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SUMMARY

Tillage for the preparation of seedbeds in dryland agriculture is a major

problem worldwide, and involves the management of brittle fracture of unsaturated

soils to minimize cloddiness and deep compaction. Management of brittle fracture is

particularly imporlant, for example, in tropical regions where flooded rice crops are

often grown in rotation with a dryland crop each year. The transition of soil from the

puddled stale, atter rice harvest, to a friable state for estab¡¡shment of the dryland

crop is extremely difficult because it requires the soil to be dried out to a considerable

extent prior to tillage. This may take weeks or even monlhs.

While many soils have severe tillage problems, there are some soils (grouped

with the Vertisols, and located mainly in lndia, Australia and Africa) which have the

natural capacity to crumble into a friable state after only a few wetting and drying

cycles. This ability of soils to crumble naturally is termed "self-mulching". No single

property, or single combination of propert¡es has been identified which is responsible

for this phenomenon. Other soil may also possess some potential for natural

regeneration of structure in compacted and damaged non-vertisols. Even if the selt

mulching process cannot be exactly imitated in non-vertisols, if it were at least

possible to induce 'problem soils' to crack extensively, the energy needed for their

cultivation could be reduced significantly.

Cracks such as those produced during drying or cultivation of soil involve

brittle fraclure under tensile stress. Thus, an understanding and ability to

characterize the mechanism of such failure should increase the possibility that

cracking can be enhanced by suitable management techniques. Brittle fracture is

controlled by the distribution of microscopic flaws in the soil. These flaws can be air-

filled pores, micro-cracks, organic and inorganic inclusions, and other irregularities

in the soil matrix. Management practices that influence the dispersion of flaw

strengths in the soil may also affect the brittle behaviour of the soil under tensile
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stresses. Controlled rapid wetting, for example, has recently been shown to induce

anisotropic cracking in soil, which strongly affects its tensile strength.

The theoretical understanding of brittle fracture is further advanced than our

ability to characterize it. This is partly because the methods currently in use (eg.

%size-stability, friability, etc.) remain time-consuming and tedious to perform.

Simpler methods for measuring the effects of different management practices on brittle

fracture of soils would therefore be quite useful.

The objectives of this study were therefore to:

(1) develop and interpret a new method for characterizing brittle fracture of

soils under tensile stress, using soils subject 1o a range of different soil management

practices common in Southern Australia, and to

(2) investigate, further, the phenomenon of mellowing in poorly structured

soils, lhrough rapid wetting, in order to better understand the applicability of

previously published results lo soil-water-conditions found in the field.

(1). Development of a Melhod to characterize Brittle Fracture:

The idea is investigated that an applied tensile slress will cause unsaturated soil

to fracture along a pathway determined by the dispersion of weakest internal flaw

strengths. lt is proposed that any failure surface produced under tensile stress

contains a blueprint of the fracture pathway, and that the topography of this surface

contains clues regarding the spatial distribut¡on of the soil's inlernal flaws. The

topography of soil fracture surfaces is therefore a measure of this dispersion of

strengths. Soils were fractured under indirect tension and cross-sectional profiles of

the fracture surfaces were analysed at a resolution of 0.1mm. Two different

techniques were developed for this purpose: (i) a single-transect method and (ii) a

multiple{ransect method, both of which produced essentially the same information.
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Techniques investigated for analysing the topographical transect data included

(i) Fourier spectral analysis, (ii) Semi-variogram analysis, and (iii) Rugosity

analysis. Rugosity analysis was found to be the most informative technique. The

rugosity of a linear transecl across a soil fracture surface is defined as the standard

deviation of the difference between the surface-elevation and the running-mean-

surface-elevation.

Theory on the spat¡al distribution of flaws and cracks in relation to the soil

water content and suction is presented and related to the fracture surface rugosity. lt

is shown that there is a linear relationship between the soil water content at time of

tensile failure and the spatial distribution of flaws in the soil (measured by fracture

surface rugosity). ln this context, the flaws in unsaturated, uncemented soils are

simply the air-filled pores.

The effects of calcium and organic malter (which are important to soil

workability) on the fracture surface rugosity were also invest¡gated. lt was found that

the amount of applied calcium was negatively correlated with the fracture surface

rugosity, and reasons for this are discussed. Organic matter was found to have a

variable effect on the rugosily, depending on whether the water content at the time of

fracture was above or below the lower plastic limit.

(2) lnvestigation of Mellowing

The role of water in the mellowing (or weakening by wetting and/or drying) of

soils is investigated in two main studies. One study looks at the relative significance of

air entrapment versus uneven swelling on the tensile strength of moulded soils having

different clay contents and mineralogies. The study was conducted using a combination

of different environmental air pressures, as well as polar and non-polar wetting

fluids. On the basis of measured wetting rates and tensile slrengths, it was found that

air entrapmenl on ils own did not generate sufficient stresses during wetting to initiate

cracking. Furthermore, differential swelling on its own had limited ability to initiate
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cracking and its effects appeared to be related to clay and organic matter contents. Most

significant was the finding that a synergistic effect existed belween air entrapment and

differential swetling such that when both processes acted together, cracking and a

major reduction in tensile strength of moulded soils occurred.

The other study reports on the use of different ¡n¡t¡al water contenls and wetting

rates to examine the limiting conditions associated with the mellowing process. Tensile

strengths and fracture surface rugosities are measured and discussed in relation to

microcracking in moulded soils. New terminology is introduced to describe the rate of

wetting needed to induce mellowing. lt was found that rapid wetting was capable of

inducing microcracking in soils even when the initial soil water matric potential was

as high as only -1 to -1.5 MPa (10-15 bar). lmplications for soil and water

management are briefly considered. Visual and analytical evidence from photographs

and computer images indicates that internal microcracking is almost always detectable

whenever the wetting rate is sufficiently high to reduce the soil tensile strength.
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Section 1. INTRODUCTION

The preparation of seedbeds for dryland cropping is a worldwide problem. lt

is an expens¡ve operation in terms of time, energy and money, and unless ¡t ¡S

conducted when soil conditions are suitable, it can also be an inefficient and

sometimes wasted effort. Good management of dryland tillage involves the timing of

cultivation to match the most suitable soil water conditions, which lead to maximum

brittle fracture (Kuipers, 1980; Warkentin, 1982). Unfortunately, the range of

suitable water conditions within which tillage operations can be effective is only

partly sensitive to soil management praclices, and is mainly set by the prevailing

climatic and environmental conditions, leaving little room for error (Dexter,

19gga). lt is therefore important to understand the role that natural forces can play

in the preparation of seedbeds.

ln colder regions of the world for example, (Canada and Northern Europe)

spring tillage operations are best conducted during a relatively short period, before

which the soil is either frozen or else too wet to till (Bullock, et al, 1988), and after

which the soil becomes too dry to till and the remaining available growing season

becomes too short for crop production (Grevers and Bomke, 1986). lf tillage

operations are performed outside the optimum period, compaction problems can

occur (Fippin, 1910; Monnier and Goss, 1987) and the resulting soil tilths are

often very rough and cloddy (Low, 1972; Greenland, 1977). Thorough drying can

sometimes reduce compaction problems (McGowan et al, 1983), butonly in fine

textured soils. Where freezing occurs extensively over winler, frost is sometimes

relied upon to 'undo' some of the compaction problems at depth created by untimely

tillage and heavy agricultural machinery (G¡ll, 1971 ; Håkansson and Danfors,

1 981 ; Håkansson, 1 985; Håkansson et al, 1 987). lt has been found by Voorhees

(1983) and Kay et al (1985), however, that deep freezing even in'frost

susceptible' soils (cf. Penner, 1968) is not capable of reducing high bulk densities

in fine textured soils in southern Canada. Kay et al (1985) found that ice lenses,
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which formed over winter, introduced significant porosity only while the soil

remained frozen. ln spring, the soils quickly reconsolidated upon thawing, and bulk

densities below the top few centimetres returned to near-pre-freezing values. Hence

although freezing may be helpful in breaking up puddled soil (Koenigs, 1963) and

surface clods (Salter, 1925; Kemper et al, 1987), it cannot be regarded as a panacea

for poor soil management in these colder parts of the world.

ln arid and semi-arid regions of the world, the soil is often tilled in the air-

dry state which results in the formation of large, dense and hard clods. Seedbed

preparation on these clod-forming soils (which have been estimated by Wolf and Luth

(1977\ to comprise approximately one third of the total tilled area of the world)

requires much more energy than on soils in more temperate cl¡mates (Hadas and

Wolf, 1983). Furthermore, tillage of these soils accelerales the decomposition of

organic matter, which is quite low to begin with (Greacen, 1983), and this in turn

reduces the structural stability of seedbed aggregates (Tisdall and Oades, 1979,

1980a,b, 1982), which makes them even more difficult to work.

Tillage is also a problem in tropical regions, particularly where rice-based

cropping systems are dominant, (1.R.R.|., 1978; Bolton and De Datta, 1979). ln

these regions, lwo types of tillage operat¡ons are performed , both having opposing

functions (Fagi and De Datta, 19S3). The first type of tillage operation, puddling' is

conducted when the soil is saturaled and therefore destroys the soil structure

(Bodman and Rubin, 1948; Sanchez, 1979). This reduces percolation and conserves

water for transplanting and production of rice (Sanchez, 1973). The second type of

tillage operation, which follows the rice harvest, is intended to regenerate soil

aggregates from the puddled, (or moulded) state in order lo make a seedbed for a

subsequent dryland grain crop, such as sorghum or maize (Hundal and De Datta,

1984). The transition from lowland rice production to dryland crop production

presents a huge problem because it requires lhat the soil be dried down to at least the

lower plastic limit before tillage (Dexter, 1979; Ojeniyi and Dexter, 1979) which

may take weeks or even months (Fujioka and Sato, 1968a,b; Sharma and De Datta,
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1986). Where resources and technology are limiting factors, there is an urgent need

to develop techniques to help farmers make a successful transition between wetland

rice and upland crops with minimum use of mechanical energy (Mandal, 1984;

u.s.D.A., 1985).

While many soils have severe tillage problems,as outlined above, it is known

that Some rice-producing soils in Southeast Asia, are capable of forming an

aggregated state naturally during drying (Moormann and Van Breemann, 1978;

Greenland, 1981). ln addition, the self-mulching soils (cf. Blackmore, 1981)of the

Darling Downs in Queensland, Australia are famous for their ability to regenerate a

granular structure after only a few wetting and drying cycles (Coughlan et al, 1973;

Coughlan, 1984). Although these soils are mainly vert¡sols, they do not share a

na6ow range of common features that adequately explains the basis for their unusual

behavlour (Hubble, 1984; Probert, et al, 1987). With this in mind, it was thought

that there exisls some potential for the natural regenerat¡on of cracks in compacted,

cloddy and moulded soils that are not vertisolic in nature. Even if the self-mulching

process cannot be exactly ¡mitated in non-vertisolic soils, the formation of extensive

cracking in these soils prior to their cultivation would markedly reduce the energy

required to work them. ln connection with this idea, there have been a few studies

(eg. Peterson, 1943; Telfair et al, 1957) which indicate that there is some potential

for structure regeneration in degraded non-vertisolic soils, and several recent

studies (eg. Dexter, 1983; Dexter et al, 1984; McKenzie and Dexter, 1985) have

indicated that mellowing (or reduction in tensile strength) of moulded, oven-dry

soils can be induced through rapid wetting. Little is known yet, however, about the

limiting conditions associaled with mellowing of moulded soils under field conditions.

Possible solutions to the problems outlined above require an understanding of

the phenomenon of brittle fracture, under tensile slresses, which have considerable

agronomic importance. Tensile stresses in unsaturated soils are created during

tillage operations (Koolen and Kuipers, 1983; Dexter and Woodhead, 1985; Stafford

and Geikie, 1987) and they control the degree of fragmentation and crumbling which
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results (Braunack and Dexter, 1978). Tensile stresses are also active in crack

formation during drying of surface soils (Johnson and Hill, 1944; Johnson, 1962;

Sharma and Verma,1g77l and clays (Towner, 19$7a,b and 1988), and also of

subsoils (White, 1966; 1967). The tensile strength of soil crusts often controls

seedling emergence and crop productivity (Richards, 1953; Hanks and Thorp, 1957;

Arndt, 1965). For brittle materials, when at least one of the principal stresses is

compressive, shear processes are subsidiary to tensile stresses (lngles and Lafeber,

1967). Tensile failure of aggregates and clods can therefore result indirectly from

the application of compressive stresses (Dexter, 1988b).

The measurement of brittle fracture and tensile strength of soils has been the

subject of studies by Marshall and Quirk (1950), Braunack et al (1979) and Snyder

and Miller (1985). Each of these has made a major contribution lo our theoretical

understanding of brittle fracture in unsaturated soils. Methods for measuring the

effects of different management pract¡ces on brittle fracture, however, remain time-

consuming and tedious, and there is considerable room for improvement.

The objectives of this study were therefore to:

(t ) develop and interpret a new method for quantifying structural features

that influence brittle fracture of unsaturated soils under tensile stress, using

soils subject to a range of different soil management practices common in

Southern Australia, and to

(21 investigate, further, the phenomena of mellowing in poorly-structured

soils through rapid wetting, in order to better understand the applicability of

previous results to soil water condit¡ons found in the field.
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Section 2. LITERATURE REVIEW

2.1 Introduction

The literature reviewed in this section is related almost entirely to the tensile

strength of unsaturated soils. Tensile strength, which is a well-defined physical

property of matter, measures the true and apparent intergranular cohesion forces that

bind soil particles together. The term 'cohesion', however, has several (somewhat

related) meanings in the engineering, soil mechanics and soil science literature. This

review first defines the meaning of soil cohesion as it will be used in this study, and

then outlines the most important mechanisms of soil cohesion, and also the role of flaws

and cracks as they relate to the brittle fracture of soils. The literature reviewed forms

the background for the studies undertaken in this thesis, and will be restricted mainly

to work published up until mid-1985, when this research project began. Reference to

more recent literature is omitted except in cases where (i) the present author had

access to draft-copies of manuscripts that have since been published, or where (¡i) the

reader is directed to recent advances on subjects of related, but peripheral interest to

this study.

2.2 Soil Cohesion

'Cohesion' is considered to be a basic mechanical property of soils (Koolen and

Vaandrager, 1g84). ln the engineering literature cohesion is designated 'c', according

to the theories of Coulomb, Hvorslev and Mohr, and is used to describe the t-¡ntercept

of a plot of shear strength, t, against the stress, o, acting normally to the shear plane

as determined from shear tests (Jumikis, 1984). Cohesion in this sense, is the

component of the shear strength of soil that is independent of the normal slress on

the shear plane (Rowe, 1962). The physical significance of the term'c', however, is a

bit unclear, because it is not independent of Q, the angle of internal friction

(Winterkorn, 1g55). One of the principal advantages of the term,'c', is that it can be

visualized mathematically, as the shear stress necessary to cause soil failure at zero
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normal external load (Hillel, 1980). lt is also considered to be a constant for soil

material in a specified state (Towner and Childs,1972l-

Use Of the term,Cohesion,, c, in these contexts is ^isle.rrllng, but it is

mathematically convenient for isolating the contribution of fr¡ction to the shear

strength in different soils. Hillel (1980) has suggested that the term 'cohesiveness' is

more appropriate for describing the t-¡ntercept, and that 'cohesion' should refer only

to the well defined cases of 'true' and 'apparent' cohesion. 'True cohesion' is due to the

intermolecular attraction of soil particles for one another throughout the soil mass,

and 'apparent' (or temporary) cohesion is due to the binding action of the soil mass by

the action of soil waler films (Jumikis, 1984). The temporary nature of apparent

cohesion is reflected in the fact that at saturation, apparent cohesion is reduced to zero.

True and apparent cohesion increase with increasing amounts of finer-sized particles.

The magnitude of cohesion is therefore very considerable in fine-grained soils (hence

the term 'cohesive' soils) and almost negligible in sandy ('cohesionless') soils

(Stauffer, 1927; Nichols, 1931).

Measurement of 'cohesiveness' from Mohr-Coulomb theory is accomplished

using shear tests with 01 > 02 = 03 , where o1 is the major principal stress (applied

axially), and where oi2 ând 03 ârê the hydrostatically applied radial stresses. The soil

fails along shear planes, but because two physical properties of the soil are involved in

the fa¡lure (i.e. friction and cohesion), interpretation of results in terms of other

basic parameters is difficult (lngles and Frydman, 1963). Measurements of tensile

strength, on the other hand, are independenl of sliding and frictional forces (lngles,

1962c), so are ideal for determining true and apparent cohesion in soils.

lnterpretation of results in terms of other basic soil properties is also much simpler

because only one physical property is being measured (lngles and Frydman, 1963).

NumerouS attempts have been made to relate Soil 'CoheSiVeneSS' , c, from

unconfined compression lests, to the true cohesion as measured by tensile strength

tests (Vomocil and Waldron, 1962; lngles and Frydman, 1966; Douglas, 1967;

Vomocil and Chancellor, 1967; Mullins and Panayiotopoulos, 1984; and Koolen and
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Vaandrager, 1984). The relationship as developed by Koolen and Vaandrager (1984)

is summarized below. They relate the results of shear, tensile and compress¡ve tests

in terms of their relative positions in the coordinate space defined by critical state soil

mechanics, CSSM (cf. Kurtay and Reece, 1970; Hettiarachi and O'Callaghan, 1980).

Consider first the test for shear failure of a confined soil sample. A relatively

dense cylinder of soil is hydrostatically loaded in a standard 'triaxial' cell (where the

intermediate and minor principal stresses are equal: 02 = 03 =Q). The soil cylinder is

then loaded axially, so that the major principal stress, 01, increases until plastic

failure results. Repeated loading for increasing values of o3 is done until an envelope

of Mohr circles is defined, from which one can determine the values of cohesiveness,

G, and the angle of internal shearing resistance or friction, Q, The loading paths of the

triaxial shearing tests end at the shear failure surface in the orthogonal (omean,

Ímax, f1)-CSSM-co-ordinate space, where omean= (õ1+o2+o3)/3 ' lmax=

(or-os)/2, and f¡ is equal to the total porosity.

By contrast to the triaxial shearing tests, tens¡le tests are conducted on

relatively brittle soil samples and the tensile strength, 01, is determined (either

directly or indirectly) by the maximum force at fracture divided by the cross-

sectional area of the soil. Loading paths of tensile tests end at the brittle failure

surface in the CSSM co-ordinate space.

ln a transition region between the shear loading paths and the tensile-loading

paths lie the compression-loading paths. Unconfined compressive strengths, oç, âre

determined by axial loading of soil cylinders and the loading paths ending both at the

shear-plane failure surface and the brittle failure surface in the CSSM co-ordinate

space.

