Table Xe2 - Concentrations of Na"*", Mg"*"*" and Ca"*-*" Remaining in 
the Clay Suspensions before and after Equilibration with and 
Passage through MB-3 Resine

cation concentration before 
operation (ppm)

concentration after 
operation (ppm)

+Na 575 2.458*
*1.82

Mg+1" 10,020 12.2

15.2

Ca"*-*" 6,078 6«6

T-JCO

First and second trials respectively®

Conclusion
Treatment of clay suspensions by batch operation and elution■through

4-a column of resin are commendable procedures in preparing H -saturated

clays in the sense that the lowering of the pH of the clay indicated a
+transformation from a cation-saturated clay to a predominantly H -satu

rated clay; MB-3 resin columns strip the suspensions of exchangeable cat

ions, again suggesting that H+-Saturated clays are formed.

The objections to these schemes are the repetitious nature of the 

batch operations and the clogging of pores and channels in the resin co
lumn by clay particles« The former could be eased with the development of 

a constant-feed and filtration system, followed by pH determination which 

is entirely mechanized* The latter could be eased with the application '
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of suction#
- I -The stability of the H -saturated clays is not assured# Aging

44+might dissolve some of the alumina and an Al -saturated clay might en 
sue# However, it is presumed that the clay crystals retain their proper 

ties better than in the older method of acid saturation#
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Appendix A

PYLON SOILS

Two classifications of the crusting Pylon soils of Montana are as 
follows:

Table Ae I - Classifications of Pylon Soils*

<■
Ia ■ IIb

Order; Aridisol Alfisol

Suborder; Argid Boralf

Great Soil Group: Paleargid Eutroboralf

Subgroup: Borollic Paleargid Typic Eutroboralf

Family: fine, montmoriIlonitic

Series: Pylon
g  I?* Early and current classifications®

The physical and.chemical analyses and description of Pylon soils 

are given below;
Table Ae2 - An Outline of the Physico-Chemical

2Characteristics of Pylon Soil 

Soil; Pylon silty clay loam
Area (origin of samples); Cascade County, Montana

*Based on the Soil Survey, UeSeDeAe Soil Conservation Service system®
2From the analyses made by the Soil Survey Laboratory Staff, UeSeDeA6 
Soil Conservation Service, Lincoln, Nebraska, May 13, 1971®
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Climate: Cool, semi-arid, continental, with long, cold, dry winters and

moist springs and summers (Mean precipitation: 32 cm; Apro-Oct0,
22-25 cm; Average temperature: annual, 6°C; Jan0, -7°C; July,

20e5°C; winter, -4°C; summer, 1905°C)
Elevation: about 1000 meters 

*Parent materials : Silty clay glacial meltwater sediments deposited on a 

sedimentary bedrock surface 

Physiography: Sedimentary uplands 

Vegetation: Small grain and summer fallow 

Slope: 1%

Relief: Less than 60 cm, local 

Drainage: Well-drained 

Ground water: Below 3 meters 

Permeability: Very slow 

Infiltration: Very slow 

Run-off: Medium to rapid 
Salt and Alkali: Slight

Moisture: Dry to 65 cm, slightly moist below 

Stoniness: None.

Refers to the initial state of the soilo
Only the topsoil was subjected to the studies in this papere It is

Table A e2 - continued*

described in Table A»3
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Table Ae3 - Physico-Chemical Characteristics of
3Pylon Topsoil from Cascade County, Montana

Depth: 0-1 cm 

Horizona: A2pl^

Color: Light brownish gray (2.5 Y, 6/2 rubbed, 6/1 unrubbed)0, silty 
clay loam, dark grayish brown (2.5 Y, 4/2), moist 

Texture and Appearance: Massive and cloddy when dry, very weak granular 
when moist; extremely hard, very friable, slightly sticky and 

slightly plastic; abundance of unstained sand grains; the surface 
of clods and of crusts has a continuous light gray unglazed surface 

with distinctive evidence of siItflow on underside of clods and in 

cracks in the crusts; abrupt wavy boundary 

Size Class and Particle Diameter (mm):

Coarse fragments: trace 
Sand (2-0.05): 24.67.

Very coarse (2-1): 0.5%

Coarse (1-0.5): 0.7%

Medium (0.5-0.25): 1.2%

Fine (0.25-0.1): 5.8%

Very fine (0.1-0.05): 16.3%
Silt (0.05-0.002): 42.3%

Clay (0.002 and below): 33.1%
Int. IT (0.2-0.02): 39.2%
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Into III ( 0 . 02- 0 . 002):  23. 5%

( 2- 0 . 1 ):  8 . 3%

Remarks: Cracks up to 2e5 cm wide in surface crusts. These cracks extend 

to 88 cm long when they are 5 rnm wide. Roots are mainly compressed 

along vertical surfaces of prisms. The soIum^ appears to have deve

loped in nonconforming materials over sedimentary rock. Surface is 
covered by extremely durable tillage clods of varying sizes and by 
a continuous vesicular massive crust.

Water content (15-bar): 10.7%

Organic C: 1.38%

Nitrogen: 0.137%

C/N: 10

Available P (Bray): 55 ppm6 

Carbonates (as CaCO^): trace
Electrical Conductance (Saturation Extract): 0.7 mmhos/cm 

Extractable Cations: 19.5 meq/100 g

Extractable bases: 15.2 meq/100 g

Ca (NE^OAc extract): 8.6 meq/100 g 

Mg (Nli/+0Ac extract): 4.8 meq/100 g 

Na: 0.I meq/100 g 

K: 1.7 meq/100 g
Extractable acidity: 4.3 meq/100 g

Table A«3 - continued,,-
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Table A.3 - continued#

pH: about 6e5
Cat ion-exchange Capacity (NII^OAc extract): 17« I meq/100 g 3 * * 6

3Defined as a layer within a soil that is approximately parallel to the 
soil surface and that has properties that are produced by soil-forming 
processes but that are unlike those of adjoining layers.
^A2: mineral horizons in which the feature emphasized is loss of clay, 
iron or aluminum, with resultant concentration of quartz or other resis
tant minerals in sand and silt sizes; p: indicates disturbance by cul
tivation or pasturing at, or adjacent to the surface.
cRefer to hue symbols of the Munsell color classification system, 
dDefined as the horizons above the parent material.
6Moe, et al, "Soil Crust Studies-Evaluation' of Chemical and Physical 
Treatments Using Modulus of Rupture Techniques", Research Report No. 6, 
Montana Agricultural Experiment Station, Montana State! University, 
Bozeman, April 1971.