For shear failure, the StreSS conditions at the moment of failure are

o1=o3,"n2145" . $ + 2c tan(as'+ þ [ ] 1l



-8-

ln an unconfined compression test, 03 =0' so at failure the compressive

strength, oç, is simply the applied axial load, o1. Hence,

oç =2ctan(cs"+þ a*21

Taking an average value of Q=35", the cohesiveness, c, becomes approximately:

Os
e- 4

[23]

It is known from the work of Griffith (1924\ that the compress¡ve strength of wtany

materials is eight times larger, on average, lhan the tensile strength' That is,

Osor=¡- l:¿.4l

It can therefore be inferred from equations [] 3l and aÈ 4l that the tensile strength

(or ,cohesion') is approximately half the value of the 'cohesiveness" c:

ot=9 t15l
2

Equatíon [2-5] gives only a 'ball-park' estimate of the relationship between

'true' (and 'apparent') 'COheSiOn', aS measured by tenSile Strength' 01, and the

'cohesiveness', c, of soil. ln view of the difficulty in interpreting the physical

significance of 'cohesiveness', the term 'cohesion', in the rema¡nder of this thesis, will

be used mainly in reference to the tensile strength of soils.

2.3 Mechanisms of Soil Cohesion

particles of various sizes and shapes are held together in compound units (eg'

domains, aggregates and clods) by several different binding mechanisms. Each operates

over one or more magnitudes of scale and each imparts some degree of cohesive strength

lo the soil (Hillel, 1980), whether it be permanent or temporary cohesive Strength

(Winterkorn, 1g4Z:|- Mechanisms responsible for cohesion between particles include

surface interactions (Quirk, 1963; Rengasamy et al, 1984), organic and inorganic
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cementat¡on (GifÍord and Thran, 19741, water films (i.e. surface tens¡on and negative

pressures; G¡ll, 1959; Kemper and Rosenau, 1984), and biological entanglement by'

for example, fungal hyphae (Clough and Sutton,1976), and roots (Greenland et al'

1962; Clarke et al, 1967; Tisdall and Oades, 1979). The biological-cohesion

mechanism will not be dealt with in this review, mainly because there has been

virtually no quant¡tative work done on the cohesive strength imparted to the soil by

fungal hyphae. only indirect work has been done, all in reference to the water stability

of soil aggregates (Marlin, 1945; Harris et al, 1963,1964; Aspiras et al, 1971)

Furthermore, most of the studies involving plant roots (eg' Waldron, 1977i Waldron

and Dakessian, 1981) have concentrated on the increased shearing resistance of soils

due to roots, rather than on the effects on tensile cohesion of the soil. considerable

visual evidence ex¡sts to suggest that microflora and roots could affect the tensile

strength of soils (eg. see Figure 3 in Hubble and Chapman, 1946; also Plate 1 in Bond

and Harris, 1964). To the authors knowledge, however, no direct measurements of the

tensile strengths of roots and microflora (eg. fungal hyphae) and their effects on the

tensile strength of soils have yet been published. The present review of mechanisms

responsible for interpart¡c¡e cohesion will therefore restrict itself to (1) surface

interactions, (2) cementation, and (3) water films, only'

2.g.1 lnterparticle cohesion due to surface lnteractions

lnteractions between particle surfaces which lead to cohesion can be either

electromagnet¡c or electrostatic in nature. These forces are much weaker than the

covalent and ionic bonds that are responsible for interparticle cementation (lngles'

1962a), and yet they are important aS Sources of attraction between clay particles and

belween liquids and solids (Mitchell, 1976)'

2.3.1.1 Electromagnetic Attractive Forces

The electromagnetic attractive forces (van der Waals forces) are fluctuating,

dipole forces which exist belween all particles of matter regardless of surface charge
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(Mitchell, 1976) and electrolyle concentration (Murray and Quirk, in press). They

arise between aloms and molecutes at particle surfaces that approach each other,

because of temporary imbalances in electron density around alomic nuclei within the

particles. The electron imbalance causes weak, instantaneous dipoles to develop, and

the oppos¡tely charged ends of these dipoles attract each other. The bonding strength of

these fluctuating dipoles is an order of magnitude weaker than that of permanent

dipoles (Hallet et al, 1977), that are involved, for example, in hydrogen bonding.

Several theories ex¡st to explain the inverse power relationship that exists

between interparticle cohesion due to van der Waals forces and particle separation

dislance. The theories vary with the geometry of adjacent particles (i.e. whether the

approaching particles are three-dimensional molecules, or two dimensional, flat

parallel plates, or flat plates approaching three-dimensional molecules, like

spheres). The equations describing the forces of cohesion due to van der Waals forces

are outlined for special cases in lngles (1962c) and in Mitchell (1976). The

attractive energy is approximately inversely related to the sixth or seventh power of

the separation distance between atoms or molecules (Arnold, 1978).

Although van der Waals forces are individually rather weak, they are non-

directional and additive between atoms (Murray and Quirk, in press). This means that

the average bonding capacity due to van der Waals forces between two particles is based

on the summalion of the atlractive energy between all molecular pairs in the particles.

As a consequence, their attractive force decreases less rapidly with particle separation

distance than do permanent dipole bonds (Arnold,1978). The overall cohesive strength

between particles due to these forces, however, can only be developed at distances of

particle separalion less than 260 nm (lngles, 1962c) and van der Waals cohesive

forces (of any significance) do not exist beyond a separation distance of approximately

100nm in most soils, and reach maximum values for separations of less than only 2'

3 nm (MacEwen, 1g48,1954; lngles, 1964). Nonetheless, these forces should not be

disregarded because they affect flocculation of colloids and possibly lhe strength of

bonds holding microaggregates togelher (Murray and Quirk, in press).



- 11-

2.3.1.2 Electrostatic Attractive Forces

The nature of electrostatic forces (also called Coulombic forces) is usually

repulsive, as belween like-charges, but can also be attractive, as between unlike

charges (Hallett et al, 1977). Repulsive electrostatic forces arise from either the

overlapping of electron clouds of adjacent particles at close range, or from the

overlapping of like-charged ions in the diffuse electrical double layers of approaching

clay particles (lngles, 1962c).

Attract¡ve electrostatic forces occur in situations where differences exist in the

electrostatic charge between adjacent surfaces of soil particles. For example, the net

charge on the planar surfaces of most clay particles is negative, whereas at their edges

it is often positive, especially in kaolinitic clay minerals (Mitchell, 1976). Hence the

particle edges can be attracted to the plane particle surfaces (Quirk, 1960), thereby

causing flocculalion into a'cardhouse' structure (see Figure 7 of Schofield and

Samson;1954, or Figure 5.13 in Hillel; 1980).

Cations tend to be attracted to negatively-charged particle surfaces, and anions

tend to be repelled. A diffuse electrical 'double' layer of ions therefore forms at the

solid-liquid inlerface, and this reduces the repulsive forces between like-charged

particles. The extent to which the repulsive forces belween particles is reduced by the

ions in the diffuse double layer depends on the properties of the ions, namely their

size, valence, hydration energy, polarizability and on their concentration in the bulk

solution (lngles, 1962c). lons having grealer positive charge per unit hydrated

radius will generally neutralize a greater amount of negative (repulsion) charge per

unit volume, and therefore encourage flocculation to occur and thus slightly increase

the cohesion belween particles. For example, the charge per unit hydrated radius,

which may be estimated using the valence divided by the hydrated radius of the ion, is

greater for the calcium ion, Ca2+, (*-.J whereas it is much smaller for rhe

1+
sodium ion, Na+, (0.56 to 0.79 n m ) )

(Mitchell, 1976)
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The attractive potential energy, E, between a single negatively charged clay

plate and cat¡ons in the double layer of a dilute solution is described (lngles, 1962c)

by the relation

r{o-ze
E--L- Dh [È6]

where Õ= charge density of particle surface

z= valence of double layer cations

D= dielectric constant of fluid medium

h= sêPârâtion distance

e= unit electronic charge

For very close approach (< 1 nm) of two parallel clay plates whose double

layers overlap (eg. during drying), the electric field is no longer homogeneous and is

considered as a group of point charges (Bolt and Koenigs, 19721- An attractive

interaction energy known as 'Madelung Attraction' exists in this situation and it is

responsible for bonding between individual clay crystals, causing them to form stacks

and clusters or domains (Koenigs, 1963). lt results from extensive interaction

between electrical fields surrounding ions and the negative charge sites within clay

crystals. The mutual potential energy of attraction in the overlapping Stern layers

diminishes rapidly when the distance between plates exceeds that between ions (1.0-

1.4 nm) (Koenigs, 1963). The energy can be approximately calculated by the method

of Madelunq (1918) as:

112

E=
z1Q 2 ez¡1t 

2

D
exp 2rt h t9 l".Tl

where the symbols are the same as for equation [2- 6], after MacEwen (1954). Stern

layer interactions will not be considered further in this review because they do not

relate to the work of this thesís.
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The above two equations probably contribute to the basis for the strong

correlation (usually linear; lngles, 1962c) that exists between cation exchange

capacify (Q ¡n equation t2- 6] ) and the tensile cohesive strength of clays

(Tschebotarioff et al, 1953; lngles and Frydman, 1966)'

The balance between forces of attraction and forces of repulsion results in

either dispersion or flocculalion, as shown in Figure 2- 1 . The repulsion energy

between particles is very sensitive to electrolyte concentration, valence of cations, the

dielectric constant of the medium, as well as the pH. The attract¡on energy, on the

other hand, is sensitive only to changes in temperature and the dielectric constant

(Mitchell, 1976).

It should be noted that interparticle cohesion due to the surface interactions

discussed above are most significant in soils dominated by very fine (usually flat and

parallel) particles, which have a large area per unit mass. Double layer phenomena

exert a much smaller influence on the strength of soils composed predominantly of clay

minerals having low surface area (lngles, 1964). ln coarser textured soil (silts and

sands) cementation processes contribute much more to cohesive strength.

2.3.2 lnterparticle Cohesion due to Cementation

ln many cases, the strength in soils develops as a result of either naturally

occurring or added cementing malerials, which bind particles together and which may

make their surfaces at the points of contact inaccessible to water (Denisov and Reltov,

1961) This section presents some of the ideas behind the mechanisms of cementitious

bond formation as well as theory on the tensile strength associated with cementitious

bonding in soils.
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2.3.2.1 Formation of Gementitious Bonds

lnorganic cemenlitious bonds can form as a result of chemical degradation of the

clay lattice as well as the silica in soils due to the addition of soil stabilizers such as

calcium chloride, calcium carbonale, or calcium silicate ('cement'), all of which are

alkalis (lngles, 1962b, 1970). lnorganic bonds can also form due to the selective

precipitation of dissolved silica or olher slightly soluble solutes (Mitchell, 1976)

occurring naturally in the soil (Kemper and Rosenau, 1984). Organic cementitious

bonds can form naturally (Chatterjee and Jain, 1970) or by the addition of

polysaccharides (eg. Martin, 1946) and polymers like polyvinyl alcohol or PVA (see

for example, Oades, 1976). These bonds, however, are much weaker than inorganic

bonds, and consist mainly of weak electrostatic bonds, hydrogen bonds and chelation

associated with polycations near particle surfaces (lngles, 1968). The strength

imparted to soil aggregates by these organic bonds comes mainly from the formation of

interdomainal links, and is usually temporary due to the oxidation of the organic

substrate by soil microbes (Tisdall and Oades, 1982; Oades, 1984). Furthermore,

cementitious bonds due to polymers such as PVA, once broken will not reform, so their

strength-value is easily lost (lngles, 1968) when the soil is disturbed, say during

lillage operations.

lnorganic cementation can induce both short-term as well as long- term

cohesion. The sequence of reactions associated with stabilization using calcium

compounds involves lhe slow dissolution of the sall containing the calcium and the

diffusion-dependent lransfer of calcium to the clay surface exchange sites (lngles,

1962b). The exchange of calcium for other ions at the clay surface induces

flocculation (weak bonding), and has only a small effect on the strength of the soil

(lngles, 1968). lf calcium hydroxide is used, the calcium and hydroxide ions diffuse

into the silicate struclures of clays, and cause degradation of the clay structure by

hydrolysing S|-O-S¡ bonds. The reactions produce very insoluble polymeric calcium

silicates which act as cement for longer term stabilitzation. The extent to which

strength-increases occur depends on (1) the reactions taking place ubiquitously and
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(2) there being a sufficient number of close inter-particle contacts to enable

cementitious bridges to form (lngles, 1962b). The role of CaCO3 as a cement in

agricultural soils is discussed by Hadas and Wolf (1984b).

The formation of inorganic bonds due to site-selective precipitation of solutes at

part¡cle-to-part¡cle contacts has been described by Kemper and Rosenau (1984).

precipitation of minute quantities of silica, calcium carbonate and other slightly

soluble compounds in the soil solution occurs during slow drying of the soil (Gerard et

al, 1962; Gerard, 1965).

Particle to particle contact points (concave surfaces) offer positions of lower

thermodynamic free energy than other (flat or convex) surfaces, and this makes the

contact points preferred sites for selective precipitation (Kemper and Rosenau,

1984). Once precipitation begins, the solubility of the precipitate decreases rapidly

relative to that of the ions and particles still in solution. The difference in solubility

establishes a concentration gradient (the driving force) between the particles in

solution and the precipitate, which leads to the growth of the precipitate in contact

points at the expense of the particles in solution (Hunter, 1987). This phenomenon,

known as Ostwald Ripening is based on the relation described by the Gibbs-

Thomson equation (after Kahlweit, 1975):

{cs(r)-cs(-)}=cs(*)exp11þ-r¡ tÈ81

which can be approximated lo within about 1o/o accuracy over the range 0.85 <|. f.f S

by the relation:

{cs(r) - cs(- )} = cs(- )(þ [ãs]

. 2oV¡¡
where a=ffi, c5(r) and cs(- ) are the solubilities of particles of sizes r and oo

respectively, o is the interfacial tension between the particles and water, V¡¡ the

molar volume of the precipitate, v is the number of dissociation products of the

precipitate, R is the ideal gas constant and T is the absolute temperature.
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The concentration gradient described in equations [2- 8l and [] 9l causes

soluble compounds to diffuse toward the particle-contact poinls, and so long as there is

sufficient water in the soil to allow continuity of water films, the precipitation will

continue and lhe cementitious bonds will grow stronger. Although the limiting

thickness of water films necessary to enable this process to continue in agricultural

soils is uncertain, diffusion slows down considerably at low water contents (Porter et

al, 1960; Van Shaik et al, 1966). Nonetheless, Kemper and Rosenau (1984) found

that increases in strength continued to occur over a period of years, (age hardening),

even at air-dry water contents. lt was assumed in the studies of Kemper and Rosenau

(1984) that water in the air dry soil existed only in single layers. Whether it is

possible for the Oslwald ripening phenomenon to be responsible for "the migration of

bonding components" reported by Kemper and Rosenau (1984) has not yet been

determined. Thixotropic age hardening described, for example, by Blake and Gilman

(1970) and Utomo and Dexter (1981a) could presumably occur simultaneously and

even augment cementation processes, particularly at intermediate water contents

(close to the lower plastic limit).

2.3.2.2 Tensile Strength of Cementitious Bonds in Soils

The overall effectiveness of cementitious (chemical) bonds for imparting

strength to the soil is a funclion of (1)the separate cohesive strengths of both the soil

particles (substrate) and the cement, (2) the adhesive strength of the cement-Îo-

substrate bond (i.e. whether the bond is covalenl or ionic, the latter being weaker),

and (3) the area of contact between cement and substrate (lngles, 1962c). Naturally

occurring inorganic cements in soils include silica (Gifford and Thran, 19741, as well

as oxides and oxyhydroxides of iron, aluminum and manganese (Deshpande et al, 1964;

Giovanni and Sequi, 1976) and calcite (Uehara and Jones, 19741. The effects of

various different cementitious substances on soil cohesion have been studied by

numerous authors (eg. Puri et al, 1940; Arca and Weed, 1966).
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lf cements occur extensively enough to form a continuous matrix throughout the

soil, the tensile strength of the soil will simply be the tensile strength of the cement.

lf, as is usually the case in agricultural topsoils, cementing occurs only sparsely

throughout the soil, then the tensile strength of the soil is influenced by many faclors.

The most important factors influencing the overall strength in this case are the

number (Kemper, 1958) and the area of cement-to-substrate contacts (lngles,

1962c). The more contacts and the more extensive the area of cementation, the

greater will be the tensile strength of the so¡|.

A mechanistic theory of tensile strength in soils due to cementitious bonding is

outlined by lngles (1962c) and is of sufficient relevance to this thesis to warrant its

presentation in some detail here.

lmportant assumptions are made regarding the cement and the substrates

involved in cementitious bonding, namely that there exists:

(t ) random and isotropic d¡stribution of cementitious bonds in the soil

(i.e. no crusts or layers).

(2) random distribution of particle sizes within both the substrate and

the cement, and

(3) the same effective bonding forces everywhere which can be

considered as overall'average' bonding forces.

While these assumplions allow for homogeneous macroscopic behaviour, the

microscopically heterogenous nature of granular materials prevents the occurrence of

failure along a slraight, 'ideal' plane, exactly perpendicular to the applied tensile

stress. lnstead, the bulk strength of the soil and the fracture pathway depends upon

which type of bond ís broken under tensile stress. Blakey (1964) pointed out that

failure can occur within the cement (or substrate) itself, or alternatively failure can

occur at the cement-substrale interface (Figure 2- 2). When bond strengths between

soil particles are weaker than within soil particles, a crack will occur along the

circumference of the soil particles (through cement, or along cemenVsubstrate

interface). When bond strengths between particles arc greafer than within particles,
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on the other hand, a crack will occur through the particles lhemselves (lngles and

Lafeber, 1967).

First consider the case where failure under tensile stress occurs within the

cement (or within the substrate) itself. lf a¡ is the area of soil particle, i, that is

intersected by an 'ideal' tensile failure plane, if n is the number of particles

intersected, f is the porosily, and if e is the voids ratio,

then the total intersected area, f"¡, ".ros 
the soil sample can be equated to the

i=1

porosity and voids ratio ¡n the equation:

It

f a¡= t -t,
iel

where f= [ ã 10]

[ â 11]

[ â 13]

lÈ141

or

lf the average number of particle to particle contacts (bonds) per unit particle-

surface area is p, and if the average bond strength at each particle contact point is P,

then it is possible to equate the bulk tensile strength per unit cross-sect¡onal area, o¡,

as the product of the average bond strength, the density of contact-points and the area:
n

o1=-P (La¡¡ P Í2121
l=1

or

o¡= P(,!,t.")t

A value for p can be assigned using knowledge about the geometry of the component

particles, specifically the coordination number of the particles, k, and the total

surface area of each particle, A¡, from the relation:

Subslitution of p from [2- 14] into [2- 131 gives:
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The value for A¡, of course, depends on the geometry of the individual particles. For

equal-sizedspheresofdiameter'd'(Asp¡ere=71d2¡'thetensilestrengthcanbe

calculated as:

ot=

O1
ad

nPk
n

(1+e) Il'
l=1

PK
21t +e)

[ ] 151

[]161

l*171

For an isotropic and random assemblage of rods of diameter, d, and length, l, lhe

tensile strength can be calculated as:

PK
ot=

íd(t+þ(1+e)

And for an isotropic, random assemblage of cubes having length of sides, l, the tensile

strength can be calculated as:

ot= 672fuJ tÈ1'l

It can be seen from equations t2- 1 6l ,1.2- 171, and t2- 181 that for similar-sized

particles, an assemblage of equal-sized spheres will generally have greater tensile

strength than an assemblage of equal-sized rods, and even greater tensile strength than

an assemblage of equal-sized cubes. Estimates of the variables in these equations

require some knowledge about either the void ratio, e, or the mean part¡cle

coordination number, k. Work on the correlation between the coordination number of

lead-shot and its porosity for different types of packing has been done by smith et al

(1929), Graton and Fraser (1935) and Deresiewicz (1958). lf e is known, an

approximate value of k can be calculated from the relation after Smith et al (1929):

f
Ík= [ 2- lel
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An estimate of P, lhe average bond strength per contacl point, is more difficult, and

involves knowledge of the tensile strength of the cement itself, oç (or of the substrate,

05, if failure predominates ¡n the substrate rather than in the cement), as well as the

volume of the cemenl. Values of oç and o;5 mat already be known, or else may be

measured exper¡mentally. (For example, Gifford and Thran (1974) measured the

tensile strength of silica bonds formed between paired glass beads, and found them to

range between 180 and 830 kPa). Estimates of the volume of cement per unit contact

point, v, can be made using information on the average particle radius, R, and using

the theory of capillary condensation around a single contact point. As shown by Kruyer

(1958), the volume of cemenl, v, is

v= f(o)2rR3 lÈ2ol
where f(q) is described by a trigonometric function of the angle, Q, (in arc units)

subtended by the point where two (spherical) particles meet and the point where the

liquid cement surface meets the sphere, as well as the contact angle, 0ç, between the

cement and the particle surface, (Figure 2- 3'¡ viz:

f (0)= (1 -cosO)2 [1 +ta n(0c+O) { (1 -

- (1 -cosO)2 [ (1 -cos4) tan(0c+0) + sinq]

cosO) tan(0c+Q) + si
r l2-Qc.-6

n0 )I
12- 211

cos2(oç+q)

For known values of Q, the geometry of the cement may be calculated from

Íi¿.221

where o = srÌìâllest radius of cement fill (see Figure 2- 3). So if tensile failure occurs

within lhe cement (rather than in the particle), P can be estimated as

P=oçæa2 ÎL 231

For failure within the parlicle (cr'= Rsinq), the average bond strength per contact

poinl, P' , now becomes:

Rsinq= " """n(ry)
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Pr= o5rcrfz Í7241

lf failure occurs at the cement-particle interface, on the other hand, the interfacial

contact area belween cement and substrate replaces the radius of the cement bridge, o,

used in equations t2- 221,12- 231, and [2- 24]. The area can be measured using a

microscope, or it can be calculated based on the geometry of the syslem, so the average

bond strength per contact point, P", becomes:

P"=o¡(** )2nR2 
(1 -cosQ) ÍÈ25!

The estimates of tensile strength based on lngles' theory assumes that the

cementitious bonds form a solid, continuous, cylindrical bridge between soil particles.

ln cases where the bridges are hollow rather than solid, however, as Gifford and Thran

(1974) found with silica bonds between glass beads, estimates of tensile strength

using the equations outlined above will be too high.

Kemper et al (1974) found, in agreement with lngles (1962c), that the tensile

strength of soil crusts was directly related to the number of particle-to-particle

contacts (cf. equation [2- 15], this thesis), the strength of individual bonds (cf'

equations 12-231,Í2-241, and [2- 25], this thesis), but also the particle shape.

These three factors are all a function of the particle size distribution in soils, and the

combined effect on soil strength can be seen in Figure 2- 4. Different combinations of

parlicle sizes in synthetically mixed soils shows that the strength of soils dominated by

clay-size particles is often, but not always (eg. lbanga et al, 1980), at least an order

of magnitude greater than that for sand-size particles (Kemper et al, 1974). Using

different mixtures of sand, silt and clay, Chep¡l (1955), Gerard (1965) and Aylmore

and Sills (1978), also found an inverse relationship belween the effective diameter of

soil particles and soil strength (as measured by the modulus of rupture technique of

Richards, 1953). This is because for bonding between particles to occur, the particles

must be brought into close proximity to one anolher at many places. lf the particles

are mainly small sized, the soil will have a large surface area, which increases the



20%

-25-

40%

930
o% 1000Â

80%

40% 60%

Sand Clay

60% 40%

80% 20%

100%
60% 80%

o%
roo%o% 20%

Fì gure 2-4. Textural trì ang'l
each Po'int for 3
(after Figure 4-

silt

howing modulus of rupture (kPa) beside
i f f erent mi xtures of parti cl e s'izes
f Kemper et al , 1974).

es
1d
1o

1100

a100

110.

oloo

.160
.150

260.

2900320a

11
.500

o560

o850

o870



-26-

likelihood of particles making a large number of contacts with one another (Uehara and

Jones, 19741

2.3.3. Interparticle Cohesion Due to Water Films

2.3.3.1 Haines and Fisher (H-F) Theory

It has long been recognized (eg. Haines , 1925; Fisher, 1926 & 1928) that a

significant temporary cohesive strength exists in uncemented, moist soils as a result of

the surface tension and capillary forces associated with lenticular, or interparticle

water films (lngles, 1962c) throughout the soil matr¡x. Both forces require the

presence of a gas/liquid/solid interface, and so do not exist in saturated soils.

The basis for cohesion due to surface tension in unsaturated soils is as

follows. The denser side of a gas/liquid interface is continuously 'trying' to contract'

because there is a greater intermolecular attraction among subsurface liquid

molecules than there is among liquid molecules at the gas/liquid interface (Hillel'

19gO). The resulting excess energy of liquid molecules at the interface relative to that

in the bulk is called surface energy or surface tension (Hallett et al, 1977)' The

tendency for the surface to contract at all times exerts a net compressive force on

part¡cles that are in connection with each other through a continuous film of water.

Adhesion between soil particles and water molecules (eg. see Fountaine, 1954;

Winterkorn, 1955) ensures that the soil particles are pulled together. Surface

tension actsalong lhe entire length of an airlwater ¡nterface. Considering the

simple case of two particles connected by a capillary wedge of water (Figure 2'5ì- ,

Fisher (1926) showed that the cohesive force, F.r, due to surface tension between two

spherical, incompressible particles is

FSt= 2nt0:y¡

where r= radiuS of capillary wedge at (by convenlion) the pore neck,

2nr= length of the airlwater interface,

Í*261
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ow= surface tension of airlwater interface

Cohesion due to capillary forces is a function of the contact angle that develops

between liquid and solid at the gas/liquid/solid interface. Different contact angles

arise due to the different affinities that liquid molecules have for solid molecules. The

contact angle controls the curvature of the gas/liquid interface at the solid surface.

Liquids having contact angles between O' and 90o are considered to 'wet'the solid

surface, thus leading to the 'capillary rise' phenomenon. A curved meniscus forms, and

is concave with respect to the gas phase. The curvature of the meniscrr,l increases

in smaller pores.

When considering the curvalure of a meniscus between two spherical particles

(as opposed to the meniscus within a capillary tube) there are lwo principal radii

affecting the shape of the meniscus, and so the 'tótal curvature' must be considered.

The total curvature of a surface is a measure of the extent to whích the surface departs

from being a plane. A curved surface having two principal radii, (see r and r', in

Figure 2- 5) has total curvature K, defined as:

K= l".27l

By convention (Mualem and Morel-Seytoux, 1979) the value of either rt or r takes a

positive sign if the centre of curvature lies within the phase at higher pressure (gas-

side of the meniscus), and is negative otherwise. Attempts have been made (eg'

Carman, 1941) to replace Kwith a more general estimate of curvature that is not

limited to regular shapes in real soils.

ln unsalurated soils, the contact angle between water and solid particles is often

assumed to be negligibly small (0'), and the phenomenon of curvature of the meniscus

results in a pressure difference across the airlwater interface, the lower pressure

existing on the convex side of the meniscus (Hillel, 1980). That is, the liqu¡d

pressure under the meniscus is lower than atmospheric pressure. Water is therefore

Iti
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drawn (or'pushed') into the soil pores until the phase pressure difference due to

capillarity is exactly counter-balanced by the hydrostatic pressure of the water

'columns' which develop in the matrix of soil pores. When the contact angle is greater

than zero (but less than 90"), the radius of curvature increases. Referring to Figure

2-5, the cohesive force due to capillarity (or phase pressure deficit), Fç, wâs

calculated by Fisher (1926) to be

F"= ær2 oyK I L 281

or

Fc= t|l2 ow
11 ÍÈ2sl

[ã31]

I

The forces of surface tension and capillarity are additive, and the total combined

cohesive force, F., due to water films was expressed by Fisher (1926) as

tr -2ntç'y¡*nr2(i- LIO ta3ol,r__._._* 
[r, )

I

which, with knowledge of the particle sizes, reduces to

2nr" 6n
Fr

1+ tan9
2

where r" is the part¡cle radius and e is the angular radius of the wedge of water

connecting the particles (see Figure 2'5).

Counteracting the cohes¡ve force holding particles together, (due to surface

tension and capillarity) is the pressure belween rigid primary particles at points of

contact. lf a tensile slress is applied to an aggregate of unsaturated soil, the

compressive stress on the particles due to water films is correspondingly relieved, yet

not overcome. Fisher (1926) described the cohesive force of water films in

unsaturated soil aggregales lo be the tensile stress required to just overcome the

compressive stress on the soil particles. For tensile stresses less than this, the soil

aggregate behaves as a rigid particle.
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Far more sophisticated models on the theory of capillarity and surface tension

have since been proposed for various limited cases (eg. de Bisschop and Rigole, 1982;

Zasandzinski et al, 1987; and Bayramli et al, 1987). The limitations that the Haines

and Fisher (H-F) models have in predicting the tensile strength of real soils, however,

makes the more sophisticated versions of limited use. Despite its weaknesses, the H-F

approach is still instructive in the study of cohesion due to water films in natural soils

as recognized by Aitchison (1961) in a study on effective stresses in unsaturated

nonuniform soils. For example, if one equates F, from equation [2'30] with P from

equation [2- 15], its substitution for P in equation [2- 15] yields an expression

which is similar to that of lngles (1962c) for the tensile strength of capillary-bound

aggregates:

nkq/v

r fil + nÍ2 a2- 321C=

(1+e) It¡¡l
n

1

Cohesion occurs only at interparticle contact points, and so this equation emphasizes

the importance of the number, n, of these contacls per unit area of the ideal tensile

failure plane in determining the contribution of water films to tensile strength.

Waldron et al (1961) used H-F theory to study lhe water retention properties

of glass beads (which simulate ideal, rigid, spherical particles). They found that upon

desorption of initially saturated systems, the measured water contents were much

higher than calculated values. They concluded that the difference between experimental

and lheoretical water contents could still be used as an eslimate of the contribution of

adsorption forces (as compared to capillary forces). The difference supposedly

represents the quantity of water not contributing to soil cohesion. Snyder and Miller

(1985), however, challenged the results of Waldron et al(1961) on the basis that

although the water contents of Waldron et al, were too high to be accounted for by

capillarity, they were also too high to be accounted for by adsorption. They suggested
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rhat the time allowed for equilibrium water contents to be established in the glass

beads was probably too short. According to this suggestion, the water contents would

eventually drop to within H-F predictions given sufficient time.

Kemper and Rosenau (1984) made approximate estimates of soil cohesion using

calculations of (1) surface tension cohesion, P.r, separately from (2) hydraulic-

phase-pressure-difference cohesion, P¡, in moulded soils. Estimates of cohesion due

to surface tension, upon desorption, were made assuming (i) spherical shape of all

empfy pores, and (ii) all empty pores had an airlwater interface around the¡r ent¡re

circumference that exerted a tension. Hence each pore of radius, r¡, in a plane through

the middle of that pore contr¡buted an amount equal to 2as¡nt¡ to the cohesion of the

sample. (ow, in this case, is the surface tension of the a¡rlwater interface, as

described in equation t2- 26]). Cohesion due to surface tension could therefore be

estimated over a given range of suctions by multiplying the number of pores drained,

N ¡, by 2ovunr¡. The value of N¡ can be estimated by dividing the change in volumetric

water content between two suctions, (Â0= 0r-02, assuming no anisotropy)' by the

area of an average-size pore, of radius fr, corresponding to the two suctions whereÏ

is defined as 1 = 
@, .

N
Â0¡

IE ll-

Pst = 2nf¡Oyy

[]331

[]341

Hence the surface tension cohesion, P51, is calculated as

[å*)

or
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P w []351

Estimates of cohesion due to the hydraulic-phase-pressure-difference, P¡, were made

simply by multiplying the gauge pressure (or the measured suction pressure, P6'

Pw) by the volumetric water content, 0, thus:

P¡= 0 (Pa'Pw) [ 2- 361

where P¿ and Pyy ârê the air and water pressures respectively.

The two separate estimates of soil cohes¡on due to water films (P.t and P¡)

were compared to values of tensile strength measured on two different soils (see

results for Portneuf and Billings soils in Figure 2- 6). The calculated values of Pt

were generally higher than the measured tensile strenglhs, and at lower water contents

the values of P., were also higher. The total estimate of cohesion due to water (i.e.

psr * P¡) would be even higher still compared to the measured tensile strength, but

the point they were trying to make was that in the Portneuf and Billings soils, Prt and

P, were at least large enough to account for the measured tensile strength. Two

possibilities were suggested to explain why P., and P, overestimated the actual

tensile strengths of the soils:

(t) The calculated estimates of cohesion were based on a model of spherical

pores. lf the soils had contained an ideal distribution of isotropically oriented,

sphericat particles, the estimated and measured values might have been closer- The

presence of microcracks, however, plus the differences in the particle sizes, shapes

and arrangements (Winterkorn, 1955; Jaeger, 1956), caused the soil to fail at lower

tensile stresses than calculated.

(2) The calculated estimates of cohesion were made on the assumption that all

empty pores contained a circumferential airlwater interface wherein surface tension

forces predominated. The presence of pore water that is adsorbed only on particle

surfaces (rather than at particle contact points) contributes nothing to soil cohesion,
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and hence reduces the tensile strength of real soils below the predicted values.

2.3.3.2 H-F Theory Modified

Snyder and Miller (1985) po¡nt out the most significant limitations of H-F

theory, and indicate Some reasons why it often over-estimates the tensile strength of

real soils. First of all, H-F theory is most applicable to (i) materials of low specific

surface area (eg. rigid spheres) and to (ii) unsaturated soils at relatively high water

contents. ln these two cases, the gauge-pressure reading is equal to the hydrostatic

pressure or the matric potential (-pgh). The theory begins to fail, however, in (i)

relativety dry soils, where adsorption of water becomes significant (Bouyoucos'

1925), and in (ii) soils of high surface activity, and also in (iii) soils exhibiting

non-water cohesion (i.e. cementation). ln these three cases, a significant proportion

of the water does not contr¡bute anything to soil cohesion, and the gauge pressure does

not reflect the hydrostat¡c pressure.

With these limitations in mind,snyder and Miller (1985) present a

comprehensive theory of tensile strength due to capillarity, which is based upon

Aitchison's modification of the H-F model as well as on símilar medía theory (after

Miller and Miller, 1956). Their theory is of sufficient importance to the present

thesis that it will be outl¡ned here (equations [2'37] to [ 2- 50] below) in some

detail.

Consider a model of unsaturated soil particles having cross sectional area, A,

which is exposed to a constant normal slress, o, in the z-direction (Figure 2-7l- .

(The use of the symbol o for stress in this context should not be confused with oriv, the

surface tension of water, used in previous equations). The soil particles are traversed

by any (wavy) plane, B, which passes between the soil particles at their contact

points, thereby defining the projected areas of particle contact, Ap, wâtêr phase, Au¡,

and air phase, A¿. The circumferences of the projected airlwater interfaces have total

length, P. Water and air exist in the pores at gauge pressures of u,, and u¿,

respectively. The value of u¿ is often the atmospheric pressure, which is greater than
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uy¡¡ in unsaturated soils. Consequently, the quantity (ua-uw) is therefore referred to

as the relative pressure or the pressure deficiency of the pore water(Aitchison,

19S7). A surface tension, Y, (equivalent to o* in equation lt26l this thesis), acts

tangentially to the airlwater interface.

Balancing forces in the z-direction results in the relation:

P

l?371

where Fp= th. z-component of total interparticle contact forces

acting across the wavY Plane B.

Aw= ârêa of water intersecting B'

Aa= area of air intersecting B
P

t..
yJ l.f ot= the z-component of surface tension force.

0

l= the unit vector in z-direction.

I = the unit vector tangent to the airlwater interface and

perpendicular to an incremental segment, dt, along the
airlwater interface intersecting B.

Dividing left and right hand sides of equation fÈ 371by the total area, A' gives an

expression in lerms of slresses:

P

[ã38]

The term * ,t the average interparticle, or effective stress. Replacing

A¿ with its identity (A¿= A - Ap -A*) gives the expression:

t'.
oA= Fp+ Ayyulv + A¿u¡ YJI.IO t

0

o=îo.+.+ IJ l.lot

P

l.fotTJO= I.p.
A

Aw(uw-ua)
+ ---+ [ã3e]
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lf we now group together on the right hand side all the terms associated with the soil

water, the result is the exPression:

P

3. ua{r-þ - o = 4o -äJ, .io, t}4oI

Defining a dimensionless parameter f as

P

l.f o tx
Aw
A

A1¡= K., 1,2

A= K27v2

P= K. 1,

dt= ì,d k

12- 411

and substituting it into equation [2'40] gives:

+.u"(1-Þ-o= /u$a-uw) 12- 421

sÍmititude concepts can be used to show that the value of f is a constant for

simllar soils in similar states. That is, f, is constant in soils dominated by

capillary phenomena, and which are also geometrically identical except in size scale,

1,, (Miller and Miller, 1956). For símilar soils, therefore, the following can be

said about the variables compris¡ng X in equation 12'411:

12- 431

(u¿-u¡¡)= K. T



where K1, K2, K' and Ko are constants. The value of dk is a conslant represent¡ng

an ¡ncremental section of the airlwater interface. Substitution of equation 12'431

into equation 12- 411 gives an expression which reduces to a series of constants:

Ksr

YJ
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i.j i.o r
+ 12- 441

[2- 4s]

K2L2+

This implies, as stated above, the constancy of the value of ^fi tor similar soils. When

the geometry of the solid skeleton is also considered to be constant, then the value of f

depends only on s, lhe degree of pore saturation. The degree of pore saturation is

defined as:

es=l

where 0 is the volumetric water content and f is the total porosity (Green and Ampt,

1911;Skempton, 1961). The value of f will be unity at saturation, where 0=f, as

shown below, and it will be zero in dry soil, where 0=0, (Olson, 1963). At

intermediate water contents, however, f, is in general, not precisely equal to s

(Donald, 1961;Groenevelt and Kay, 1981). The value of f, will be influenced by the

soil structure, the wetting history and the stress history of the soil (Bishop, 1961).