Appendix B

ORIGINAL DATA

Table B.I - Turbidimetry Study of Pylon Clay with Added Electrolyte

Electrolyte
Volume of 
Electrolyte 
Added (ml)

PH Time Galvanometer
Reading

Corrected
Standard
Reading

Ratio I* Ratio II

'LiCl Standard 9:45 2.71
0 6 .43 9:58 12.02 2.9845 4.026 I
0 .05 6 .0 8 10:01 11.37 2.9750 3.822 0.9493

«rHO

6 .0 4 10:03 11,20 2 .9680 3 .774 0.9374
0 .5 O Co 10:09 10.70 2.9477 3 .630 0.9016

Standard 10:12 2.96

NaCl Standard 12:50 2 .90

0 6.43 12:53 11.82 2.8475 ; 4.152 I
0.05 6 .12 12:57 11.60 2 .8350 4 . 0 9 1 • • 0.9853

O 6 .0 8 12:59 11.49 2.8320 4.059 0.9776
Standard 1:06 2 .78

KCl Standard 3:17 • 2 .55

0 6.43 3:20 12.60 2.4735 5 .094 I
0 .05 6 .28 3:22 12.53 2.4675 5.078 0.9969



Table B. I - continued,'

Volume of
Electrolyte Electrolyte 

Added (ml)
pH Time Galvanometer

Reading
Corrected
Standard Ratio I Ratio II 
Reading .

0.1 6,14 3:25 12.65 2.4600 5.140 1.009
0,5 6.05 3:30 12,12 2.4475 4.950 0.9717

Standard 3:40 2.77

MgCl2 Standard 1:53 2.63
0 6.43 2:14 12.42 2.6390 4.706 I
0.05 6.06 2:17 12.26 2.6315 ' 4.657 0.9896
0.1 6.00 2;20 12.30 2.6255 4.685 0.9955
0.5 5.90 2:24 11.95 2.6150 4.570 0.9711

Standard 2:27 2.54

CaCl2 Standard 3:32 2.68
0 6.43 3:41 13.57 2.713 5.001 I •
0.05 5.90 3:47 13.54 2.7030 5.010 1.0018
0.1 6.06 3:50 13.48 2.6985 4.997 0.9992
0.5 6.00 3:55 13.60 2.6900 5.057 1.0112

Standard 4:12 2.69 '
AlCl3 Standard . 10:37 2.67

0 6.43 10:41 17.27 2.6470 6.525 I
0.05 5.48 10:45 18.50 2.6400 7.009 1.0742



Table Be I - continued

Electrolyte
Volume of 
Electrolyte 
Added (ml)

PH Time Galvanometer
Reading

Corrected 
Standard ■ 
Reading

Ratio I Ratio II

0.1 4.84 10:49 18.75 2.6325 7.121 1.0913
0,5 4.78 10:57. 18.64 2.6160 7.125 1.0920

Standard 11:00 2.60

Feci, Standard 1:45 2.45
0 6.43 1:52 15.82 2.4316 6.505 I
0.05 5.60 1:55 17.02 2.4313 7.000 1.0761
0.1 4.80 1:57 17.33 2.4311 7.127 1.0956
0.5 4.48 2:02 17.51 2.4310 7.201 1.1070

Standard 2:04 2.52

________ galvanometer reading for the clay______
corrected galvanometer reading for the standard
galvanometer reading for the clay with added electrolyte 

corrected galvanometer reading for the standard

galvanometer reading for the clay without added electrolyte 
corrected galvanometer reading for the standard



Table B»2 - Turbidimetry Study of Bentonite with Added Electrolyte

Electrolyte
Volume of 
Electrolyte 
Added (ml)

pH Time Galvanometer 
■ Reading

Corrected
Standard
Reading

Ratio I1 Ratio TI

LiCl Standard 8:50 1.18
0 5.97 8:54 2.15 1.1900 1.807. I
0.01 6.02 8:57 OCO•H 1.1900 1.513 0.837
0.05 5.98 9:01 1.65 1.1900 1.387 0.768
0.1 5.99 9:03 1.58 1.1900 1.328 0.735
0.2 5.98. 9:06 1.55 1.1900 1.303 0.721
0.5 6.04 9:08 1.38 1.1900 1.160 0.642

Standard 9:09 1.18

' NaCl Standard 9:27 H- H CO

0 5.97 '8:54 2.15 1.1900 1.807 I
0.01 6.20 9:31 1.80 1.1900 1.513 0.837
0.05 6.18 9:33 OCOT—4 1.1900 1.513 0.837
0.1 6.19 9:35 " 1.60 1.1900 1.345 0.744
0.2 6.10 9:37 1.55 1.1900 1.303 0.721
0.5 6.03 9:39 1.43 1.1900 1.202 0.665

Standard 9:40 1.20

KCl Standard 9:37 1.17



Table B.2 - continued

Electrolyte

MgCl2

CaCl2

Volume of 
Electrolyte 
Added (ml)

pH Time Galvanometer
Reading

Corrected
Standard . Ratio I Ratio II 
Reading

0 6.45 9:41 1.95 1.1935 1.634 1.634
0.01 6.30 9:43 2.10 1.1901 1.765 1.080
0.05 6.16 9:46 1.90 1.1896 1.597 0.977
0.1 6.18 9:49 1.80 1.1865 1.517 0.928
0.2 5.95 9:52 1.65 1.1845 1.393 0.853
0.5 5.85 9:54 1.55 1.1820 1.311 0.802

Standard 9:55 1.20

Standard 10:09 1.17
0 6.45 9:41 1.95 1.1935 1.634 I
0.01 5.99 10:12 1.83 1.1680 1.551 0.949
0.05 5.90 10:15 1.72 1.1660 1.475 0.903
0.1 5.87 10:17 1.70 1.1640 1.460 0.894
0.2 5.86 10:19 1.78 1.1625 1.531 0.937
0.5 5.85 10:21 1.90 1.1615 1.636 1.001

Standard 10:22 1.14

Standard 10:35 1.15
0 6.45 9:41 1.95 1.1935 1.634 I
0.01 6.28 10:37 1.87 1.1475 1.630 0.998



Table B.2 - continued

Volume o f ' 
Electrolyte Electrolyte 

Added (ml)
pH Time Galvanometer

Reading
Corrected
Standard Ratio I Ratio II 
Reading

0.05 5.95 10:39 1.91 1.1465 1.666 1.020
0.1 5.89 '10:41 2.00 1.1460 1.745 1.068
0.2 5.82 10:45 2.00 1.1420 1.751 1.072
0.5 . 5.80 10:47 2.00 1.1400 1.754 1.073

Standard 10:51 1.21
AlCl Standard 10:19 1.12

0 5.93 10:24 1.75 1.1185 ■ 1.565 I
0.01 5.88 10:26 2.32 1.1180 2.075 1.326
0.05 4.84 10:29 3.35 1.1165 3.000 1.917
0.1 4.64 10:32 3.25 1.1150 2.915 1.863
0.2 4.55 10:35 •3.50 1.1145 3.140 2.006
0.5 4.48 10:37 3.70 1.1125 3.326 2.125

Standard 10:38 1.11

FeCl3 Standard 9:41 1.14
0 5.93 9:45 1.80 1.1365 1.584 I
0.01 5.63 9:47 2.40 1.1350 2.115 1.335
0.05 4.94 9:50 2.15 I.1340 1.896 1.197
0.1 4.49 9:52 2.00 1.1325 1.766 1.115
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Table B.2 - continued

Electrolyte
Volume of 
Electrolyte 
Added (ml)

PH Time Galvanometer
Reading

Corrected
Standard
Reading

Ratio I Ratio II

0.2 4.13 9:55 1.90 1.1315 1.679 1.060
0.5 3.73 9:58 2.10 1.1299 1.859 ■1.174

Standard 9:59 1.08

1,2Refer to Table B,I



Table B.3 - Modulus of Rupture and Shrinkage of Artificial Crusts of Soil Fractions

Replication
Briquette
Weight

(g)

Briquette
Length
(cm)

Briquette
Width
(cm)

Briquette
Thickness

(cm)

Briquette
Volume
(cm3)

Briquette
Density
(g/cm3)

Volume of 
Water Used 

(cm3)

Breaking
Force
(dynes)

MOR
(bars)

MOR/g
(bars/g)

Shrinkage
(%)

washed soil
I 23.013 6.43 3.22 0.75 15.53 1,482 2035 1,994,300 8.26 0.36 29.57
2 23.886 6.43 3.22 0.71 14.70 1.625 2070 2,028,600 9.37 0.39 33.33
3 23.056 6.43 3.18 0.71 14.52 1.588 1985 1,945,300 9.10 0.39 34.15
4 23.103 6.43 3.22 0.71 14.70 1.572 1995 1,955,100 9.03 0.39 33.33
5 23.521 6.43 3.22 0.75 15.53 1.515 2065 2,023,700 8.38 0.36 29.57 ’

Average 1.556 8.83 0.38 31.99

clav fraction
I 17.754 5.95 2.90 0.71 12.25 1.449 1740 1,705,200 8.75 0.49 44.44
2 17.272 5.86 2.90 . 0.71 12.07 1.431 1645 1,612,100 8.27 0.48 45.26
3 15.361 5.83 2.86 0.64 10.67 1.440 1400 1,372,000 8.66 0.56 51.61
4 16.905 5.83 2.90 0.71 12.00 1.409 1700 1,666,000 8.55 0.51 45.58
5 17.527 5.86 2.90 0.71 12.07 1.452 1725 1,690,500 8.67 0.49 45,26

Average 1.436 8.58 0.51 46.43

silt fraction
I 16.354 6.63 3.29 0.56 12.22 1.338 618 605,640 4,40 0.27 ■ 44.58
2 16.059 6.63 3.28 0.56 12.18 1.318 535 524,300 3.82 0.24 44.76
3 16.677 6.63 3.25 0.57 12.28 1.358 630 617,400 4.39 0.26 44.31
4 16.424 6.63 3.27 0.56 12.14 1.353 610 597,800 4.37 0.27 44.94
5 16.746 6.63 3.25 0.56 12.07 1.387 590 578,200 ' 4.25 0.25 45.26

Average 1.351 4.25 0.26 44.77

sand fraction parameters Immeasurable , briquettes crumbled at slightest touch



Table B .4 - Modulus of. Rupture and Shrinkage of Artificial Crusts
of Soils Saturated with Cations

Briquette Briquette Briquette Briquette Briquette Briquette Volume of Breaking
Replication Weight

(g)
Length
(cm)

Width
(cm)

Thickness
(cm)

Volume
(cm3)

unwashed soil
i 23.083 6.47 3.22 . 0.83 17.29
2 23.681 6.47 3.22 ' 0.83 17.29
3 24.503 6.47 3.22 0.87 18.13
4 24.493 6.51 3.22 0.87 18.24
5

Average-
23.934 6.47 • 3.22 0.83 17.29

washed soil
i 24.203 6.45 3.25 • 0.79 16.56
2 24.486 6.45 3.18 0.75 15.38
3 23.855 6.47 3.22 . 0.75 15.63
4 23.414 6.45 3.18 0.71 14.56
5 23.742 6.43 3.18 0.71 14.52

Average

Li-soil
I 23.540 6.27 3.12 0.71 13.89
2 24.102 6.27 3.14 0.71 13.98
3 24.583 6.29 3.14 0.75 14.81
4 23.303 6.29 3.12 0.71 13.93
5 23.259 6.33 3.10 0.71 13.93

Average

Na-soil
I 22.956 6.19 3.08 0.71 13.54
2 23.194 6.19 3.06 0.75 14.21
3 22.942 6.17 3.06 0.71 13.40
4 23.060 6.23 3.08 0.75 ■ 14.39
5 '

Average
23.003 6.23 3.08 0.75 14.39

Density
(g/cm?)

Water Used 
(cm3)

Force
(dynes)

MOR
(bars)

MOR/g
(bars/g)

Shrinkage
(%)

1.335 530 519,400 1.77 0.08 21.59
1.370, 495 485,100 1.64 0.07 21.59
1.352 ' 565 ■ 553,700 1.70 0.07 17.77
1.343 600 588,000 1.81 0.07 17.28
1.384 510 499,800 1.69 0.07 21.59
1.357 1.72 0.07 19.96

1.462 1530 1,499,400 5.54 0.23 24.90
1.592 1480 1,450,400 6.08 0.25 30.25
1.526 1440 1,411,200 5.84 0.24 29.12 I

H
1.608 1375 1,347,500 6.30 0.27 33.97 N)
1.635 1375 1,347,500 6.30 0.27 34.15 i
1.565 6.01 0.25 30.48 •

1.695 4665 4,571,700 21.80 0.93 37.00
1.724 4540 .4,449,200 21.08 0.87 36.60
1.660 4500 4,410,000 18.73 0.76 32.83
1.673 4200 4,116,000 19.63 0.84 36.83
1.670 4155 4,071,900 19.54 0.84 36.83
1.684 20.16 0.85 36.02

1.695 5190 5,086,200 24.57 1.07 38.59
1.632 5215 5,110,700 22.27 0.96 35.56
1.712 4780 4,684,400 22.78 0.99 39.23
1.603 5165 5,061,700 21.91 0.95 34.74
1.599 4470 4,380,600 18.96 0.82 34.74

22.10 0.96 36.571.648



Table B .4 - continued»

Replication
Briquette
Weight

(g)

Briquette
Length
(cm)

Briquette
Width
(cm)

Briquette
Thickness

(cm)

Briquette
Volume
(cm3)

Briquette
Density
(g/cm3)

Volume of 
Water Used 

(cm3)

Breaking
Force
(dynes)

MOR
(bars)

MOR/g
(bars/g)

Shrinkage(Z)
K-soll

I 23.579 6.35 3.14 0.71 14.16 1.665 2345 .2,298,100 10.89 0.46 35.78
2 22.714 6.35 3.14 0.71 14.16 1.604 2110 2,067,800 9.80 0.43 35.78
3 22.145 6.35 3.12 0.71 14.07 1.574 2185 2,141,300 10.21 0.46 36.19
4 22.445 6.35 3.15 0.71 14.20 1.581 2000 1,960,000 9.26 0.41 35.60
5 23.064 6.35 3.18 0.71 14.34 1.608 2085 2,043,300 9.56 0.41 34.97