It is also possible that in sandy loam soils containing significant amounts of clay and

silt-sized part¡cles (yet insufficient amounts to bridge gaps between sand grains) that

much of the water, upon drying will be held in the finer material on grain surfaces,

away from contact points. The water held in this finer material contributes nothing to

the tensile strength of the bulk soil, and therefore \ will be less than s below a certain

degree of saturation (Mullins and Panayiotopoulos, 1984). There are also conditions
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where X ^^y 
be greater than s, but for the purposes of this review, however, lt will

simply be assumed that f, is at least approximately a single-valued function of s.

Assuming that the contact area belween particles, Ap, is negligible, equation

12- 421can be rearranged to solve for the effective stress, O',1where O'= þ

as follows (after Bishop, 1961):

o'= (o-ua) + l,(ua-uw) [2- 461

ln equation t2- 46] the term (o-ua) is equivalent to the applied stress, while the

term (u¿-uw) is equivalent to the pore water pressure, or the equilibrium liquid

pressure (Groenevelt and Kay, 1981). Both terms in equation 12'461 are stated w¡th

reference to the air pressure in the soil pores, u¿ , which is usually atmospheric, and

therefore negligible, which reduces equation [2- 46] to:

o'= o - Xu* 12- 471

P

When rhe soit is saturated, the z-component of the surface tension tor., ffJi'ii.O t

in equation t2- 411) becomes zero, which reduces f to

-- A*
lv- A

[2- 48]

[2- 4e]

which is approximately equal to unily, as already mentioned above. Substitution of

X=1 into equation 12- 471results in Terzaghi's equation for effective stress in

saturated soils (Skempton, 1960):

IO=O-U1¡

Fisher (1926) described the cohesive force of water films in unsaturated ideal

soil to be the lensile stress required lo just overcome the compressive stress on the
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so¡l part¡cles. This means that at failure, the effective stress ¡s o'= 0, which if

applied to equation [2- 461, gives the result at failure that

( o -ua)
[2- s0]x= (ua-uw )

where the numerator and denominator of equation t2-501 represent (1) the critical

tensile strength and (2) the pore water pressure deficiency, respectively, after Fisher

( 1 e26).

Because f depends solely on the degree of pore saturation, s, equation [2- 501

indicates that the ratio
-ua)

is also a function of only s. Hence, once f is
(ua-uw )

known for a soil, the tensile stress (o -ua) necessary to cause failure can be

calculated with knowledge of (ua-uw).

Calculation ol f can be done, assuming that (u¿-uw) is equivalent to the

measured soil water matric potential at equilibrium, by using the relation:

1.0

X= s. ffi. Jtua'uw)r ds¡
l=S

[2- 51 ]

where s¡ ând (ua-uw)¡ are the pore saturation and pore water pressure deficiency,

respectively, at any point ibetween s and complete saturation (s=1.0).

Despite their contributions to improving capillary cohesion theory, however,

Snyder and Miller (1985) note that the major limitation of H-F theory for real soils

lies in the assumption that tensile stresses are uniformly distributed throughout the

soil and that no stress-concentrations exist. This leads to the very important subject

of how various flaws, zones of weakness and cracks affect the distr¡bution of tensile

stresses in the soil and ultimately how they influence the brittle fracture of

unsaturated soils.
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2.4 Flaws and Gracks and the Brittle Fracture of Unsaturated Soils
2.4.1 Background

The importance of flaws and cracks in determining the mechanical strength of

soils exposed to tillage was recognized many years ago by Fippin (1910) and by

Russell (1938). Fippin concluded lhat "the contraction of the water film is the

primary force and it acts in conjunction with lines of weakness to bring about

granulation. Anything which produced a line of weakness in the soil mass would

determine the location of a crack". Russell observed lhat "the units out of which

several types of large aggregates in virgin soils are built are merely a smaller version

of the large aggregates", which is what Grant et al (1985) concluded using a

micropenetrometer, and which supports the contention that the soil structure is

hierarchical in nature (Dexter, 1988a). Russell (1938) also observed that fracture

during tillage occurred along lines of weakness in the soil and he noted that the higher

mechanical strength of moulded aggregates over that of natural field aggregates of the

same size "was probably due to their being more uniform than the field aggregates."

Russell's observations were very important because they implied that irregularities

(eg. cracks and different sized pores) in the soil structuÍe arc significant strength-

determining factors. That is, strength depends on the weakest points in the soil

(Kuipers, 1984).

This practical result was recognized independently at about the same time in the

coal ¡ndustry (eg.Bennett, 1936; Bennett et al, 1941;Brown, 1941;Bennett and

Brown, 1941), and was followed up by Marshall and Quirk (1950) using agricultural

soils. Marshall and Quirk used a drop-shatter test (recently refined by Hadas and

Wolf, 1984a), which caused soil clods to fracture along natural cleavage planes.

Marshall and Quirk defined the percent size-stability of soil clods, %SlZEs136, to be:

i=1

X¡

N
%SIZEstab=

xo

x 100 12- 521
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where X¡= d¡ameter of ith clod-size category

Xo= diameter of original clod prior to fracture

N= number of size categories.

They further defined a complementary term "friability" as (100' %SlZE51s6),

which was an attempt to quantify the general definition of friability, viz: the "liab¡lity

to break or crumble into smaller pieces when subjected to handling" (Gilmore and

Nichols, 1937). Marshall and Quirk found the important result using blocks made of

plaster-of-faris and sand that the energy required "to reduce all fragments to less

than half the original size was approximately doubled as the block size was decreased

from 2 to 1 inch and again from 1 to 0.5 inch". That is, they found that larger

aggregates fracture more easily than smaller aggregates, and this has also been

reported by Winterkorn (1955) and Gill and McOreery (1960). The results of

Marshall and Quirk were evaluated by lngles (1963) who used probability theory to

predict the breakage process.

The inverse relationship between tensile strength and aggregate size was also

found by Rogowski and Kirkham (1976). They suggested that as the size of soil unit

increases ffom, say, clay films (eg. Dowdy and Larson, 1971), to soil aggregates (eg.

Rogowski et al, 1968), to compressed cores of soil aggregates (Farrell, et al, 1967;

Williams et al, 1967), the work needed for fracture would decrease, because larger

soil units have a greater statistical chance of containing a severe flaw.

2.4.2 Theory of Brittle Fracture

A statistical crack theory for the tensile strength of soils has since been

developed by Braunack et al (1979). They indicated that if a compressive force is

applied across the poles of a relatively dry aggregate (w < lower plastic limit), slra¡n

energy will be reversibly stored until a sufficiently large tensile stress is developed.

When this happens brittle fracture occurs by the activation of one or more flaws in the

aggregate, and strain energy is irreversibly released with the formation of a new

fracture surface
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There are many different types and strengths of flaws distributed throughout

granular materials, like soil aggregates and clays (lngles and Lafeber, 1966). These

flaws include small and large pores, cracks, holes, inclusions and surface flaws, as

well as differences in material composition. The latter type of flaw is particularly

relevant to the strength of concretes and stabilized soils (eg. Jones and Kaplan, 1957;

lngles and Frydman, 1966; Perry and Gillott, 1977). The term "flaw strength" will

often be used here to indicate the level of mechanical stress at which a flaw will grow

irreversibly leading to failure. Braunack et al (1979) pointed out that the nature and

severity of flaws is more varied in natural soils than in artificial soils, which is

consistent with the finding of Sideri (1936) that "the most stable arrangement of

particles is the homogeneous one", and explains the higher mechanical strength of

moulded soils over natural field aggregates reported by Russell (1938).

The theory of brittle fracture developed by Braunack et al (1979) assumes that

fracture occurs by the activation and spreading of a single (most severe) crack, though

they acknowledge that the concatenation of a combination of cracks can also occur prior

to failure, as shown by Brace and Bombolakis (1963). At a critical tensile stress, the

most severe flaw (or most severe concentration of stresses around a flaw) spreads

causing fracture. This implies that the tensile strength of the soil is of a statistical

nature, which is dependent upon the random distribution of the most severe flaws. lf

the most severe flaws are uniformly distributed throughout the soil, then the soil

strength is volume-dependent. Rogowski and Kirkham (1976) were therefore correct

in suggesting that larger aggregates fail at lower applied stresses simply on the basis

lhat they stand a greater chance of containing a severe flaw than do smaller aggregates.

The relationship between the volume of a soil unit, V, and its tensile strength, S, ¡s

presented in Braunack et al (1979) and Utomo and Dexter (1981b) as:

logss = -k logsV +A [2- 53]

where A = logs{So Vok f [1+k]], which is the intercept, or the

extrapolated estimate of tensile strength of 1 m3 of bulk soil.
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So and Vo = strength and volume, respectively of the bas¡c

structural elements comprising the aggregates.

f : tabulated Gamma function
k: slope of the log(strength)-log(volume) curve, and a measure

of the dispersion of flaw strengths within the soil.

The term k in equation [2- 53] is referred to as the soil friability (Utomo and

Dexter, 1gB1b), and it measures how readily large clods tend to break under stress

into smaller soil units of greater relative stability. Friability, k, is the quantitative

expression of the concept of "grades of durability" introduced by Nikiforoff (1941),

wherein the lowest grade of durability occurs when the strength within aggregates is

the same as the strength between aggregates. ln the theory of Braunack et al (1979),

large k-values (eg. 0.25 < k < 0.40) indicate a wide dispersion of flaw strengths,

meaning that more severe flaws exist in the larger structural units. Small k-values

on the other hand (eg. k. 0.05) indicate a narrow dispersion of flaw strengths with the

consequence that the tensile strength of the larger units does not differ markedly from

that of the smaller ones (eg. Hadas and Wolf, 1984b). Virgin, well structured soils

are quite friable and tend to have large k-values (Shanmuganathan and Oades, 1983a).

This is because the bonds holding particles together within aggregates are much

stronger than the inter-aggregate bonds (Martin, et al, 1955), hence rupture of these

weak inter-aggregate links usually yields smaller aggregates of greater cohesive

strength (lngles, 1962a).

2.4.3 Griffith Theory
2.4.3.1 Behaviour of a Single Crack

Brittle fracture in the presence of micro- and macroscopic flaws has been

studied widely in the engineering literature in an attempt to explain the large

discrepancy between experimentally measured tensile strengths of brittle materials

and the theoretical estimates based on intermolecular cohesive forces. The

mathematical basis for the failure of materials around flaws was established by lnglis

in 1913, who investigated the stresses due to the presence of an elliptical hole in a
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brittle, non-ductile plate. Based on lnglis's solution of lhe equations of elasticity in

elliptic coordinates, Griffith (1921, 19241 calculated the theoretical critical (or

breaking) stress for a material (containing an elliptical crack) exposed lo a uniform

lensile stress. He considered the summation of (1) the applied normal stresses, (2)

the elastic strain energy of the plate, and (3) the surface energy of the crack, or the

energy needed for creating new surface area in his computations in his well known

equation:

1t 2

where oç is the component of the applied stress that is normal to the major axis of the

elliptical crack (Figure 2- 8l',2C is the length of the major axis of the elliptical

crack, and E and T are, respectively, the Young's modulus and surface tension of the

material. He found that the maximum tensile stress, o¡¡, occurs at the sharpest edge of

an incipient elliptical crack (where the radius of curvature, p, ¡s very small), and

also that om is often many times larger than the critical applied stress, oç. The value

of o¡¡ approaches the theoretical molecular cohesive strength of the material, and is

calculated as:

/2 ET\o" = [-æf

om = ,"" (-i )"'

12- 541

[2- 5s]

or

[2- 561

provided that C >>> p . This gives the important result that the ratio I 
't 

only a
Oç

function of the geometry of the crack, and is independent of either the crack volume or

the elastic constants of the material. The lowest possible value fhat 3 
""n 

take is
Oç

approximately 2, and it rapidly increases for more elliptic cracks, becoming huge for

extremely sharp cracks (Snyder and Miller, 1985).

o'= 2(9 l' '
06 [p )
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Griffith-theory, as outlined in equations [2- 54] to [2- 56] is best suited to

brittle materials like glass or ceramics, where minimal deformation occurs during

fracture. ln some materials, however, plastic deformalion can lake place during

fracture (for example, in metals). The surface tension term, T, is unsuitable in these

cases, and needs to be replaced with a quantity that reflects the fact that cons¡derable

energy is absorbed by slight plastic flow in the brittle-fracture zone (Winne and

Wundt,1958). Hence for materials that exhibit plastic deformation, the stress for

crack propagat¡on, os, is calculated from:

o" = (F.)" (for plane stress) 12- 571

and

GE 1t 2
(for plane strain) [2- s8]Oc: r(t -v2) C

where G is the strain energy release rate or the quantity of stored elastic strain energy

released from a cracking sample due to extension of the advancing crack by a unit of

new surface area, v is the dimensionless Poisson's ratio (or the reciprocal of the ratio

of elongation under stress along one axis to the corresponding contraction along

orthogonal axes). Values of v range from 0.5 for cases where the volume remains

constant, down towards zero for malerials that do not contract laterally when under

longitudinal strain. The Poisson's ratio in soils is a function of the porosity, f, and the

degree of saturation, s (Hillel, 1980), and is typically around V = 0.25.

The significance of "Griffith" cracks in brittle and granular materials is

illustrated in Table 2- 1 , which lists the tensile strengths for different soil materials

and for chemically bonded and crystalline materials. ln Table 2- 1, crystalline

materials tend to be strongest, although the presence of microcracks in glass reduces

the tensile strength by at least two orders of magnitude. The tensile strength of clay

films (Dowdy and Larson, 1971) is comparable to that of aged (flawed) glass, and it ¡s

at least an order of magnitude greater than that of soil aggregates and soil cores, which

are full of flaws. The measured strength of the clay films in this case is less than the

theoretical strength (Table 2- 1), probably due to "secondary aggregation and non-
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Table 2-1
M ateria I Tensile Strength

(kPa)
Ref erence

glass

quartz fibre
aged glass

limestone
sandslone

sodium-saturated montmorillo-
nite, clay films, water
content=0.02

1.3 x 107 (calculated-) Griffith (19241

1.8 x 195 lmeasured) rr

1.0 x 106

6.0 x 104

4.0 x 103

2.0 x 103

4.0 x 10a (calculated.)
1.2 x 194 lmeasured)

Jaeger (1956)

Dowdy & Larson
(1s71)

Rogowski et al (1968)

air-dry natural aggregates
of 4mm diameter:

-Luton silty clay
-Kenyon loam
-Hagener fine sand

natural aggregates at-153 MPa
potential:
-Allora Soil:
(58% < 2¡rm;1.2-2.0mm diam.)
( " ;2.0-4.0mm diam.)

( ' ;4.0-6.7mm diam.)

-Urrbrae Soil:
(17% < 2pm;1.2-2.0mm diam.)
( " ;2.0-4.0mm diam.)
( ' ;4.0-6.7mm diam.)

pressed cores of red-brown earth
(Parafield loam);

water content = 0.02

2.1 x 103

7.9 x 102
53

1.4 x 103

9.5 x 102
4.1 x 102

1.6 x 102

Braunack et al

, 
(1979)

Farrell et al (1967)

il

89
76
70

Í
Í
ll

*Calculated values are based on the cohesive forces

between molecules (based on heats of vapourization)
whereas others are measured experimentally

Table 2-1. Range of tensile strengths for various engineering and soil materials
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ideal arrangements of cohesion-giving waler films" (Winterkorn, 1955). Particle

size distribution and shape influence the packing arrangement of particles, (Dexter and

Tanner, 1972,) and therefore the extent and severity of flaws, as implied by the data of

Rogowski et al (1968) in Table 2- 1, although other factors may also be important.

Clays tend to have smaller pores of more uniform size distribution and therefore have

fewer sites for the propagation of severe flaws (eg. Luton silty clay). Loam soils, on

the other hand, have a wider range of particle sizes and hence a less uniform pore size

distributions (and therefore greater chance for a severe flaw to exist; eg. Kenyon

Loam, Hagener Fine Sand). The effect of aggregate volume on the presence of flaws is

also shown in Table 2-1by the data of Braunack et al (1979). Larger aggregates are

invariably shown to be weaker than smaller aggregates.

2.4.3.2 Growth and Arrest of Cracks

lngles and Lafeber (1967) outlined the following criteria for growth and arrest

of pre-existing and stress-induced cracks. Defects in granular materials cause stress

concentrations, the magnitudes of which are controlled by the geometry of the defect

and by the applied stresses. Cracks can also be stress-induced depending on the

distribution of bond-strengths in the material (c.f. Section 2.3-2.2). ln a

homogeneous material under an applied stress, cracks smaller than a critical size will

remain stable, while larger cracks will propagate to a rapid and well-defined fracture

according to equations P- 54] to [2- 58]. A growing crack can meet impediments'

however, which cause it to change direction and thereby raise the value of oç. Cracks

propagating under external compressive stresses follow the direction of the major

principal stress, rather than the major axis of the in¡tial crack.

Growing cracks can also be arrested, in particular when they encounter phase-

changes of much different elastic moduli. lf the Young's modulus suddenly increases, a

crack can be stopped or deflected. lf the Young's modulus decreases, on the other hand,

the energy of crack-propagation can be dissipated in deformation of the weaker phase.

A finer grain size, for instance, can arresl a crack, but only if the pores in the finer
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material are extremely small by comparison; otherwise stress-concentrations will

quickly occur and the crack will continue.

2.4.3.3 Theoretical Limitations

Griffith-theory has been modified and extended for various materials (eg.

lrwin, 1957; Berry, 1960a,b; Craggs, 1960; Stroh, 1960; Kaplan, 1961; and

Lachenbruch, 1961). lt has also been criticized and yet widely applied by many

researchers (eg. Smekal, 1936; Gramberg, 1966; Brace and Bombolakis, 1963;

Keer, 1966). The most significant limitations of Griffith-theory (as outlined in

equations [2-541 to t2-56])for real soils have been summarized by Snyder and

Miller (1985) as follows. The theory in its present form is limited to sharp, flat

cracks, which are by no means the only kinds of pores in real soils. lt also requires

knowledge of the lengths of cracks, C, as well as the Young's modulus of the soil, E, both

of which are extremely difficult to measure, and which change with water content and

bulk density (Briones and Uehara, 1977a,b\' Furthermore, an estimate of T is

needed, and although in relatively wet soils, the surface tension of water (os¡ in

equation 12- 26!) can be substituted as an estimate for T in equation 12'541, it is

unsuitable for drier soils.