Average 1.606 9.94 0.43 35.66

Me-soll
I 23.788 6.430 3.18 0.79 16.15 1.473 ■ 3035 2,974,300 11.24 0.47 26.76
2 24.195 6.39 3.22 0.77 15.84 1.527 3057 2,995,860 11.77 0.49 28.16
3 24.303 6.35 3.18 0.79 15.95 1.524 3240 3,175,200 12.00 0.49 27.66
4 24.785 6.35 3.18 0.79 15.95 1.554 3262 3,196,760 12.08 0.49 27.66
5 24.322 6.35 3.22 0.75 15.34 1.586 3050 2,989,000 12.38 0.51 30.43

Average 1.533 11.89 0.49 28.13

Ca-soll
I 24.268 6.33 3.18 0.79 15.90 1.526 2855 2,797,900 10.57 0.44 27.89
2 24.917 6.31 3.12 0.79 15.55 1.602 3050 2,989,000 11.51 0.46 29.48
3 24.139 6.29 3.14 0.79 15.60 1.547 2882 2,824,360 10.81 0.45 29.25
4 24.059 6.31 3.11 0.79 15.50 1.552 2847 2,790,060 10.78 0.45 29.71
5 24.537 6.29 3.14 0.79 15.60 1.573 2897 2,839,060 10.87 0.44 29.25

Average 1.560 10.91 0.45 29.12

Al-soil
I 22.603 6.43 3.18 0.79 16.15 1.400 880 862,400 3.26 0.14 26.76
2 23.423 6.47 ■ 3.25 0.79 16.61 1.410 947 928,060 3.43 0.15 24.67
3 22.734 6.43 3.22 0.79 16.36 1.390 869 851,620 3.18 0.14 25.80
4 23.661 6.47 3.22 0.79 16.46 1.437 930 911,400 3.40 0.14 25.35
5 24.028 6.43 3.22 0.79 16.36 1.469 979 959,420 3.58 0.15 25.80

Average 3.37 0.14 25.681.421



Table B.4 - continued*

Replication
Briquette
Weight

(g)

Briquette
Length
(cm)

Briquette
Width
(cm)

Briquette
Thickness

(cm)

Briquette
Volume
(cm3)

Briquette
Density
(g/cm3)

Volume of 
Water Used 

(cm3)

Breaking
Force
(dynes)

MOR
(bars)

MOR/g
(bars/g)

Shrinkage
(%)

Fe-soil
I 24.111 6.43 3.24 0.79 16.46 1.465 915 896,700 3.33 0.14 25.35
2 23.121 6.39 3.18 0.79 16.05 1.441 870 852,600 3.22 0.14 27.21
3 23.716 6.43 3.18 0.75 15.34 1.546 870 852,600 3.57 0.15 30.43
4 23.932 6.41 3.18 0.79 16.10 1.486 835 818,300 3.09 0.13 26.98
5 24.071 6.43 3.18 0.79 16.15 1.490 855 837,900 3JL7 0.13 26.76

Average 1.486 3.28 0.14 27.35

IH
t o
G\I
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Table B.5 - Modulus of Rupture and Shrinkage of Artificial Crusts 
of Sodium-Saturated Soil with Added Na+

Briquette Briquette Briquette Briquette Briquette Volume of Breaking
Replication Weight 

(g)
Length
(cm)

Width
(cm)

Thickness
(cm)

Volume
(cm3)

Water Used 
(cm3)

Force
(dynes)

MOR
(bars)

MOR/g
(bars/g)

Shrinkage
(X)

Na-soil
I 24.250 6.43 3.18 0.83 16.97 3950 3,871,000 13.25 0.52 23.04
2 23.606 6.43 3.18 0.79 16.15 3590 3,518,200 13.30 0.56 26.76
3 23.657 6.43 3.18 0.75 15.34 3455 3,385,900 14.20 0.60 30.43
4 24.247 6.43 3.18 0.79 16.15 3850 3,773,000 14.26 0.59 26.76
5 24.733 6.43 3.18 0.79 16.15 3920 3,841,600 14.52 0.59 . 26.76

Average 13.91 0.57 26.75

Na-soil + 2.5 x 10-2 M Na+
I 24.523 6.39 3.18 0.83 16.87 3920 3,841,600 13.15 0.54 23.49
2 22.670 6.43 3.14 0.71 14.34 3750 3,675,000 17.41 0.77 34.97
3 22.469 6.39 3.18 0.71 14.43 3605 3,532,900 16.53 0.74 34.56
4 23.676 6.43 3.18 0.79 16.15 3520 3,449,600 13.04 0.55 26.76
5 23.283 6.47 3.18 0.71 14.61 3875 3,797,500 17.77 33.74

Average 15.58 _ 0.67 30.70

Na-soil + 5 x 10-2 M Na+
I 23.167 6.39 3.14 0.71 14.25 3620 3,547,600 16.81 0.73 35.37
2 22.963 6.35 3.14 0.79 15.75 3775 3,699,500 14.16 0.62 28.57
3 23.431 6.39 3.14 0.71 14.25 3480 3,410,400 16.16 0.69 35.37
4 23.475 6.39 3.14 0.75 15.05 3320 3,253,600 13.82 0.59 31.75
5 24.375 6.43 3.14 0.79 15.95 3670 3,596,600 13.76 0.56 27.66

Average 14.94 0.64 31.74

Na-soil + I x 10-1 M Na+
i 24.386 6.35 3.14 0.79 15.75 3160 3,096,800 11.85 0.49 28.57
2 24.104 6.35 3.14 0.75 15.75 2930 2,871,400 12.19 0.51 28.57
3 23.451 6.39 3.22 0.71 14.61 2900 2,842,000 13.13 0.56 33.74
4 23.774 6.39 3.14 0.75 15.05 3000 2,940,000 12.48 0.52 31.75
5 23.631 6.39 3.14 0.75 15.05 3055 2,993,900 12.71 0.54 31.75

Average 12.47 0.52 30.88

Na-soil + 2 x 10-1 M Na+
I 24.363 6.39 3,18 0.79 16.05 3050 , 2,989,000 11.30 0.46 27.21
2 24.529 6.39 3.18 0.79 16.05 3165 3,101,700 11.72 0.48 27.21
3 24.838 6.39 3.18 0.79 16.05 3110 3,047,800 11.52 0.46 27.21
4 24.566 6.39 3.18 0.79 16.05 3090 3,028,200 11.44 0.47 27.21
5 24.992 6.35 3.18 0.79 16.05 3205 3,140,900 11.87 0.47 27.21

Average 11.57 0.47 27.21



Table B .6 - Modulus of Rupture and Shrinkage of Artificial Crusts
of Sodium-Saturated Soli with Added (NaPOg)&

Briquette Briquette Briquette Briquette Briquette Volume of Breaking
Replication Weight 

(g)
Length
(cm)

Width
(cm)

Thickness
(cm)

Volume
(cm3)

Water"Used 
(cm3)

Force
(dynes)

MOR
(bars)

MOR/g
(bars/g)

Shrinkage
CS)

Na-soil
i 22.310 6.35 . 3.18 0.75 15.14 3260 3,194,800 13.40 0.60 31.34
2 21.674 6.35 3.18 0.71 14.34 3635 3,562,300 16.67 0.77 34.97
3 22,105 6.35 3.18 0.71 14.34 3000 2,940,000 13.76 0.62 34.97
4 22.923 6.35 3.18 0.75 15.14 3610 3,537,800 14.83 0.65 31.34
5 22.100 6.35 3.18 0.75 15.14 3320 3,253,600 13.64 0.62 31.34

Average 14.46 0.65 32.79

Na-soil + 8.2 x 10-6 M  (NaPOq)6
I 22.640 6.35 3.18 0.79 15.95 3465 3,395,700 12.83 0.57 27.66
2 23.159 6.35 3.18 0.79 15.95 3570 3,498,600 13.22 0.57 27.66
3 22.595 6.35 3.18 0.75 15.14 3000 2,940,000 12.33 0.55 31.34
4 22.892 6.35 3.18 0.79 15.95 3110 3,047,800 11.52 0.50 27.66 '
5 22.901 6.35 3.18 0.79 15.95 3320 3,253,600 12.30 0.54 27.66

Average 12.44 0.55 28.40

Na-soil + 1.64 x 10-5 M-(NaPOi)A
I 23.861 6.35 3.18 0.79 15.95 3160 3,096,800 11.70 0.49 27.66
2 22.118 6.35 3.18 0.71 14.34 3390 3,322,200 15.54 0.70 34.97
3 22.891 6.35 3.18 0.79 15.95 3335 3,268,300 12.35 0.54 27.66
4 22.292 ■ 6.35 3.18 0.75 15.14 2750 2,695,000 11.30 0.51 31.34
5 23.272 6.35 3.18 0.79 15.95 3100 3,038,000 11.48 0.49 27.66

Average 12.47 0.55 29.86

Na-soil + 3.28 x 10-5 M  (NaPOq)6
i 23.475 6.35 . 3.18 0.79 15.95 3185 3,121,300 11.80 0.50 27.66
2 22.227 6.35 3.18 0.79 15.95 3240 3,175,200 12.00 0.54 27.66
3 21.906 6.35 3.18 0.71 14.34 2775 2,719,500 12.72 0.58 34.97
4 21.821 6.35 3.18 0.75 15.14 2550 2,499,000 10.48 0.48 31.34
5 22.202 6.35 3.18 0.79 15.95 3005 2,944,900 11.13 0.50 27.66

Average 11.63 0.52 29.86



Table B .6 - continued.

Briquette Briquette 
Replication Weight Length

(g) (cm)

Briquette
Width
(cm)

Briquette
Thickness

(cm)

Briquette
Volume
(cm3)

Volume of 
Water Used 

(cm3 )

Breaking
Force
(dynes)

M O R
(bars)

MOR/g
(bars/g)

Shrinkage
(%)

Na-soil + 1.312 x  10-4 M (NaPOq)^
I 21.982 6.35 3.18 0.75 15.14 2535 2,484,300 10.42 0.47 31.34
2 21.893 6.35 3.18 0.75 15.14 2875 2,817,500 11.81 0.54 31.34
3 21.849 6.35 3.18 0.75 15.14 2790 2,734,200 11.46 0.52 31.34
4 22.771 6.35 3.18 0.79 15.95 2980 2,920,400 11.04 0.48 27.66
5 21.999 6.35 3.18 0.75 15.14 2645 2,592,100 10.87 0.49 31.34

Average 11.12 0.50 30.60

Na-soil + 2.624 x  10-4 M (NaPOq) ft
I 22.808 6.35 3.18 0.79 15.95 2980 2,920,400 11.04 0.48 27.66
2 22.777 6.35 3.18 0.79 15.95 3100 3,038,000 11.48 0.50 27.66
3 22.875 6.35 3.18 0.79 15.95 ■ 3075 3,013,500 11.39 0.50 27.66
4 22.959 6.35 3.18 0.79 . 15.95 3090 3,028,200 11.44 0.50 27.66
5 22.802 6.35 3.18 0.79 15.95 3000 2,940,000 11.11 0.49 27.66

Average 11.29 0.49 27.66

Na-soil + 5.248 x 10-4 M (NaPOq)ft
I 23.047 6.35 3.18 0.79 15.95 2745 2,690,100 10.17 0.44 27.66
2 22.923 6.35 3.18 0.79 15.95 3280 3,214,400 12.15 0.53 27.66
3 22.967 6.35 3.18 0.79 15.95 3280 3,214,400 12.15 0.53 27.66
4 22.903 6.35 3.18 0.79 15.95 2920 2,861,600 10.81 0.47 27.66
5 22.929 6.35 3.18 0.79 15.95 3020 2,959,600 11.18 0.49 27.66

Average 11.29 0.49 27.66



Table B«7 - Modulus of Rupture and Shrinkage of Artificial Crusts
of Soil with Added Sand (4 soil : I sand)

Briquette Briquette Briquette Briquette Briquette Volume of Breaking
Replication Weight

(S)
Length
(cm)

Width
(cm)

Thickness
(cm)

Volume
(cm3)

Water Used 
(cm3)

Force
(dynes)

M0R
(bars)

MOR/g
(bars/g)

Shrinkage
(%)

unwashed soil
i 23.895' 6.43 3.22 0.79 16.36 1930 1,891,400 7.06 0.30 25.80
2 24.163 6.35 3.22 0.79 16.15 1935 1,896,300 7.08 0.29 26.76 '
3 23.679 6.43 3.18 0.79 16.15 1925 1,886,500 7.13 0.30 26.76
4 23.145 6.43 3.18 0.79 16.15 1905 1,866,900 7.06 0.31 26.76
5 23.969 6.43 3.18 0.79 16.15 1920 1,881,600 7.11 0.30 26.76

Average 7.09 0.30 26.57

soil +  320-325 mesh sand.
i 21.165 6.55 3.25 0.71 15.11 500 490,000 2.24 0.11 31.47
2 21.826 6.55 3.22 0.60 12.65 535 524,300 3.39 0.16 42.63
3 21.321 6.51 3.25 0.56 11.85 520 509,600 3.75 0.17 46.26
4 21.391 6.55 3.25 0.56 11.92 500 490,000 3.61 0.17 45.94
5 20.879 6.59 3.29 • 0.68 14.74 485 475,300 2.34 0.11 33.15

Average 3.07 0.14 39.89

aoil +  60-120 mesh sand
i 26.331 6.59 3.29 0.83 18.00 1030 1,009,400 3.34 0.13 18.37
2 24.475 6.55 3.25 0.75 15.97 925 906,500 3.72 0.15 27.57
3 24.921 6.55 3.25 0.79 16.82 1050 1,029,000 3.80 0.15 23.72
4 24.477 6.55 3.25 0.75 15.97 980 960,400 3.94 0.16 27.57
5 24.674 6.51 3.25 0.75 15.87 975 955,500 3.92 0.16 28.03

Average 3.74 0.15 25.05

soil +  50-200 mesh sand
i 20.010 6.75 3.37 0.83 18.88 300 294,000 0.95 0.05 14.38
2 19.877 6.71 3.37 0.79 17.86 340 333,200 1.19 0.06 19.00
3 19.822 6.71 3.33 0.79 17.65 315 308,700 1.11 0.06 19.95
4 20.702 6.71 3.33 0.83 18.55 345 338,100 1.11 0.05 15.87
5 20.164 6,71 3.33 0.79 17.65 320 313,600 1.13 0.06 19.95