2.4.4 Griffith and H'F Theory Combined

The most recent attempt to make Griffith{heory useful in real soils is the work

of Snyder and Miller (1985) who combined Griffith criteria with H-F theory to

predict the conditions for tensile failure in unsaturated soils.. They argued that

because the stress concentration ratio, 3, 
't 

a unique function of the crack geometry
Oç

(cf. equation [2- S6]), it is possible tn"t 
ot 

is also unique for a given crack shape in
O6

similar soils. This means that 
ot 

i. a scalable parameter, and Snyder and Miller
Oç

use this concept to link 
ot 

*,rn the parameler \, thus defining a unique relationship
Oç
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between tensile strength, soil water matric suction (ua-uw) and the degree of pore

saturation, s, for similar soils.

They considered two different unsaturated granular systems: one unflawed

(containing no cracks), the other containing flaws or cracks. Tensile failure in the

unflawed system is governed by X @ single-valued function of the degree of pore

saturation, s) according to equation [2- 50], which is simply an extension of H-F

theory for cohesion due to water films. The effective and applied stresses will be

everywhere the same in the unflawed soil system for any plane perpendicular to the

applied stress.

By contrast, the stresses in the flawed system will not be everywhere the same,

rather a maximum tensile stress (o-ua)m will exist at the apex of any flaw or crack.

The value of (o-u"),,, is related to (o-u¿) by some proportionality constant, f,

which is controlled by the shape of the flaw or crack. This shape is of course unknown,

but it will be a function of the degree of pore saturat¡on in símilar soils. Hence

Snyder and Miller define the ratio of the maximum tensile stress and the applied

tensile stress in cracked soils to be:

[2- 5el

which is analogous to equation P- 561, wheref (s) denotes a proportionality factor

accounting for crack shape and its dependence on s. Solving for the maximum tensile

stress at the crack edge, (o-ua)m, gives:

(o-ua)m = f (s) (o-ua) t2- 60I

As in the unflawed soil, failure occurs when the effective stresses in the system are

reduced to zero. Hence (o-ua)m is not a soil constant, and it must vary to satisfy the

condition that the effective stress at the edge of a crack drops to zero at failure' This

means that, in lhe same way that equation t2- 50] applies to unflawed soils at failure,

we can say for flawed soils that:



-52-
o -u m

x, (ua-uw) [2- 6r ]

which can be related to the applied slress, (o'ua), by substituting equation [2- 601

into equation [2- 61], to obtain the relation:

X, -(o-ua)
12- 621

f (s)-(ua-uw)

where \ and f 1s¡ ,independently, are both functions of the degree of pore

saturation, s. According to equation [2- 621 the ratio of the tensile strength to the

soil-water matric potential in cracked soils should be constant in different soils (of

similar pore space configuration) at the same value of s. This is true so long as the

cracks in the different soils are similar in shape.

For saturated soils, 7*J = 1.0, regardless of the presence or absence of

cracks, because at failure, all the tensile stresses are carried by the water. ln

unsaturated soils, tensile stress-concentrations occur as described in equation

t2- sgr, and the rat¡o of 7fr; witt be tess than 1.0, but can vary widety. Low

vatuesof 7fr.; can occur in dry soil (small f) analor in soils containing sharp

^l
cracks (largef (s)). The maximum possible value of tr is 0.5, which

corresponds to the largest possible value of f (unity, in nearly-saturated soils) and

the smallest possible value of f (s¡, which is approximalely 2 (in air-filled,

spherical flaws). This result has great pract¡cal significance because it means that

the tensile strength of soils containing flaws and cracks that are draining, must be less

than or equal to (but not greater than) approximately half the value of the soil-water

matric potential (ua-uw).
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Verification of the theory of Snyder and Miller (1985) is given in Figure 2'9,

forwhichtn.ffiratio(or#),basedonlyonH-Ftheory(i.e.

Aitchison's model, assuming no cracks; f (s)=1'0) are far too high (upper dashed

tine, with # =X l. A more realisric theoretical upper limit is shown by the

tower dashed line 
"r. 7fr1 =+,which applies ro spherical cracks. Note that the

maximum possible value "t *" , 
, 0.5, is approached only at saturation (s=1.0)'

x
Hence all values for unsaturated real soils fall below ñt = 0'5. For moulded

soils, the theoretical prediction is quite reasonable, but for aggregated soil, the theory

over-estimates the experimental results. The reason for the difference between

puddled and aggregated soils is that nearly all the water in the puddled soils contributes

toward the tensile strength, whereas only the water at interaggregate contact points

contributes to cohesion in aggregated soils. lntra-aggregate water will contribute

nothing to the tensile strength, yet it wilt be counted in the value of s, and this causes

the line for aggregated soil to be 'pushed' lower than the theoretical upper limit.

The theory of Snyder and Miller (1985) applies to the failure of uncemented,

unsaturated (desorbed) soils under tensile stress (eg. shrinkage stresses or

mechanical stresses due to tillage). Tensile failure occurs along the weakest flaws once

the ratio of the tensile slress over lhe pore water matric potential reaches a critical

value which is controlled by the degree of pore saturation. This gives important clues

about lhe mechanics of brittle fracture in unsaturated soils. lnitiation of failure in

unsaturated soil will occur either (1) in only a few isolated places, or else (2) in

many places at once. Soils having mainly small (saturated) pores and cracks (eg.

poorly structured heavy clay soils, and soil crusts) will tend to fracture in only a few

^f
isolated places belween larger, drained, pores where tr << 1, rather than
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1.O

x/t(sl

/¿

o.5 /
7.

theoretical
(with spherical cracks)

?¿

aggregated soil

o.5 1.O

s

prors of L . o, -(o - ua)
Ì ( s ) ffi' versus the degree of Pore

saturalion, s, for theoretical (no cracks compared with spherical
cracks) and real (moulded compared with aggregated) soils. Lines
are skelched from the data of Figure 5 of Snyder and Miller (1985)

/
soil

o o

Figure 2-9.



between smaller saturated pores where # = t. By contrast, coarse textured and

well aggregated soils, (which have a high proportion of unsaturated pores, and

correspondingly low values 
" å ) will tend to fracture at many points in the

soil mass, resulting in friable tilths.
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2.4.5 Practical Signif icance

Flaws and cracks in the soil contribute to the development of structure

(Sleeman, 1962) and its heterogeneity (Larson and Allmaras, 1971) and are the

result of many different factors (Heinonen, 1982). These factors include wetting and

drying (Coughlan and Fox, 1977; Tessier et al, 1980; Utomo and Dexler, 1981c;

Dexter, 1983; McKenzie and Dexter, 1985), freezing and thawing (Czeralzki and

Frese, 1958; Utomo and Dexter, 1981b; Kay et al, 1985), the accumulation and

decomposition of organic matter (Emerson, 1973; Oades, 1984)' lhe presence of

flocculating cations such as calcium (Loveday and Scotter, 1966), the activity of roots

(Sequi, 1978; Misra et al, 1986), and earthworms (Barley, 1959; 1961; McKenzie

and Dexter, 1988a,b), and tillage (Koolen and Kuipers, 1983)'

This review, while recognizing the ¡mportance of freezing, thawing and

biological activity, will be restricted to aspects of brittle fracture associated with

water, organic matter and calcium.

2.4.5.1 Soil Water and Brittle Fracture

The role of static water content in the formation of soil aggregates was

investigated many years ago by Vilensky and Germanova (1934), McHenry and Russell

(1943) and by Vilensky (1937, 1940, and 1945). The results of Vilensky's

investigations form the famous ' Vilensky's Principle' which states that there

exists a water content for each soil, where optimum crumb formation occurs, and that

af this water content crumbs formed have their maximum water stability and cohesion
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This water content is the 'moisture of aggregation' or the 'moisture of

structure development' , and corresponds approximately to the lower plastic limit

of the soil, or possibly a little drier (Hénin, 1936). This accords with the results of

Arndt (1964) and also of Dexter (1979) and Ojeniyi and Dexter (1979) who found

that maximum fragmentat¡on of soil clods occurred at a water contenl of 0.9 times the

lower plastic limit (PL). Much more energy is required to accomplish the same

degree of soil fragmentation if tillage occurs at water contents significantly drier than

0.9PL (Russell, 1938), and if tillage is performed at much higher water contenls,

shearing dominates failure (Spoor and Godwin, 1979), and the soil becomes very

cloddy upon drying. Boekel (1959; 1965; 1979) outlined an important relationship

describing the "soil struclure capacity" (: workability) as a function of the soil

consistency limits of Atterberg (1911) in relation to lhe water content at field

capacity, FC, (considered to be 10 kPa suction). For fine textured soils, he defined the

ratio of the water content at the lower plastic limit (PL) to the water content at field

capacity, FC. He found that if ft *". much less than 1.0, soil workability was poor,

whereas it was better for soils having p$ nr.",rr than or equal fo 1.0. ln the case of

coarse textured soils (which may be non-plastic) he defined the ratio of the waler

content at the upper plastic limit (LL) to the water conlent at field capacity, FC. Soil

workability was found to be best wnen ft>> 1.0 (eg. 1.5), whereas dispersion

resulted wnen ft was less fhan or equal to 1.0. These ralios correlated quite well in

his study with visual estimates of soil structure and soil cohesion (eg. see Figure 1 in

Boekel, 1965). Another version of this approach was given by Greacen (1960) who

combined Atterberg limits with water contenls at different suclions to obtain an

expression for the equivalent strength of soils.

The static water conlent of the soil also affects the recovery of soil cohesion (or

age hardening) afler tillage or disturbance (Blake and Gilman, 1970; Utomo and

Dexter, 1981a,d; Molope, el al, 1985; Davies, 1985). Maximum age hardening

occurs at water conlenls surrounding the lower plastic limit. lf the soil is

considerably drier than the PL (eg. air dry), cohesion-recovery due to thixotropic
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processes is almost negligible (Mitchell, 1960), because the water films become too

thin to allow significant particle rearrangement and migration of cementing substances

(Kemper and Rosenau, 1984). Atvery high watercontents, age hardening is also

negligible, because there ¡s insufficient particle-to-particle contact to allow strength

recovery (See Section 2.3.21.

ln addition to the effects of static water content discussed above, the influence of

rapid changes in water content (i.e. wetting and drying) on the stability, the

microfabric and the brittle fracture of soils is also quite significant (Utomo and

Dexter, 1982; Dalrymple and Jim, 1984). lt is known, for example, that aggregation

can occur naturally in some soils during drying (Moormann and van Breeman, 1978)

due to normal shrinkage and the development of internal tensile stresses, which cause

cracks (Dexter and Woodhead, 1985). Wetting on the other hand also generates

significant stresses (Emerson, 1979), and recent studies indicate that rapid wetting is

the major cause of mellowing and strength-anisotropy of artificially compacted soils

(Dexter, 1983; McKenzie and Dexter, 1985). Mellowing can be considered as partial

slaking, wherein the soil is weakened by the introduction of micro-cracks yet does not

completely fall apart. lt was indicated by Mazurak (1950) that the effects of wett¡ng

and drying on aggregate stability "probably depend on the method of wetting more than

upon the mere repetition of drying and wetting of the soils". The present review will

therefore concentrate mainly on the role of rap¡d wett¡ng.

Mellowing occurs when microcracks pervade the soil during rapid wetting

(Dexler, et al, 1984) and this enables fragmentation to occur more easily during

tillage (Yoder, 1936; Utomo and Dexter, 1981c). Mellowing of soil by wetting'

however, is thought to occur only when the soil is initially very dry (McGeorge, 1937:.

Sanchez, 1973). lt has been found by Sato (1969) and Nagahori and Sato (1970;

1g741that mellowing can occur in rice-producing clay soils submerged in water, only

when the initial matric potential is drier than -1MPa. Soil aggregates that are

initially wetter have already experienced considerable crystalline swelling and many

of the pores are water-filled. This reduces the slaking effects of further wetting
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(Dettmann, 1g58; Emerson, 19771 when exposed to water at near-zero potentials.

The soil water content immediately prior to wetting is very important in the

slaking process (Russell and Tamhane, 1940; Cernuda et al, 1954). For example,

lower soil aggregate stabilities in wet sieving analyses have been found by Kemper and

Rosenau (1g84) as the soil water content, w, prior to immersion decreased in the

range w=0.34 (h¡gh stab¡lity) down to w=0.02 (low stability). Panabokke and Quirk

(1957) found that the initial soil water content influenced aggregate cohesion and

stability through its effect on the wett¡ng rate, noting that "planes of failure are set

up" during rapid wetting. In their study, the response of macroaggregates (5-10 mm

diameter) to rapid wetting, however, was different from that of microaggregates (0.05

mm diameter). The macroaggregates experienced greater structural breakdown when

wetted from increasingly drier initial water contents, whereas the microaggregates

were more stable. They attributed the higher stability of the microaggregates to "the

protective action of entrapped air which prevents direct contacl of the water with some

of the colloidal interfaces". This result was also observed by Kolodny and Joffe (1939)

and by Mazurak (1950).

As indicated by the results of Panabokke and Quirk (1957) with

microaggregales, entrapped air may not necessarily be a destructive agent. lf the

cohesive strength of the soil is large in relation to the magnitude of the air pressure

(as it might be in some calcium-stabilized soils), the entrapped air may greatly

reduce the water permeability, especially into pores of intermediate size

(Christiansen, 1944 Pillsbury and Appleman, 1945; Smilh and Browning, 1946;

Collis-George and Bond, 1981). Under these circumstances, however, there is also the

possibility that water will eventually reduce the cohesive strength of the soil to below

the pressure of the entrapped air, al which po¡nt the soil system 'bursts' or'explodes'

(Winterkorn, 1g42i Dixit and Awasthi, 1971; Stroosnyder and Koorevaar, 19721-

This phenomenon has been expressed in the form of an equation by Concaret

t2- 631
(1s67)

s= C' P¡
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where s ¡s the stability condition (either slaked or stable) determined by the balance

between C, the cohesive (tensile) strength and P¡, the internal pressure of the

entrapped air. An aggregate remains stable when C > P¡ (Bonneau and Levy, 1982)'

The point at which slaking occurs was expressed by McKenzie and Dexter (1985) as:

P¡'C= 0 [2'641

which is equivalent to s= 0 in equation [2- 63]The air pressurê, P¡, tÎâ] be calculated

as follows (after Concaret, 1967):

2T coscr
[2- 651P¡

R

where T is the surface tension of water in contact with air, cr is the conlact angle

between water and soil, and R is the radius of the soil pore. A detailed discussion of

this phenomena ¡s given in Bolt and Koenigs (1972). The effect of cr on so¡l cohes¡on

has been investigated by Robinson and Page (1950) and by chassin (1979) using

different organic compounds, but it is often assumed that a = 0o in most soils

(Panabokke and Quirk, 1957; Quirk and Panabokke, 1962)'

Aggregate disruption during rapid wetting is also influenced by differential

swelling (Emerson, 1964), although there is conflicting evidence in the literature

about the relative significance of swelling versus air entrapment in the slaking

process. Russell and Tamhane (1940) looked at the water stability of oven dried, and

field-moist aggregates having different organic malter contents and wetted by

immersion, by capillarity or under vacuum. Their results strongly implicated air

entrapment in the slaking process. Smith and Browning (1946) also demonstfated

(with photographs and percolation rates) the physical disruption of soil slructure by

the explosive action of air entrapped in clods and aggregates. They found that the

structural damage due to entrapped air was greatest in intermediate-sized pores of

silty and well-aggregated clay subsoils. They pointed out, however, that even under

vacuum, whenever the soil was saluraled for long periods (8-40 days), structural

deterioration also occurred, and this was due to continuous swelling and dispersion of

the clay fraction. Emerson and Grundy (195a) wetted columns of air-dried loam soil
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aggregates, w¡th and without evacuation, for different wetting periods. They concluded

that structural degradation of the aggregates was due mainly to entrapped air and stated

that non-uniform swelling of the clay fraction contributed very little to the loss of

cohesion.

Brewer and Blackmore (1956), by contrast, found that the role of entrapped

air in aggregate breakdown during rapid wett¡ng of various clays was negligible

relative to that of other forces. For one of their clays, only 20/" of the total aggregate

breakdown could be attributed to the effects of entrapped air. The rate and extent of

slaking in most of their soils was related to swelling and its interaction with the soil

fabric. The amount and degree of optical orientation of clay in the undisturbed

agggregates was found to be critical. Soils with highly oriented, cont¡nuous clay-

coatings on aggregates and in pores tended to breakdown faster and more completely

than those with weakly oriented and less continuous coatings. They proposed that the

directed forces of swelling exerted by highly oriented clay-coatings were more

effective in breaking down aggregates than the random forces exerted by weakly

oriented clay coatings. Weakly oriented clay was said to exert forces in all directions

upon wetting "so lhat the resultant force tending to cause disruption will be small".

Dettmann (1g58) also concluded that rapid swelling was the major cause of

slaking, based first upon the fact that slaking of dry clay flakes occurred both at

atmospheric pressure and under vacuum. Secondly, she found that slak¡ng of clay

flakes was prevented if swelling was induced slowly and uniformly by first exposing

the clay to humid air for a few minutes prior to flooding. Third, when swelling did not

occur, neither did slaking. Fourth, in apparent contrast to the findings of Brewer and

Blackmore (1956), clay systems that were highly orientated experienced less violent

disruption during flooding. Dettmann argued that "a perfectly packed array of uniform

plates expanding rapidly in one direction..." could maintain its identity. ln a random,

less densely packed clay system, however, "the impulsive swelling forces could

produce turning moments that could be disruptive". lf wetting occurred slowly, on the
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other hand, "local forces might be locally dissipated by relative motion of the particles

into positions in which the stress is relieved but coherence is maintained"-

Air entrapment was considered minor by Dettmann (1958), except during

rapid flooding where she suggested that its effects would be augmented by temperature

rises occurring by the release of the heat of wett¡ng. Collis-George and Lal (1971)

also claimed that entrapped air did not cause structural breakdown of oven dried

aggregates. They loo commented on the significance of the heat of wetting, released

during infiltration, on aggregate collapse.

Panabokke and Quirk (1957) found that macro-aggregates (5-10 mm

diameter) of an Urrbrae red-brown earth remained stable when wetted under vacuum,

yet slaked at atmospheric pressure. The pressure of entrapped air which builds up

ahead of a rapidly-advancing wetting front, and the diminished internal cohesion of the

wet soil (Emerson, 1955) were considered the main reasons behind the slaking. To

elucidate the role of reduced internal cohesion due to swelling with water, Panabokke

and Quirk (1957) wetted aggregates with ethyl alcohol, which has a lower dielectric

constant than water. (Ethyl alcohol is still a polar liquid, however, so would not stop

all swelling, but its use would cause much less swelling than water; it would thus allow

relatively higher attractive forces to be maintained among the clay plates than with

wate4. They found that the aggregates remained stable when immersed in ethyl alcohol

and assumed that any swelling of the clay fraction due to ethyl alcohol must have been

internally accommodated within the aggregates.

With aggregates from their clay soils, however, Panabokke and Quirk (1957)

found that slaking occurred when wetting was done with water, even under vacuum.