Average 1.10 0.06 17.83
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Table B .8 - Modulus of Bupture and Shrinkage of Artificial Crusts of Soil with Added AI2O3

Briquette Briquette Briquette Briquette Briquette Volume of Breaking
Replication Weight Length Width Thickness Volume Water Used Force MOR MOR/g Shrinkage

(g) (cm) (cm) (cm) (cm3) (cm3) (dynes) (bars) (bars/g)

unwashed soil
I 23.895 6.43 3.22 0.79 16.36 1930 1,891,400 7.06 0.30 25.80
2 24.163 6.35 • 3.22 0.79 16.15 1935 1,896,300 7.08 0.29 26.76
3 23.679 6.43 3.18 0.79 16.15 1925 1,886,500 7.13 0.30 26.76
4 23.145 6.43 3.18 0.79 16.15 1905 1,866,900 7.06 0.31 26.76
5 23.969 6.43 3.18 0.79 16.15 1920 1,881,600 7.11 0.30 26.76

Average 7.09 0.30 26.57

soil, 1% AlyOs
I 23.332 6.39 3.22 0.71 14.61 1820 1,783,600 8.24 0.35 33.74
2 23.974 6.43 3.18 • 0.75 15.34 2000 1.960,000 8.22 0.34 30.43
3 23.978 6.43 3.18 0.75 15.34 1915 1,876,700 7.87 0.33 30.43
4 24.172 6.43 3.18 0.79 16.15 2030 1,989,400 7.52 0.31 26.76
5 23.730 6.43 3.22 0.75 15.53 1850 1,813,000 TiSl 0.32 29.57

Average 7.87 0.33 30.19

soil. 3% AlyOs
I 23.282 6.43 3.18 0.75 15.34 1650 1,617,000 6.78 0.29 30.43
2 24.427 6.47 3.18 0.75 15.43 1645 1,612,100 6.76 0.28 30.02
3 23.414 6.47 3.18 0.79 16.25 1600 1,568,000 5.93 0.25 26.30
4 23.768 6.43 3.22 0.79 16.37 1620 1,587,600 5.93 0.25 25.76
5 23.347 6.43 3.18 0.75 15.34 1590 1,558,200 6.53 0.28 30.43

Average 6.39 0.27 34.67

soil, 5% AlyOs
I 24.233 6.47 3.22 0.79 16.46 1580 1,548,400 5.78 0.24 • 25.35
2 23.888 6.47 3.22 0.79 16.46 1585 1,553,300 5.80 0.24 25.35
3 23.672 6.47 3.22 0.75 15.63 1550 1,519,000 6.29 0.27 29.12
4 23.580 6.47 3.22 0.75 15.63 1480 1,450,400 6.01 0.25 29.12
5 23.347 6.47 3.22 0.75 15.63 1520 1,489,600 6.17 0.26 29.12

Average 6.01 0.25 27.61



1 3 2

Table B.9 - Modulus of Rupture and Shrinkage of Artificial Crusts 
of Sodium-Saturated Soil at Different pHs

Briquette Briquette Briquette Briquette Briquette Volume of Breaking
Replication Weight

(8)
Length
(cm)

Width
(cm)

Thickness
(cm)

Volume
(cm3)

Water Used 
(cm3)

Force 
(dynes) .

MOR
(bars)

MOR/g
(bars/g)

Shrinkage
(%>

Na-soil. pH = 3.05
I 22.635 6.31 3.10 0.71 13.89 3010 2,949,800 14.16 0.63 37.01
2 23.282 6.27 3.10 0.79 15.36 3325 3,258,500 12.63 0.54 30.34
3 22.873 6.27 3,06 0.79 15.16 3340 3,273,200 12.85 0.56 31.25
4 22.503 6.27 3.10 0.75 14.58 3140 3,077,200 13.24 0.59 33.88'
5 22.754 6.27 3.10 0.75 14.58 3300 3,234,000 13.91 0.61 33.88

Average 13.36 0.59 33.27

Na-soil* pH = 4.8
I 23.170 6.35 3.14 0.79 15.75 3935 3,856,300 14.76 0.64 28.57
2 22.853 6.35 3.14 0.79 15.75 3990 3,910,200 14.96 0.65 28.57
3 23.653 6.35 ' 3.14 0.79 15.75 4025 3,944,500 15.10 0.64 28.57
4 23.161 6.35 3.14 0.79 15.75 3060 3,782,800 14.48 0.61 28.57
5 23.005 6.35 3.14 0.79 15.75 3940 3,861,200 14.78 0.64 28.57

Average 14.82 0.64 28.57

Na-soil, pH
I 23.328 6.35 3.18 0.79 15.95 3080 3,018,400 11.41 0.49 27.66
2 24.097 6.35 3.18 0.79 15.95 3505 3,434,900 12.98 0.54 27.66
3 23.176 6.35 3.18 0.79 15.95 3600 3,528,000 13.33 0.58 27.66
4 23.051 6.35 3.18 0.79 15.95 3645 3,572,100 13.50 0.59 27.66
5 23.519 6.35 3.18 0.79 15.95 3200 3,136,000 11.85 •0.50 27.66

Average 12.61 0.54 27.66

Na-soil, pH = 9
I 23.051 6.39 3.18 0.79 .16.05 3250 3,185,000 12.04 0.52 27.21
2 24.059 6.39 3.18 0.79 16.05 3905 3,826,900 14.46 0.60 27.21
3 24.029 6.35 3.18 0.75 15.14 3800 3,724,000 15.61 0.65 31.34
4 22.718 6.43 3.18 0.75 15.34 3480 3,410,400 14.30 0.63 30.43
5 23.652 6.35 3.18 0.79 15.95 3970 3,890,600 14.70 0.62 27.66

Average 14.22 0.60 28.77

Na-soil, pH = 10.5
I 24.001 6.35 3.22 0.79 16.15 3950 3,871,000 14.59 0.61 26.76
2 22.908 6.35 3.18 0.79 15.95 3795 3,719,100 14.05 0.61 27.66
3 24.027 6.35 3.18 0.79 15.95 3650 3,577,000 13.52 0.56 27.66
4 23.053 6.35 3.18 ‘, 0.79 15.95 3620 3,547,600 13.41 0.58 27.66
5 23.289 6.35 3.18 0.79 15.95 3675 3,601,500 13.61 0.58 27.66

Average 13.84 0.59 27.48
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Table B.10 - Modulus of Rupture of Artificial Crusts 
of Potassium-Saturated Soil Prepared 
with Applied Pressure

Replication
. Briquette 

Width 
(cm)

Briquette
Thickness

(cm)
Volume of 
Water Used 

(cm3)
Breaking
Force
(dynes)

MOR
(bars)

I 3.41 0.60 2900 2,842,000 17.36
2 3.45 0.60 2650 2,597,000 15.68
3 3.41 0.60 2855 2,797,900 17.09
4 3.41 0.64 2890 2,832,200 15.21
5

Average
3.41 0.60 3050 2,989,000 18.26

16.72

Table B.ll - Modulus of Rupture of Muscovite Sheets

Replication
Sheet
Width
(cm)

Sheet
Thickness

(cm)

Volume of 
Water Used 

(cm3)

Breaking
Force
(dynes)

I 3.4 0.008 3200 3,136,000 17,294.12
2 3.4 0.008 3200 3,136,000 17,294.12
3 3.4 0.007 4500 4,410,000 31,879.52
4 3.4 0.0075 3450 3,381,000 21,214.12
5 3.4 0.005 2000 1,960,000 27,670.59

Average 23,070.58



Table B.12 - Bulk Density of Artificial Crusts of Soil Fractions

Weight of Briquette, 
Replication String & Paraffin

Weight of 
Dry Briquette

Weight of 
Paraffin

Weight of 
String

Weight of Briquette, 
String & Paraffin 

in Water

Loss in 
Weight

Volume of 
Paraffin

Volume of 
String

Volume of 
Briquette

Bulk
Density

washed soil
I 13.191 11.944 1.225 0.022 5.523 7.668 1.531 0.002 6.135 1.947
2 13.261 12.019 1.220 0.022 5.559 7.702 1.525 0.002 6.175 1.946

Average 1.947

clay fraction
I 8.897 8.068 0.807 0.022 3.670 5.227 1.009 0.002 4.216 1.914
2 10.052 9.001 1.029 0.022 4.002 6.050 1.286 0.002 4.762 1.890

Average 1.902

silt fraction
I 9.350 7.860 1.468 0.022 3.696 5.654 1.835 0.002 3.817 2.059
2 10.384 789 1.573 0.022 4.936 6.348 1.966 0.002 4.380 2.007

Average

sand fraction parameters unmeasurable, briquettes crumbled at slightest touch
2.033



Table B.13 - Bulk Density of Artificial Crusts of Soils Saturated with Cations

Weight of Briquette, Weight of Weight of Weight of Weight of Briquette, Loss in Volume of Volume of Volume of Bulk 
Replication String & Paraffin Dry Briquette Paraffin String String & Paraffin Weight Paraffin String Briquette Density

in Water

unwashed soil
I 14.149 12.011 2.116 0.022 5.663 8.486 2.645 0.002 5.839 2.057
2

Average
13.041 11.166 1.853 0.022 5.348 7.693 2.316 0.002 5.375 2.077

2.067

washed.soil
I 13.191 11.944 ' 1.225 0.022 5.523 7.668 1.531 6.002 6.135 1.947
2

Average

Li-soil

13.261 12.019 1.220 0.022 5.559 7.702 1.525 0.002 6.175 1.946
1.947

I 11.893 11.168 0.703 0.022 5.309 6.584 0.879 0.002 5.703 1.958
2

Average.

Na-soil

13.086 12.265 .0.799 0.022 5.840 7.246 0.999 0.002 6.245 1.964
1.961

I 12.285 11.493 0.770 0.022 5.632 6.653 0.963 0.002 5.688 2.021
2

Average

K-sbil

12.721 11.822 0.877 0.022 5.846 6.875 1.096 0.002 5.777 2.046
2,034

. i 12.272 11.279 0.971 0.022 5.418 6'. 854 1.214 0.002 5.638 2.001
2

Average
12.876 11.862 0.992 0.022 5.662 7.214 1.240 0.002 5.972 1.986



Table B.13 - continued.

Replication
Weight of Briquette, 
String & Paraffin.

Weight of 
Dry Briquette

Weight of 
Paraffin

Weight of 
String

Weight of Briquette, 
String & Paraffin 

in Water

Loss in 
Weight

Volume of 
Paraffin

Volume of 
String

Volume of 
Briquette

Bulk
Density

Ms-soil
. I 12.627 11.532 1.073 0.022 5.608 7.019 1.341 0.002 5.676 2.032
2

Average
12.728 11.689 1.017 0.022 5.655 7.073 1.271 0.002 5.800 2.015

2.024

Ca-soil
I 14.233 12.795 1.415 0.022 6.329 7.904 1.769 0.002 6.187 2.068
2

Average

Al-soil

■ 13.301' 11.943 ■ 1.336 0.022 5.910 7.391 1.670 0.002 5.719 2.088
2.078

I 12.624 11.270 1.332 0.022 5.128 7.196 1.665 0.002 5.529 2.038
2

Average
12.727 11.340 1.365 0.022 5.152 7.575 1.706 0.002 5.867 1.933

1.986

Fe-soil
I 13.700 12.236 1.442 0.022 5.803 7.897 1.803 0.002 6.092 2.009
2 13.624 12.191 1.411 0.022 5.681 7.943 1.764 0.002 6.177 1.974

Average 1.992



Table B„14 - Water Permeability of Artificial Crusts of Soil Fractions

Replication
Briquette
Weight

(g)

Briquette
Length
(cm)

Briquette
Width
(cm)

Briquette
Thickness

(cm)
Briquette
Volume
(cm3)

Time of 
Wetting 
(sec)

Water
Permeability

(sec/cm)

washed soil
I 23.916 6.43 3.18 0.75 15.34 189.0 252.00
2 23.869 6.47 3.18 0.79 16.25 155.0 196.20

Average 172.0 224.10
clay fraction

I 19.213 6.19 3.02 0.71 13.27 190.0 267.61 I
H

2 19.009 6.19 3.02 0.68 12.71 182.0 267.65 I

Average 186.0 267.63
silt fraction

I 19.651 6.63 3.33 0.68 15.01 82.0 120.59
2 19.738 6.63 3.33 0.71 15.68 83.2 117.18

Average 82.6 i 118.89
sand fraction

I 26.719 6.75 3.37 0.83 18.88 10.0 12.05
- 2 26.852 6.75 3.37 0.83 18.88 10.3 12.41
Average 10.2 12.23



Table B015 - Water Permeability of Artificial Crusts 
of Soils Saturated with Cations

Briquette Briquette Briquette Briquette Briquette Time of. Water
Replication Weight

(g)
Length
(cm)

Width
(cm)

Thickness
(cm)

Volume
(cm̂ ) Wetting

(sec)
Permeability
(sec/cm)

unwashed soil
I 24.321 6.51 3.22 0.79 16.56 214.9 272.03
2

Average 
washed soil

23.036 6.47 3.25 0.71 14.93 221.0
217.9

311.27
291.65

I 23.916 6.43 3.18 0.75 15.34 189.0 252.00
2

Average
23.869 6.47 3.18 0.79 16.25 155.0

172.0
196.20
224.10

Li^soil
I 20.991 6.19 3.02 0.64 11.96 > 43,200 67,500
2

Average
22.588 6.27 3.18 0.64 12.76 > 43,200

> 43,200
67.500
67.500

Na-soil
I 19.215 6.07 . 3.02 0.64 11.73 > 43,200 67,500
2

Average
K-soil

20.239 6.11 3.02 0.64 11.81 > 43,200
> 43,200

67.500
67.500

I 22.154 6.35 3.18 0.64 12.92 4.084.0 6381.25
2 21.236 6.35 3.18 0.64 12,92 4,080.0 6375.00

Average 4,082.0 6378.13



Table B.15 - continued

Briquette Briquette Briquette Briquette Briquette Time of Water
Replication Weight