Slaking also occurred when wetting was done at atmospheric pressure with ethyl

alcohol, so air entrapment may have been involved. Differential swelling, nonetheless,

was considered to have been the main mechanism responsible for breakdown of the clay

aggregates. lt was pointed oul, however, that the rate of swelling may be more

important than the tolal amount of swelling. The Wiesenboden used in Panabokke and

euirk,s study had greater total swelling than the other two clay soils and yet was more
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stable when ¡mmersed ¡n water. The greater stability was speculated to be related to

the Wiesenboden's high organic matter content, which may have reduced the wetting

rate, but no data were reported on rates of wetting.

Although a consensus on the relative significance of air entrapment versus

differential swelling could not be found in the literature, the two processes certa¡nly

occur at the same time (Bonneau and Levy, 1982). Thus, Bolt and Koenigs (1972l'

predicted that "an aggregate destroyed by air explosion will slake and thus become

better access¡ble for the swelling action of water on the fractured elements".

2.4.5.2 Calcium and Brittle Fracture

The incorporation of calcium (as carbonate or sulfate) to hard-setting soils (in

particular, to those under irrigation) has long been known to reduce dispersion and

crusting, and thereby increase seedling emergence (Davidson and Quirk, 1961;

Bennett et al, 1964; Bakker et al, 1973; Gobran et al, 1982; Rengasamy, 1983)' lt

is also known lo increase the soil friability, k, especially after numerous wetting and

drying cycles (Shanmuganathan and Oades, 1983b).

The improvements in friability and soil structure caused by additions of

calcium are mainly associated with a combination of (i) increased electrolyte

concentrations in the soil solution, which induces flocculation of clay, and (ii) a

reduction in the E.S.P., or exchangeable sodium percentage (i.e. exchange of calcium

ions for sodium ions on clay surfaces) which reduces swelling and dispersion (Quirk

and Schofield, 19S5; Loveday, 1974,1976). Changes in friability due to the addition

of calcium compounds are responsible for improving the soil workability (Loveday et

al, 1970), and reducing the modulus of rupture (c.f. Richards, 1953) of hard-setting

soils (Aylemore and Sills, 1982). The effects on structure, however, are not always

long-lasting (Chartres et al, 1985), especially under irrigated conditions (eg'

Loveday, 1976). Periodic applications of calcium (eg.every few years) are therefore

usually recommended to maintain the flocculation and reduced-dispersion effects

(Shanmuganathan and Oades, 1983b)-
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Although it is known that the distribution of cracks in drying soil is controlled

to a large exlent by the nature of the exchangeable cations (Wolkewitz, 1958), most of

lhe research looking at soil cracking has concentrated on macroscopic crack patterns

(eg. Sleeman, 1963; O'Callaghan and Loveday, 1973), and little is known about the

effects of calcium on microscopic flaws.

2.4.5.3 Organic Matter and Brittle Fracture

It has long been recognised that soils high in orçjanic matter (eg. virgin soils and

old pastures) have a well-aggregated structure when tilled (Russell, 1938; Low,
qnâ

f SSS),/nave higher infiltration rates and greater cohesion or resistance to dispersion

(Emerson, 1954a; Greacen, 1958; Clapp and Emerson, 1965a,b). They also usually

have lower bulk densities and breaking strengths (Williams et al, 1967; Hamblin and

Davies, 19771. Organic matter is involved in binding aggregates of all sizes through a

range of bonding mechanisms (Tisdall and Oades, 1982). For example, polysaccharides

are particularly important for stabilizing microaggregates, and are produced as

mucilages by plant roots, bacteria, fungi and algae (Mehta et al, 1960; Oades, 1984)'

It was suggested by Quirk and Panabokke (1962) that organic matter preferentially

strengthens macropores against failure. This seems likely because the need for aerobic

environments restricts most of the biota involved in polysaccharide production to

relatively coarse soil pores along with roots (Adu and Oades, 1981a,b; Foster, 1981),

which are considered to be zones of relative weakness in the soil (Oades, 1986) and

which could be potential sites for crack propagat¡on when tensile slresses are applied.

Organic matter strongly influences lhe wetting rate (Emerson, 1954b), the

water-holding capacity (Hayes and Swift, 1978), and the plastic behaviour of the soil.

For example, soils high in organic carbon have higher plastic limits (Mitchell, 1976)

and can therefore be tilled at considerably higher water conlenls than other soils.

Organic matter also influences aggregate formalion and the shapes of particles produced

by tillage (Dexter, 1985). For example, Chapman (1927) described the fracture



-64-

characteristics of air-dried clods from soils having high and low organic carbon (OC)

contenls as (italics mine):

"All crumbs of the tow-OC plot bore sharp edges and were inclined to break in

two directions or when deviating from lhis, break with a chonchoidal fracture.
These crumbs appear more like minerals or other substances of nearly constant
chemical composition throughout their mass.
ln the case of the high-OC plot the crumbs were rounded and irregular, far
more granular in slructure than lhe low-OC plot."

More recently, Davis and Dexter (19721, Kousaka et al (1981) and Dexter

(1985) have given quantitative information on aggregate shape which supports

Chapman's observations. Dexter(l985) found a positive linear relationship between

the roundness of Australian and Dutch soil aggregales and the soil organic matler

contenl using the method of Fourier curvature spectra. Aggregates of low organic

matter contenl were much more angular in shape.

2.5 Summary of Literature and Areas Needing Research

ln summary, this review indicates that tensile strength is a measure of the true

and apparent soil cohesion. Tensile slresses are aclive during soil drying and are

responsible for incipient cracks, which are parlicularly relevant to the brittle

fracture of unsaturated soils exposed to tillage.

Different mechanisms of cohesion pertain to different shapes and sizes of soil

part¡cles and aggregates. Particle-surface interactions are active cohesive agents

belween flat clay'plates'over very short distances. Once two surfaces are separated by

more than about 0.3 nm, only relatively weak physical forces (non-chemical bonding)

are available to maintain cohesion. The further apart, the weaker the cohesive forces

(lngles and Lafeber, 1967), and the more significanl are the phase and strength

discontinuities in granular masses at very small scales. Water films and various

cementing agents are also active in cohesion, but over a much wider range of parlicle

sizes. Cohesion due to roots and fungal hyphae is active at a very large scale (up to

several centimetres). The mechanisms which influence the response of soils to tillage
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operalions are those wh¡ch operate at relatively large scales. Hence methods which

assess interparticle cohesion at a scale of micrometres (eg. % dispersion) cannot

predict the way in which unsaturated soil will respond to tillage operations.

The tensile strength imparted to the soil by (1)cements and (2) water is a

function of the degree of contact generated belween part¡cles. (1) ln the case of

interparticle cementation, lhe area of conlact between cement and substrate is

imporlant, the strength of the cement itself, and the nature of the cement-substrate

bonding are also important. Much is known about the strength-inducing properties of

cements such as calcium carbonate and gypsum, parlicularly in reference to the

stabilization of granular materials exposed to huge compressive loads (eg. foundations,

airstrips, embankments and roads). ln agricultural soils, considerable work has also

been done to improve the friability of dispersive and hard-setting soils, especially

those under irrigation. (2) ln the case of waler in unsalurated soils, it is the degree of

pore saturalion that is important, because it controls the effective stresses between

soil particles. The tensile strength imparted lo unsaturated soil by water films plays a

major role in determining the aggregate-s¡ze distribution and friability of the soil in

response to tillage operations. Methods of assessing the response of unsaturated (and

stabilized) soils to compressive and tensile stresses (eg.% size stab¡lity of dry clods,

friability of soil tilths) allhough informative, are extremely time-consuming and

ledious, however, particularly at different waler contenls. Simpler, more rapid and

direct methods of looking at the slructure of soils in response to tensile stresses are

needed.

The heterogeneity (flaws and cracks) introduced to the soil by varíous bonding

mechanisms makes the brittle fraclure of unsalurated soils a rather complex process,

and one which is very difficult to model. Prediction of the tensile stress needed to cause

failure must take inlo account the crileria of Griffilh theory. lt has been shown in this

review of the literature, however, that even Griffith theory on its own is inadequate,

and that models which combine Griffith-theory with Haines-Fisher lheory predict

mo close$the measureable tensile strengths of uncemented, unsaturated soils.
I
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According to the model of Snyder and Miller (1985), the ¡n¡t¡at¡on of failure

should occur in either only a few places, or else many places at once, depending on the

structural condition of the soil and the degree of pore saturalion. This idea holds the

potential for assessing the effects of different management practices on soil struclure,

but as indicated above, current melhods for assessing brittle fracture are very

difficult. Much work needs to be done in this area.

lngles and co-workers, and Gramberg (1966) have done a considerable amount

of work on the tensile strength of stabilized granular materials and rocks. They made

qualitative observations directly on fracture surfaces, which suggest a possible means

of assessing the mechanism of initiation of brittle fracture in soils. Their observations

form the basis for many of the investigations outlined in this thesis.

The role of water in the brittle fracture of soils is outlined in this review, and

special attention is paid to the behaviour of the soil at particular waler contents, such

as the Atterberg consistency limits and the field capacity. These affect the way in

which soils crumble under tensile stresses. The quantitative extent to which the soil

water content and the rate of wetting influence the distribution of flaws in the soil

needs investigation, parl¡cularly in relation to the mellowing process. The effects of

swelling versus air entrapment during rap¡d wett¡ng have been discttssed widely in the

literature, mainly in reference to the stab¡l¡ty of soil aggregates. There is controversy

in the literature about the relative significance of these two destructive mechanisms on

soil cohesion (tensile strength) mainly because the effects have not been quantified

very clearly. Very little quantitative work has been done on the contribution of these

lwo mechanisms to the mellowing process in structurally damaged, (or uniformly

moulded) soils. The problem of quantifying these two mechanisms in moulded soils will

form the basis for a number of studies in this thesis.

The roles of calcium and of organic matter in briltle fracture of soils have been

discussed in this review mainly in reference to their effects on soil structure,

friability and workability. Considerable descriptive work has been done with calcium

on macroscopic cracking, but there is much quantitative work to be done before we
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understand how microscopic cracking affects the brittle fraclure of agricultural soils.

Similarly, much work has been done looking at the effects of organic matter on soil

strength, slruclure and workability, and yet no simple relationships seem to exist.

Organic matter exerts control over the water content and plastic behaviour of the soil

as well, and these in turn conlrol the strength and workability. Research is needed to

elucidate the interactive roles of organic carbon, particularly as they relate to brittle

fracture of soils.



sEctoN 3. ,o,luProcruRE suRFAcEs

3.1 lntroduction

The tensile strength and the mechanics behind brittle fracture of unsaturated

soil control the ease with which soil can be tilled, the patterns of cracking induced by

wetting and drying cycles, and the resulting soil structures. This is appreciated in the

drop-shatter test for soils (eg. Marshall and Quirk, 1950; Hadas and Wolf, 1984a)

and also in the measurement of soil friability (eg. Braunack et al, 1979). These

methods take advantage of two importanl facts: first, lhat brittle fracture of soil is

influenced by the ptesence of microscopic and macroscopic flaws, and second that soil

structure is hierarchical in nalure (Hadas, 1987), wherein each structural group is

composed of groups of lower structural order (Grant et al, 1985). Structural units of

low hierarchical order (eg. small aggregates) usually have greater tensile strength

relative to the structural unils of higher order (eg. larger aggregates) (lngles, 1962c;

Rogowski and Kirkham, 1976; Braunack et al, 1979). The principal disadvantage,

however, which limits the efficacy of current techniques in studies on the brittle

fracture of unsaturated soil, is the laborious procedures involved in their

measurement. New techniques are needed, which incorporate the same sort of

information as these two methods, but which are much simpler to measure. The work

reported here is an attempt to satísfy this need.

3.2 Background and Hypothesis

Snyder and Miller (1985) concluded that tensile failure in uncemented,

unsaturated soil occurs along the weakest flaws in the soil once the ratio (tensile

strength): (matric potential) reaches a critical value. lt was suggested from their

work that initiation of failure in unsaturaled soil will occur either in a few isolated

places or else in a large number of places at once, depending on the struclure of the

soil. Soils having small (saturated) pores and cracks (eg. soil crusts, poorly

structured soils, and heavy clay soils) will tend to fraclure in only a few isolated
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places between larger, drained pores (not between smaller saturated pores). Soils

containing mainly large (i.e. unsaturated) pores and cracks (eg. sandy soils and well-

aggregated soils) will tend to fracture at many points in the soil mass. These

suggestions complement the drop-shatter and the friability techniques in that they

predict tensile failure is controlled by flaws and cracks and also by the nature of the

structural hierarchy.

The fracture pathway is determined by the distribution (random, or otherwise)

of the weakest flaws. lf the weakest f¡aws are distributed at close range to one another,

then when a sufficiently large tensile stress is applied across some plane in the soil,

fraclure occurs along a relatively straight pathway about that plane, simply by

connecting these closely-spaced flaws. lf the weakest flaws are widely spaced, on the

other hand, then fracture must occur along a more jagged pathway about the tensile

stress plane.

The failure surfaces produced under tensile stress should contain a 'blueprint'

of the surface of the fracture pathway. Visual examination of tensile fracture surfaces

can reveal much about the internal structure of different granular materials (see for

example McDonald and Julian, 1966; also Figures 17, 18 and 31 in Gramberg, 1966;

and Figures 11 to 14 in lngles and Lafeber, 1967). ln particular, the topography, or

relief of the fracture surface should contain clues regarding the spatial distribution of

the soil's internal weakest flaws. On this basis, it was proposed that soils with weakest

flaws at close range to one another will produce relatively smooth fracture surfaces,

while soils contain¡ng sparsely-distributed flaws will probably produce more jagged,

or rugose fracture surfaces. The rugosity, or the degree of brokenness (Bernard,

1986) of a fractured soil surface is proposed to be directly related to the spacing

between weakest flaws in the soil.

3.3. Spectral Analysis and the Nature of Soil Fracture Surfaces

The question first arises as to how the rugosity of fracture surfaces should be

characterised to effectively describe the spacing between weakest flaws, and that is the
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subject of the work that follows. One approach to characterising the rugosity of soil

fracture surfaces is to quantify the spatial variability of the surface elevation along a

lransect across the soil surface. This can be accomplished by the use of variance

spectra, autocorrelograms, or alternatively by the use of semi-variograms, (eg.

Campbell, 1978). Variance spectra have been used by Davis and Dexter (1972) to

characterize aggregate shapes and to characterize the surface relief of tilled soils

(Dexter, 1977¡. Comprehensive reviews on the application of these geostatistical

techniques to problems in soil science have been published relatively recently (eg.

Trangmar et al., t985; Webster, 1985), the theory for which is based on the notion of

regionalised variables, as introduced by Matheron (1963).

ln communications engineering, tools such as Fourier spectral analysis have

been widely used to study the periodicity of wave forms in time (eg. Blackman and

Tukey, 1958; Jenkins and Watts, 1968). The reason for its popular use is that data

which exhibit periodicity are most simply described in terms of frequencY, f, or

wavelength, À. Fourier analysis enables the transformation of these data from the t¡me

domain to functions of frequency or wavelength. The calculations associated with the

transformation treat time and space analogously, hence Fourier analysis can often be

applied to many spatial data series (Webster, 19771. lt follows that the application of

Fourier analysis to soil fracture surfaces may be expected to reveal something about

the magnitude and spatial distribution of the weakest flaws in the soil.

There are, however, numerous problems involved with the indiscriminate use

of Fourier techniques on any ser¡es of spatial observations. Among the problems are

(1) assumptions of constant periodicity, (2) aliasing due to sampling at frequencies

higher than the cut-off (or Nyquist) frequency, and (3) unidentifiable harmonics in

the data. The first two problems are widely recognized in soil science (see for

example, Green, 1967) and in most cases can be avoided through correct

transformation and handling of the data series. The third problem, which is less well

known but more serious, relates to the structural nalure, or morphology, of the soil

features being sludied, and is not easily compensated for.
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The morphology (eg. smooth, and angular or abrupt) of the features on a soil

fracture surface gives important clues about lhe sizes and shapes of the underlying

features around which fracture occurs (Marshall and Quirk, 1950). For instance, if

the features are smooth and continuous, such as shown in Figure 3 1a, then the

dominant wavelength, 1,, from a spectral analysis of a transect of elevation across the

fracture surface would likely correspond closely with the diameter (Dr) of the soil

aggregates or features comprising the soil clod. Spectral analysis, in this case, could

be quite a powerful tool for characlerising the dominant aggregate size, or the spacing

of the weakest flaws. lf on the other hand, the topography of a soil fracture surface

contains sharp, or abrupt or angular features as shown in Figure 9 1b, the aggregate

diameter, D2, corrêsponds poorly with the wavelenglh, ?v, that would be revealed in a

spectral analysis. ln fact, 1,, from Figure 3' I b could be as large as 2D2, and would

therefore give misleading information.

An additional problem of spectral analysis in relation to fracture surface

morphology is that waves which deviate significantly from a ¡r,rre si,røukv¿lend to

exhibit the properties of a discontinuous wave (eg. square wave). The Fourier series

representation of such a wave involves a large number of harmonics (component s¡ne

or cosine waves) to accurately specify their shape. For example, a symmetric square

wave (Figure 3- 2c) can be described as the summation of a fundamental sine wave and

its odd harmonics in the Fourier series:

f(ax)= A{cosox'}cossot*lcossÇ)x-} coszox +"'} t3-f l

where A is the amplitude (Figures 92a,b), anO Off. Thefundamental sinewaveof

this Fourier series accounts for much of the variance. The harmonics, but especially

the next (third) harmonic, account for the rest of the variance. Hence in cases where

both large and small angular features are present (as in Figure 3-3) the variance

from the harmonics of the large soil features can overwhelm the fundamentals of lhe

smaller-scale soil features present. The power spectrum under these circumstances
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Fracture Surface

(a)

Fracture Surface

(b)

Fìgure 3-1. Shapes of soíl fracture surfaces. (a) smooth, sinusoidal surface

where ì" is similar to D1. (b) angular or abrupt surface where ì"

and D2 are significantly different.
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5th
Harmonic

3rd
Harmonic

Fundamental

A

(a)

(b)

(c)

x

Fundamental + 3rd + Sth Harmonics

A
X

Fundamental + All Odd Harmonics

A
X

Plots of (a) some of the component sine waves (harmonics) of a
symmetric square wave, superimposed on one another
(b) composite wave of the fundamental, thìrd harmonics; as

higher harmonics are added, the composite wave becomes ¡lrore

and more like the (c) symmetric square wave-

Figure 3-2.
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Fracture
S

20mm

Figure 3-3. Soil fracture surface illustrating the angular nature or abrupt
nature of both large and small surface features.
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reveals the fundamental wave and the harmonics of only the largest soil features; the

variance due to the smaller surface features is swamped by the harmonics from the

larger surface features and cannot be resolved by Fourier analysis. Many of the soil

samples examined in the present study exhibited fracture surfaces having abrupt,

angutar soil features. As a result, it was impossible to distinguish the dimensions of

the smaller soil features using Fourier analysis, so the technique was not used for soils

in this study.