(g)
Length
(cm)

Width
(cm)

Thickness
(cm)

Volume
(cm3)

Wetting
(sec)

Permeability 
(sec/cm)

Mg-soil
I 23.153 6.31 3.10 0.71 13.89 215.0 302.82
2 23.538 6.35 3.10 0.71 13.98 200.1 281.83

Average 207.6 292.33
Ca-soil

I 23.752 6.27 3.10 0.71 13.80 153.6 216.34
2 24.954 6.31 3.10 0.75 14.67 155.0 206.67

Average 154.3 211.51
Al-soil

I 21.329 6.47 3.18 0.71 14.61 80.2 112.96
2 22.118 6.47 3.22 0.71 14.79 75.2 105.92

Average 77.7 109.44
Fe-soil

I 22.544 6.55 3.18 0.79 16.45 . 54.0 68.35
2 22.467 6.55 3.18 0.79 16.45 52.0 65.82

Average 53.0 67.09
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Table B.16 - Oxygen Permeability of Artificial Crusts 
of Soil Fractions

Thickness of Partial Pressure Partial Pressure Amount of O 2 Oxygen
Replication Briquette of O g , initial of O g , final Diffused (atm Permeability

(cm) (atm) (atm) Partial Pressure) ,atm-cm.
 ̂ sec ^

unwashed soil
I 0.876 0.0105 0.0434 0.0329 0.0288
2 0.876 0.0013 0.0355 0.0342 0.0300
3 0.867 0 0.0342 0.0342 0.0297
4

Average
0.867 0 0.0355 0.0355 0.0308

0.0298

washed soil
I 0.782 0 0.0316 0.0316 0.0247
2 0.782 0.0066 0.0395 0.0329 0.0257
3 0.796 0 0.0316 0.0316 0.0252
4

Average

clay

0.796 0.0276 0.0566 0.0290 0.0231
0.0247

I 0.660 0 0.0263 0.0263 0.0174
2 0.660 0 0.0276 0.0276 0.0182
3 0.740 0 0.0263 0.0263 0.0195
4

Average

silt

0.740 0 0.025 0.025 0.0185
0.0184

I 0.591 0.0039 0.0342 0.0303 0.0179
2 0.591 0 0.0316 0.0316 0.0187
3 . 0.581 0.0053 0.0368 0.0315 0.0183
4

Average
0.581 0.0026 0.0355 0.0329 0.0191

0.0185

sand
I 0.849 0.0316 0.0645 0.0329 0.0279
2 0.849 0.0342 0.0684 0.0342 0.0290
3 0.850 0.0263 0.0632 0.0369 0.0314
4

Average
0.850 0.0132 0.0513 0.0381 0.0324

0.03020.0302
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Table B.17 - Oxygen Permeability of Artificial Crusts 
of Cation-Saturated Soils

Thickness of Partial Pressure Partial Pressure Amount of O 2 Oxygen
Replication Briquette of O o 1 initial of O g , final Diffused (atm Permeability

(cm) (atm) (atm) Partial Pressure) -atm-cm.
sec

Li-soil
I 0.765 0.0197 0.0316 0.0119 0.0091
2 0.765 0.025 0.0368 0.0118 0.0090
3 0.766 0 0.0118 0.0118 0.0090
4

Average

Na-soil

0.766 0.0105 0.0237 0.0132 0.0101
0.0093

I 0.759 0 0.0145 0.0145 0.0110
2 0.759 0.0092 0.025 0.0158 0.0120
3 0.758 0.0105 0.0224 0.0119 0.0090
4

Average

K-soil

0.758 0.0053 0.0211 0.0158 0.0120
0.0110

I 0.760 0 0.0132 0.0132 0.0100
2 0.760 0.0105 0.0276 0.0171 0.0130

3 0.765 0 0.0158 0.0158 0.0121
4

Average

Mg-soil

0.765 0.0118. 0.0289 0.0171 0.0131
0.0121

I 0.788 0.0132 0.0368 0.0236 0.0186
2 0.788 0.0105 0.0355 0.025 0:0197
3 0.777 0.0066 0.0303 0.0237 0.0184
4

Average
0.777 0.0013 0.0237 0.0224 0.0174

0.01850.0185
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Table B.17 - continued.

Replication
Thickness of 
Briquette 

(cm)

Partial Pressure 
of On, initial 

(atm)

Partial Pressure 
of O g , final 

(atm)

Amount of Og . 
Diffused

Partial Pressure)

Oxygen
Permeability
-atm-cm.
' sec '

Ca-soil
I 0.822 0.0105 0.0408 0.0303 0.0249
Z 0.822 0 0.0289 ■ 0.0289 0.0238
3 0.836 0 0.0289 0.0289 0.0242
4 0.836 0.0132 0.0421 0.0289 0.0242

Average 0.0243

Al-soil
I 0.776 0.0263 0.0605 0.0342 0.0265
2 0.776 0.0329 0.0697 0.0368 0.0286
3 0.822 0.0158 0.0474 . 0.0316 0.0260
4 0.822 0.0132 0.0447 0.0315 0.0259

Average 0.0268

Fe-soil
I 0.800 0.0026 0.0395 0.0369 0.0295
2 0.800 0 0.0355 . 0.0355 ' 0.0284
3 0.808 0.0158 0.0500 0.0342 0.0276
4 0.808 0 0.0342 0.0342 0.0276

Average 0.0283



Plate C.I - Briquettes of Artificial Pylon Crusts. Al, washed soil A2, 
clay; A3, silt; A4, sand; BI, unwashed soil; B2, washed soil; B3, Li- 
soil; B4, Na-soil; B5, K-soil; Bh, Mg-soil; B7, Ca-soil; B8, Al-soil 
B9, Fe-soil.
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Plate C.l - continued* Cl, Na-soil; C2, Na-soil + 0.025 M NaCl; C3, Na- 
soil + 0.05 M NaCl; C4, Na-soil + 0.1 M NaCl; C5, Na-soil + 0.2 M NaCl; 
Cl, unwashed soil; D2, soil + 50-200 mesh sand; D3, soil + 60-120 mesh 
sand; D4, soil + 320-325 mesh sand; El, Na-soil at pH 3.05; E2, Na-soil 
at pH 4.8; E3, Na-soil at pH 6.9; E4, Na-soil at pH 9; E5, Na-soil at 
pH 10.5.
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Plate C.2 - Briquettes of: A, K-soil; B, K-soil 
prepared with applied pressure; C, muscovite.



Appendix D

PHOTOMICROGRAPHS OF THIN SECTIONS

Explanation: The following photomicrographs are arranged in sets 

of threee The first print shows a thin section photographed under ordi

nary light; the next two prints show the same thin section photographed 

under polarized light. The first two pictures were taken at 0° angle of 

rotation of the microscope stage; the third picture was taken at 45° 

angle of rotation of the microscope stage, clockwise. The kind of soil 

or soil fraction is labelled at the first print of each set only.
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