3.4 Standard Deviations and Running Means

An alternative (and simpler though less sophisticated) way to characterise the

rugosity of soil fracture surfaces is to calculate the variance, o2' of the elevation, y,

along a transect of say N points across the soil fracture surface (Figure + 4) .

N

C2=

Ŷr =

1

N-1 I t v rr')2 [3- 2]

[3- 3l

l=1

The mean surface elevation, -¡a is a constant, however, which makes o2 from

equalion [3-21 very sensitive to sample orientation within the x- y coordinate

System. Consequently, a range of O2-values may be obtained for a single sample

simply by tilting it at different angles. A more satisfactory result, which overcomes

this problem uses local or running mean elevations, f,wnere

[*

l+a
Iv

l=j-a
for a< l( N-a

where n = 2â +1, the number of values used in calculating f¡,
a = (n-1)12, the number of values used from each side of point, y¡, in

^calculating y¡,

N : the total number of values in the data set.



-76-

Xr Xr.¡

Figure 3-4. Representation of a cross section of a soil fracture surface
illuslraling the way in which surface elevation ,y¡, was

measured along a transect from (Xr,y1) to (x¡,y¡).
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(lf ax is the spacing in millimetres between successive measurements in the x

direction, then the length, in millimetres, of the running mean, M, is equa¡ to 2a^x).

Use of running mean elevations, $¡, in conjunction with the original elevations, Yr, to

calculate the variance, 62, effectively eliminates errors which would otherwise arise

from any tilting of the sample. ln addition, it filters or attenuates the variance

associated with large-scale features on the fracture surface (i.e. long wavelength

features with l" > M). Note lhat the symbol 1" is commonly used in reference to the

dimensions of structural features (Miller and Miller, 1956), particularly in studies

on the crystal structure of silicate minerals (Mitchell, 1976). The attenuation of

variance caused by the use of differences from running mean values is outlined in

Appendix 1. Some minor loss of accuracy in estimating the variance associated with

smaller-scale features also occurs, and this is caused partly by the attenuation

function involved, and partly by the reduction in the length of the data set by n points.

The length of the running mean used in this study was 4 mm (corresponding to n=41

values of y¡) and the choice of M=4 mm is outlined in Appendix 1. The variance is now

calculated on the differences between the surface elevation measuremerìlS, Yr, and their

corresponding running mean ualues,f,,

2
Ro :i ( (v,-f,)' (v,-,1', )'] [3- 4]

where the subscript R indicates that a running mean has been used. The standard

deviation, o", is used as a measure of the rugosity of the fracture surface. Large values

of o" come from bumpy, irregular surfaces, whereas smaller values of o" come from

smoother surfaces. More sophislicated analyses are possible (to be discussed in

SECTION Z) but the simplicity of lhe technique outlined above for quantifying soil

fracture surface rugosity carries considerable appeal.
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3.5 Fracture Surface Rugosity and Tensile Strength in Relation to Air-
filled Cracks

3.5.1 Theory for Fracture Surface Rugosity' o R

The idea suggested by Snyder and Miller (1985) that initiation of tensile

failure occurs at sites of drained or unsalurated pores, has important implications for

the tensile strength and the rugosity of soil fracture surfaces. lf, for example, air-

filled pores are considered to be the weakesl flaws in the soil, then they will be

relatively far apart from each other in wet soils. lt has been argued in the hypothesis

outlined in SECTION 3.2 that under this condition, there would probably result a

relatively jagged or rugose fracture surface. ln drier soils, where air-filled pores

(weakest flaws) are much closer logether, smoother fracture surfaces should

therefore be created under tensile stress. The validity of this idea depends on there

being some relationship between the fracture surface rugosity and the distance between

air-filled pores.

The nature of the relationship between fracture surface rugosity, op, and the

distance between air-filled cracks or pores may be assessed by modelling the soil as a

porous, non-shrinking (constant volume) cubic block (dimensions L3) consisting of

smaller porous cubic blocks (dimensions l3¡ in some hierarchical fashion (Figure

3-S). ln this model each block in the structural hierarchy is connected to other

blocks of the same structural order by a bridge of some cementitious material of

constant composition (eg. clay, O.M., or some mixture of both). The cementitious

bridges between blocks occupy some proportion, P, of the volume of each crack. The

value of P lies in the range O < P < 1, and may or may not be variable at different size

scales, depending on the soil friability. lf the soil is very friable (cf. SECTION

2.4.21 the proportion of the crack-volume, P, occupied by cementitious bridges

would be greater for smaller blocks than for larger blocks. lf the soil is non-friable,

p would be constant for all sizes of blocks. (This assumes that the tensile strength of

cementitious bonds at various size scales is only a function of the volume of cement,

which is true as long as the cement-composition is relatively constant)' As the soil
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I1

W1 lo

Cubic soil unit of macroscopic length, lq, showing orthogonal,
face-centred, continuous cracks of width, w¡, dividing the soil

unit into eight cubes of length, l¡, where a:1,2,3, representing
progressively smaller levels of scale.

I1

W1

ls

Figure 3-5-
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block (of bulk volume, VB = L3) gradually drains under suction from saturation, an

unknown number of cracks, n*, having width, w, will empty on each face of the block.

The unknown number of air-filled cracks, and the spacing between them may be

estimated from the following model. Consider the drainage of the soil cube from a state

i (having volumetric water content 0¡, corrêsponding to suction, h¡, ând crack width,

w. )to a drier State, i+l (having 0i*1, ht*1, wl*t ) The Simplest case during

drainage occurs where a single, face-centred crack of width, w¡, drains along each of

three orthogonal axes of the cube (i.e. îwr =1). Let these three cracks be cont¡nuous

through to opposites s¡des of the cube so that the block is divided into eight smaller

cubes each having volume l¡3 = {(t¡-r -rìwtw ¡)/(nw ¡ +1 )}3. (For drainage of the

first cracks, ll-.r - lo= L, which is the length of the original saturated soil cube).

The air-filled volume for each of the cracks belween the eight smaller cubes is

(ignoring for now the volume of saturated soil material bridging the crack and

preventing it from collapsing when it drains):

Vc¡ = wi42

and the number of these cracks in the whole soil block, N1¡¡, is

Nwl = 3nwr(n¡y¡+1)2

[3- 5]

[3- 6l

[3- 7]

Considering now the volume of the saturated soil material bridging each crack, the

width of soil bridge is determined by the crack-width, w¡, and ¡t is assumed here, for

simplicity, that the length and breadth of the soil bridge are both equal to some length,

x¡ (refer to Figure 3-6). So the proportion, P¡, of the crack volume, Vs¡, that is

occupied by soil bridges is:

Vs¡
= v.,P

w¡x2 _ xi2
wili2 - t,2
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Fi gure 3-6. Soil cube of length, {-r, cracked once (rVi = 1) in each of three

orthogonal directions creating eight cubes (length = l¡) and

illustrating the volumes of thã crack segments (width' w¡' and the

volumes of the soil bridges (X * X x wi) across the cracks'
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where V"¡ is the volume of the soil bridge. Hence the proportion of a crack that is

truly empty is (1-P¡), and so the volume of all crackS, VTr, of width, w¡, within the

whole soil block is the product of the volume of one crack segment, V.¡, times the

fraction of the crack that is truly void, (1-P¡) times the total number of crack-

segments in the whole block:

So in the case of one crack on each face draining in each of the three orthogonal

directions, VT¡ = 12w1lr2(t'P¡), and in the case of two cracks, it can be seen from

Figure 3-7 and equation [3-8] that VTr = 54wll (f-P¡). Likewise, the volume

of cracks, V1¡, for any number of cracks per face, fì¡¡¡¡, câfì be calculated, and some of

these volumes are shown in Table 3-1. For large numbers of cracks (eg. nw¡ > 50)

the value of n¡¡¡ +1 approaches nyy¡ , so thal equation t3- 8l may be approximated as

Vrr = wr lr2(1-Pr) Nwr

vT, = w¡lr2(l-Pr) 3n*13

vt¡
E'

wttl (1-Pr) Nwr
¡3

l3- 8l

[3- e]

[3- 10]

[3- 1 1]

The total volume of cracks, V1¡, of widlh w¡, relative to the bulk volume of the original

soil cube, Vr, is described by the relation:

Vlr
Measurement of Ë can be determined experimentally from a soil-water desorption

curve because it relates directly to changes in the volumetric water content- That is,

vt¡
vB = A0¡

where 0¡ is the volumetric water content, and Â0¡ is (0¡ -0¡.1), the change in the

volumetric water conlent during desorption from a wetter stale, ¡, to a drier state,

i+l. Values of 0¡ come from the desorption curve:
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Figure 3-7. Cube of so¡l (length = 1_r) cracked twice (nw¡ =2) in each of thrëe

orthogonal direclions, creat¡ng (nw¡ + 1)3 = 27 smaller cubes of
length /¡, and crack width, w¡.
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"";;,;;;;

state
i nw¡ 3nwr (nw¡+1)2 VT,

1

2
3
4

5

6
7

I
I

1

2
3
5
10
25
50
100
1 000

12
54
144
540
3.63 x 103

5.07 x 104

3.75 x 10s

3.06 x 106

3.01 x 10e

12w t2
54r
144 'i'

540 '|,

x 103 rr

x 104 tr

x 105 ',

x 106 rr

x 109 il

(1-P)

3.63
5.07
3.75
3.06
3.01

Table 3-1. Number of cracks, he¡i, of width, w¡, on orthogonal cube faces, number of
cracks in whole soil cube, and total volume, V¡¡, of cracks having width,

w¡, in whole soil cube at drainage state ¡.

-=j ; :i
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0¡ = F(h¡) [3-12]

where h¡ is the soil water suction. Values of crack-widlh, w¡, may be calculated for

any sucl¡on, h¡, using the modified Kelvin equation applicable to flat para¡lel plates, as

used by lnnes (1957), Aylmore and Quirk (1967) and Greenland (1979):

= 3w¡(1-P¡)

[3- 13]

[3- 141

[3- 1s]

[3- 16]

[3- 17]

where the surface tension of water, o=7.342 x10-3 kgm-1, the density of water at

20" C,p = 1000 kgm-3, and the gravitational acceleration, g = 9.8 ms-2.

Equating p- 1f ] to [3- 10] and solving for the number of cracks per face, nw¡,

of width, wl, gives the relation:

^0¡ 
(1,-.|)3

lìWt = 3w¡ ri2 (1-Pr)

4-r -nwtw¡
n¡il¡ + 1

l3

^0r(l¡..|)3

Equation t3- 14], however, cannol be solved in its present form because l¡ is also a

function of n¡¡y¡, viz:.

Ir=

Substitution of equation [3- 15] in equation [3- 14t gives

f¡-r'llwlW¡
lìw 13tlyy¡ + 1

ln most cases w¡ (( l¡-1, ând because we are us¡ng values of nyy¡ < 10, we can say

that nry¡w¡ , in equation [3- 16] is negligible, and can therefore be approximated by

^ 
0 ¡ (1,-, )3

3wr(1-P¡)
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Using values of 1-r, Â0¡, wt, ând P¡, equat¡on t3- 171 may be Solved numer¡cally for

rìw¡ as follows:

w¡(1-Pr)
o= (#,..,J"*,'

(u"-r*)¡ d si

[3- 181

[3- l sl

-1
^ 

0 r (l¡-.|)3

As the soil drains, progressively smaller and smaller cracks are exposed. Substitution

of calculated values of nry¡ from equation [3- 18] into equation [3' 15] enables the

calculation of lr, which is the average distance between cracks of the same width, w¡,

or the distance between the smallest air-filled pores. lf this idea is valid, the

magnitude of l¡ should be somehow related to the fracture surface rugosity, oR, at

least for soils where air-filled pores are the weakest flaws.

3.5.2 Theory for Tensile Strength, TS

From the work of Snyder and Miller (1985), the tens¡le strength, TS, of

unsaturated, uncemented, cracked soils (or flawed, granular materials) may be

predicted from the relation:

or

-(TS-ua) = (u"-u *IX,T

X'n XTS= 2 +ua(l 'T) [3- 20]

where u¡¡y is the gauge pressure of the pore waler, u¿ is the gauge pressure of the pore

air relative to atmospheric pressure, and/, is a dimensionless parameter varying

between zero and unity, and described by equation a2- 511 after Snyder and Miller

(1985) and Aitchison (1961):

0

0.3
(u" -uw).

I

1

J
s

x =S* [3- 21 ]
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where s¡ : the degree of pore saturation (see equation [2- 451), and where (ua -uw)
is the pore water pressure deficiency at any point i between i=s ând complete
saturation (¡=1.0).

The pore water pressure deficiency (u"-uw), when expressed as a pressure potential,

Y, is:

Y = -pgh = -(ua-uw) 13- 221

[3- 2s]

So by substitution into equation [3- 21], we may write

1.0
0.3

=s* (-Y) [3- 23]x J t-vl o'
s

To evatuate the integral in equation [3- 23], consider the general relation between Y
and 0 , viz:

(-Y ) = f(0), or the inverse function, 0 = F(-Y)

and 13- 241

(-Y ) = g(s), or the inverse function, s = G(-Y )

Many forms of equation [3- 24] have been proposed to describe the functional

relationship between Y and 0 (or s), all of which are empirically derived, and useful

over only relatively narrow ranges (Hillel, 1980). The form of the equation used in

this study to describe the relation between the potential, Y, and the water content 0

(for the range of -Y=0 to 50 kPa) was

f(0) = exp(a + b0 )

of
g(s)=exp(a+ns)

where a and b are adjustable parameters, n=bf, 0 is the volumetric water content,

and s is the degree of saturation. By substituting equation B- 251 into equation [3-

23], the solution for \ is found to be:
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X= s. 
",pîåh 

j"io,"+ns)ds [3- 26]

Í3-271

or

("nr"'l1)

To obtain an estimation of the tensile strength of the soil, the value of f from equat¡on

Í3-271is substituted into equation t3-201. ln situations where the gauge pressure of

the pore air, u", is equal to zero, equation t3-201 is considerably simplified, and the

tensile strength of the soil becomes:

x
[3- 28]

2
uw

3.5.3 Experimental Relation between / and op and between Predicted-
and Measured-Tensile Strengths, TS.

3.5.3.1. Materials and Methods

The relation between I and on was investigated using a soil water-release

curve determined from soil clods on which tensile slrength, TS, was also measured. A

large number of fist-size clods from within the top 10 cm was dug from a small area

(2m x 2m) in Field-W-10 at the Waite Agricultural Research lnstitute. The soil was

an Urrbrae Red-brown Earth (Soil A-2 as described in Litchfield, 1951), containing

17"/" clay, the mineralogy of which was dominated by illite and kaolinite

(Chittleborough and Oades, 1980; Williams, 1981). Field W-10 was previously used

for approximately ten years of cereal crop management, and had a soil organic carbon

content of 1.32/".

Clods were reduced in volume from fist-size to approximately 200 cm3 by

trimming with a pallet knife. They were then gradually wetted lo near saturalion in

the laboratory by applying de-ionized water using a spray atomizer and covering the

samples for several days. The wet clods were then set on porous ceramic plates where

five conlrolled water suclions (0.5, 1.0,5.0, 10.0, and 50.0 kPa) were used to

TS
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establish a range of soil water contents over a period of several weeks. Contact between

the samples and the ceramic plates was made using a thin layer of moist soil. Previous

experience showed that approximately ten days was necessary for equilibrium water

contents to be attained. At equilibrium, clods were broken by hand into 3 to 4 pieces,

and then measurements of tensile slrength, TS, (kPa), penelrometer resistance, Qp,

(kPa), soil water content, w, (kg kg-1), bulk densitY, Pb,(kg m-3) and fracture

surface rugosity,op, (mm) were conducted on separate pieces from single clods'

Tensile strength measuremenls were made using the indirect tens¡on test

(lngles and Frydman, 1963; Frydman, 1964; Dexter, 1988b) which fractures clods

between flat, parallel plates. The tensile strength, TS, was calculated (after Dexter,

1 975, and Dexter and Kroesbergen, 1 985) as:

[3- 2e]

where Ft is the polar force measured at failure (i.e. as soon as a central crack occurs,

and d is the geometric mean diameter, d, of the soil clod calculated (from the diameters

d1, d2, d3 on three orthogonal axes) as follows:

d = (d1 dz ds)1/3 [3-30]

For the results reported in this lhesis, errors due to flattening of the soil samples at

the contact points were negligible. Measured values of tensile strength were compared

to those predicted from equation [3- 28] to investigate the contribution of soil water lo

the tensile strength.

Penetrometer force was measured once on each clod with a motor-dr¡ven (3mm

min-l) steel probe, having cone diameter 1mm and total cone angle = 60'. The shaftof

the probe was relieved for 7mm behind lhe tip. Each clod to be probed was placed on

the pan of a top-loading electronic digital balance (Mettler lype PC-4400) and the

force exerled by the probe was recorded by using the balance-reading at a penetration

depth of Smm. This depth was chosen on the basis of Dexter and Tanner's (1973)

finding that the penetration force for cones reaches a relatively constant maximum at

depths greater than four times the cone diameler. Penetrometer resistancê, Qp, wâs

calculated as:
F

P-nr? [3- 31 ]o ,kPa
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where F=Ma in N, M= electronic balance read¡ng in kg, ¿= gravitalional acceleration

constant (9.806 ms-2), âDd r= cone radius in m.

Water contents (mass basis) were determined at the time of indirect tensile

fracture and at the time of penetrometer probing. Bulk densities were determined on

air-dry clods using the clod-paraffin method of Blake (1965).

Two fracture surfaces were selected from each main clod by fracturing it (1) in

the hands, by direct tension, as well as (2) using the indirect tension test (see Dexter,

197S). One half of each fractured sample was arbitrarily chosen for analysis of

fracture surface rugosity, op. The selected half of the fractured soil sample was fitted

into a plastic vial (inside diameter = 3.Omm) such that the fracture surface stood

verticatly. The vial was filled with a white epoxy compound (Ciba-geigy Araldite, in

the ratio 5:1:1 resin-LC-191 : white pigment-DW0131-W : hardener-HYgs1)'

which hardened within 24 hours. The epoxy compound provided an effective white

contrast against the darker coloured soil, a necessary feature to produce a precise

computer image. The vials were then bisected horizontally using a diamond saw to

produce a transect, or profile of the fracture surface, across an arbitrarily selected

plane that was perpendicular to the fractured surface (see Plate 3'1). The extent to

which this single transect was 'representative' of the soil surface depended on the

assumption that the soil contained randomly (or isotropically) distributed flaws. This

was considered to be a reasonable assumption for the soils used in this study.

The profile exposed in each cross section was examined with a video camera

(National WV-l40N/A) equipped with a 25mm focal length lens. The video picture

was digitized by an Apple ll+ microcomputer that was fitted with a Video Digitising Card

(Digisector DS-65). The vertical distance between the camera and all the soil profiles

was held constant at 130mm to ensure identically-scaled images. A scanning procedure

was conducted by the computer, first along a standard 20mm linear scale (to calibrate

the system) and then along a fixed length of 23mm (comprising N=236 digitised

points) across the centre of each soil profile.
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Plate 3-1. Preparation of soil ctods for fracture surface analysis: (a) direct
indirect tensile fraclure of clod
uring of white epoxy resin around

cross-sectional transect of clod
rory resin. (e) video camera (on right)
¡ections onto a television screen (ôentre¡ ,

and the image is.then digitixed by the computer to produce an imagefor rugosity analysis (feft).



a

c

b

Pl ate 3-1.

d

e
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The scanning procedure involved a pixel-by-pixel examination of the video-

image of the cross-sectioned soil surface, from a fixed y-position on the video screen

above the image (where the background colour was white) down loward the image until

the 'moving-pixel' encountered a contrasting colour at the soil surface. The x and y

coordinates at the soil surface were recorded at the point where lhe colour-change

occurred, and then the moving-pixel shifted across the ¡mage by x=1 pixel and the

scanning procedure was re-initiated from the fixed y-position above the image on the

video screen (cf. Figure 3-4). This procedure was carried out for N=236 pixels at

fixed intervals of Áx = 9.75 x 10-2 mm. The resolution in the y direction, Ây, was

equal to Ax. The 236 x-y pairs were stored for future analyses as an array for each

sample that was scanned.

Values of fracture surface rugosity, oR, were then computed on the y-values of

each profile using equations [3-3] and [3-4]. The inherent error, or sensitivity of

the scanning and digitising procedure was assessed by measuring values of oh2 for a

straight line held at different angles. The value of op2 expected for a perfectly smooth,

straight and horizontal line is zero if the scanning and digitising equipment had infinite

resolution. lt was found, however, that a straight line had a small, but measurable

value of oR'= O.OO216 mm, which meant that each measurement of op on soil surfaces

would be over-estimated. We therefore applied the following correction to each

measured value of oH :

oh (correct) = (oR2(measured) ' oR2ltin"¡ )1/ 
2 [3- 32]

All values of corrected-fracture surface rugosity in this study will be referred to by

the symbol op.
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3.5.3.2 Results and Discussion

3.5.3.2.1 Relation Between I and op

Listed in Table 3-2 for each of five water suctions, h, are the average

gravimetric water contents, -w, measured for each clod from Field W-10, as well as

the bulk densities, po, (determined on relatively large pieces for each clod) and the

volumetric water contents, 0, (calculated on a clod-by-clod basis using the bulk

densities). The gravimetric water contents, irv, in Table 3'2 came from two

measurements on each ctod. One waler content was from the piece fractured by indirect

tension while the other water content was from the piece used for penetrometer

resistance. Both values of water content are reported in Appendix 2, Table A2'1, but

because the water contents were so close for the two pieces of each clod, only the

averages are reported here in Table 3'2.

Estimation of the average distance belween cracks (or average length of

uncracked soil), l, , according to the theory outlined in SECTION 3.5.f , involves the

calculation of volumetric water contents, e', from equation t3'12]. To do this, the

five levels of suction, h and their corresponding measured average values of

volumetric water content listed in Table 3-2 were used to calculate the equation for

the desorption curve:

0 = 0.400 - 0.044 loglsh (R=0.972; n=5) [3- 33]

where h is expressed in hPa (1 hPa- 1 cm water). Five values of 0 , calculated from

equation t3-33] for suctions 5, 10,50, 1OO,5OO hPa, are listed under the measured

average values, 
-g 

¡n tne right-hand column of Table 3- 2 .

From equat¡on [3- 33] fhe volumetric water content, 0', tay be used to

COmpUte the nUmber Of CraCkS, rìy¡¡¡, Of variOUS Sizes, w¡, âIìd henCe the average

distance, l¡, between these cracks. A range of fifteen (arbitrarily-selected) h-values

was initially substituted into equation t3- 33], such that as the soil drained from state

i to state i+l, lhe ratio f was ideally less than a faclor of three. The reason



Tabl e 3-2.

-94-

Average gravimetric water contents (clod-by-clod basis) of
soil clods taken from Field W- 10 (Waite Agricultural Research
lnstitute) and equilibrated at 5, 10,50, 100, and 500 hPa
water suctions; bulk densities (clod-by-clod basis; except for
5 hPa samples for which lhe average value of all olher clods was

assigned); volumetric water contents, 0 and 0' (0 catculated

using bulk densities, assuming a particle density of 2650 tgm-s)
I

and 0 predicted form equation [3- 33]), and average volumetric

water contents, 
-0 

.



Table 3-2

Water

Suction

h, (hPa)

Ave ra ge

Water Content

üv (kgkg-t ¡

Clod

#

Bu lk

Density e

(kgm-3¡ (m3m-3¡

0 t s.e.

&n
and (0 )

5
Í
tr

n

tr

(
tr

tl

1

2
3
4

5

6
7
I
1

2
3
4

5

6
7
I
1

2
3
4

5

6
7
I
9

1

2
3
4

5

b
7
I
o

1

2
3
4

5

6
7
B

0
0
0
0

244
256
282

0.234
0.23 1

0.233
0.244

0.23 0
0.213
0.213
0.212
0.23 3
0.224
0.227
0.242

0.202
0.209
0.205
0.248

0.190
0.192
0.231
0.226
0.227

0.186
0.204
0.189
0.210

0.214
0.217
0.206
0.200
0.200

0.178
0.186
0.188
0.188

0.163
0.192
0.1 79
0.189

1 540

tr

1 500
1 570
1 540
1 480

1 570
1 540
1 560
1 580

1 550
1480
1 550
1 550

1 540
1 620
1510
1 550
1 580

1 480
1 540
1510
1 540

1 540
1470
1 480
1 490
1 490

1 570
1 540
1 600
1560

1550
1530
1560
1 560

0.376
0.394
0.434
0.3 67

0.360
0.356
0.359
0.376

0.345
0.334
0.328
0.314

0.366
0.345
0.354
0.382

0.313
0.309
0.318
0.384

0.293
0.311
0.349
0.350
0.359

0.275
0.314
0.285
0.323

79
86
01
93

0.253
0.294
0.279
0.295

0.378
r 0.009
fì=8

238
I

{
il

Í

(0 = 0.370)

0.346
r 0.008
D=8

(0 = 0.356)

0.332
r 0.010
lì=9

(0 = 0.326)

0.305
10.006
fì=9

(0 = 0.312)

0.285
r 0.005
fì =8

01
ll

il

Í

I

tr

il

50
Í
tr

I

001
tr

Í
n

lt 0.330
0.319

0.298

0.305
0.298

500 0.2
0.2
0.3
0.2

It

il

il

(e = 0.282)
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for trying to maintain relatively small steps in suction, h, was to minimize the error

of attributing the volume of pores drained (Â0¡'= 0,' - Oi*il all to smaller pores of

width w¡*1. The problem was further minimized by matching values of l0¡' with

'average'pore widths, ü¡, (from equation t3- 13]) using average suctions, 
-hrrdefined

by:

hl
h¡ + hr*r

2 [3- 34]

ln calculating the number of cracks, hwt, from equation [3- 18], an

assumplion was needed regarding the proportion of cracks, P, occupied by soil bridges

at each size scale. lf P were constant, the soil friability, k (cf. equation [2-53 I),

would be zero, and (although no measurement of so¡l friability was made) the soil was

considered to have some amount of friability, so it was expected that P would increase

gradually for smaller and smaller soil cubes, as the soil drained. Even so, the

relationship between k and P is unknown (and only of conceptual interest for this

model) so an arbitrary scale of increasing P-values from 0.20 to 0.85 was assigned to

the fifteen progressively decreasing crack sizes. Table 3-3a lists the fifteen initial

drainage StateS, i, wilh Selected Suctions, h¡, vOlumêfriC water contents, qt , average

crack-widths, il¡, (from average suction, 
-h,¡, and P¡-values, chosen for use in

equation [3-1 8].

The fifteen selected steps between drainage states were found to be too small,

because in eight of the fifteen steps, there wasn't sufficient water drained to leave

pores of appropriate width, 
-w¡, 

to form a single crack. Whenever this occurred, (i.e.

whenever equation I3-181 predicted there to be < 1 crack) drainage states were

combined, and values of average suction,-h¡, âvêrâQê crack width, ñ¡, ând Á0¡' were

calculated again. This procedure was repeated until at least one crack (n¡¡¡ = 1)was

predicted to drain, and then another drainage state for suctions, h, ranging from 1 to

500 hPa was tested. The number of cracks, fls¡, CrâCk-segments (nw¡ + 1), and the

distance between cracks, l¡ , of size ñ¡ are listed in Table 3-3b, w¡th corresponding
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(a) List of initial inputs to the numerical model for calculating
numbers of cracks: fifteen drainage states, i, with selected

suctions, h¡, corresponding O'-values, average crack widths, ñ, ,

and soil bridge portions, P¡. (b)Reduced final inputs to the
numerical model with numbers of cracks of width, W, , and
numbers of soil segments per cube-face, and the average distance
belween cracks on each cube face.



Table 3-3a: lnitial lnputs to model

Dralnage

State

a

Selected

Suctlon

h¡ ( hPa)

Aver. Gack Soll br¡dge

Portlon

P¡

Average Vol. Water

Suctim Content

- * I **h¡(hPa) e¡
^e¡'@

wdrh

ñ¡(mm¡ @@

1

2

3

4

5

6

7

8

I
10

11

12

13

14

15

1

3
5
10
15
20
30
50
75
100
150
200
300
400
500

1.5
4

7.5
12.5
17.5
25
40
62.5
87.5
125
175
250
350
450

0.400
0.379
0.370
0.356
0.349
0.343
0.335
0.3 26
0.318
0.312
0.305
0.2 99
0.2 91

0.2 86
0.282

2.10
9.00
1.36
7.31
5.49
7.74
9.76
7.74
5.49
7.74
5.49
7.74
5.49
4.26

x10-2
x10-3
x1o-2
x10-3
x1o-3
x1 0-3
x1o-3
x10-3
x10-3
x1o-3
x1o-3
x 10-3
x 10-3
x 1o-3

9.80
3.67
1.96
1.18
8.40
5.88
3.67
2.35
1.68
1.18
8.40
5.88
4.20
3.27

x1o-1
x10-1
x1O-1

x1o-1
xl0-2
x10-2
xl0-2
x1 0-2
x10-2
x1o-2
x1 0-3
x 1o-3
x 1o-4
x 10-3

0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85

* h is calculated from equation [3-34].
* * 0i is calculated form equation [3-33] using values of h¡.

@ 
^0¡' 

= 10,'-.¡- 0¡'¡.

@@ ivi is calculated from equation [3- 13t using 
-h 

¡

Table 3-3b: Final inputs to model, with results

h¡

( hPa)

-h¡

( hPa)

o,'

( rn3m-s¡

a0¡

( m3m-3¡

W¡

( mm)

I
* **

P¡ nwl hyy¡+1 ( mm)

1

2

3-4
5-6

7-9
10-12

13-15

15.0
47.5

137 5
350.0

o.4oo$
0.379
0.356
0.343
0.318
0.299
0.282

0.021
0.023
0.013
0.025
0.019
0.017

0

0.20 3

0.30 1

0.40 1

0.55 1

0.70 1

0.85 1

50.00
11 .77

5.77
2.84
1.40
0.69 6
0.346

0

3

10
20
75
200
500

1.5
6.5

9.80 x10- 1

226x1Q- 1

9.80 xl0- 2

3.09 x10- 2

1 .07 x1O- 2

420 xl 0- 3

1

4

2

2

2

2

2

* nw ¡ is calculated from equation [3- 18]
** ny¡ ¡ +1 represents the number of soil segments per cube-face created by nw¡ cracks

$ The value of 0¡'= 0.400 al h¡ = 0 actually corresponds to a suction of h=1 , because h

cannot be zero in equation t3-331. lt is, however, close enough to the calculated value of

total porosity, f, from average bulk density measuremenls, f = (1-1540/2650) = 0.419.

# l¡ is calculated from equation [3-151
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values of h¡, ñ ¡, 0¡', Â0¡', Ç¡, âfìd P¡. The value of ,i at h¡ =0 is the original length

of the soil cube, 50.00mm, which is typical of the size of the natural soil clods used in

this study.

There is an exponential increase in the distance between air-filled pores, l,

with increasing volumetric water confent, e' lFigure 3-8), which is described by the

regression equation:

I x1 0 7 exp(39.810 ) (R= 0.992, o=7) [3- 3s]

where I is the value of I predicted from the regression equation. This corresponds to

a negative, log-log relationship between I and the suclion, h (Figure 3-9), described

by the regression equation:.

loglst = 1.404- 0.685lo9roh ( R= 0.998, n=6) [3- 3 6]

The values of I from the model of soil cubes may be compared with the fracture

surface rugosily, o¡, data listed in Table 3-4. The opdata came from the same clods

for which water content data are reported in Table 3-2, and Appendix- Table A2'1 .

Several values of oR from samples fractured under indirect tension were not

determined because after crushing, the remaining p¡eces were loo small to obtain a

suitable fracture surface.

An analysis was done to determine whether the o¡¡values from the direct- and

indirect-tension techniques were significantly different from each other. The mean

value of oR for the direct-fension method was 0.316 mm (s2 =5O3 x10-3mm2l r=41

samples) and the mean value of o¡ for the indirect-tension method was 0.343 mm 1s2

=1.08x10-2mnÊ;n=33sanpl6). A pooled variance (s2p= 75Bxlo-3mm2) and pooled

standard error (se.o= 2.09 x 10-2 mm;72 df ) were calculated, from which a f-test

revealed that there was no significant difference between the two mean values of op.

4.2
I
l=
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l' = 4.28X.1O-7exp(39.81e), mm

ft = 0.992
n=7

(mm)

PL

o 0.280 0.300 0.320 0.340 0.360 0.380 ().400

Volumetric Water Content, g

F'igure 3-8. Effect of volumetric waler content, 0, on the calculated distance,
l, mm, between air-filled pores using the model of soil cubes, and
desorption data from natural soil clods.
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1.50

1.OO

log ., o/

(l ¡n mm) o'5o

-o.50

Figure 3-9.

o

logr ol' = 11.4O4 - 0.685lo9rohl

R - 0.998
n=6

1.OO 3.OO2

log r oh (h in hPa)

Log-log relationship between the applied soil water suction, h, and
the distance between air-filled pores, f, using the model of soil
cubes and desorption data from natural soil clods.
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Table 3-4. lndividual fracture surface rugosity data for fire water suctions,

(clod-by-clod basis) using direct and indirect tens¡on fracturing

technlques; average values of o* (both techniques; clod-by-clod

basis) and average oR bY suction.
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Table 3-4

h
( hPa)

Clod
#

q( mm)
direct
tension

q( mm)
indirect
tension

Average q
( by clod)

( mm)

Average q ( mm)
( by suction, h)
ts.e.&n

5
Í
tr

tr

f

Í
Í
tr

1

2
3
4
5
6
7
I
1

2
3
4
5
6
7
I

1

2
3
4
5
6
7
I
9

0.346
0.316
0.365
o.278
0.345
0.317
0.395
0.257

0.259
0.347
0.232
o.478
0.279
0.229
0.401
0.406

0.209
0.223
0.377
0.354
0.311
0.225
0.405
0.265
0.317

66
71
57
88
31

0.443
0.264

0.289

0.338
0.315
0.303
0.252
o.237
0.255
0.404
0.300

0.345

0.33 1

0.508

0.515
0.298
0.357
0.373
0.335
0.619
0.226

0.25 0
0.391
0.193
0.419
0.495
0.242
0.527
0.281
0.465

o.27I

0.279
0.351
0.275

0.404
0.268
0.30 6

0.240
0.348
0.190

0.266
0.291
0.296
0.371

346
316
365
312
345
324
395

0.259
0.431
0.265
0.418
0.326
0.282
0.510
0.316

0.230
0.307
0.285
0.387
0.403
0.234
0.466
0.273
0.391

0.34I
r 0.01 1

fì=8

0.351
r 0.032
fì=8

0.331
r 0.028
ñ=9

0.320
t o.o22
fì =9

0.291
r 0.015
lì=8

0
0
0
0
0
0
0
0 383

10
f

Í
I

tr

tr

(
Í

50

0.2
0.2
0.2
0.4
0.3

100 1

"2
"3
"4u5
n6
"7u8
"9

1

2
3
4
5
6
7
B

00

0.273
0.271
0.268
0.420
0.303
0.443
0.334
0.268
0.298

5
tr

Í
(
tr

0.2 89
0.332
0.247
0.252
0.252
0.273
0.350
0.336



-101-

This result enabled the grouping of the 6pvalues from both techniques to produce an

average opvalue for each of the five suctions listed in Table 3-4-

A plot of o¡ versus the volumefric water content (using the five values of 0' in

Table 3-2) is shown in Figure 3-10, and is described by the regression equation:

q' = 0.107 + 0.673 0 ,ffiffi (R= 0.971, rì=5) [3- 37]

wnere on' is the value of oh predicted from the regression equation. The positive

linear slope-coefficient in equation t3- 371 indicates as the soil becomes progressively

wetter that tensile fracture surfaces become increasingly jagged or rugose. This result

is consistent with the idea that tensile fracture occurs by the propagation of air-filled

cracks (which get further and further apart in wetter soils).

The experimental results shown in Figure 9 10 differ from those predicted for

I and should be compared with the exponential relationship between I and 0' that is

shown in Figure 3-8, described in equation [3- 351. lt can be seen that the fracture

surface rugosity, oR, increases with increasing 0' (just as does I ), but the difference

I
is that the o¡0 relationship is linear, rather than exponential in nature. The

fracture surface rugosity, o¡, is also plotted as a function of the logarithm of the soil

water Suction, h, in Figure 3- 11, and is described by the regression equation:

I
oH 0.376 0.0296log1sh ,ffiffi ( R= 0.970, D=5) [3- 38]

Equation t3-381 may be compared to the log-log relationship between I'and h in

Figure 3-9, which is described in equation [3-36].. Again, the main difference is

that l' changes exponentially while op' cnanges only linearly.

An additional comparison of op and I can be made by correlating their predicted

values from equations [3- 38] and 13- 361 (on and t ) at the same suctions (5, 10,

50, 1 O0 and 500 hPa). Values of h, 0' , l' , oR' and q1¡¡s¿sured) are listed in Table

3- 5 and plotted in Figure f 12- Both the measured values of op and the predicted
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Figure 3-10. Effecf of volumetric water content, 0', eslimated from equalion

[3- 33]) on fracture surface rugosity, oR, measured on natural
soil clods.
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Figure 3-11. Log-linear relationship between the applied soil water suction' h,

andthefracturesurfacerugosityofnaturalsoilclods.
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Table 3-5

h

(h Pa)

et
(m3 m -3¡$ (m m¡$

q
(mm¡$

Q t s.e.

(mm)
O* s-e.

(mm)
* **

5
10
50
100
500

0.370
0.356
0.326
0.312
0.282

8.42
5.24
1.74
1 .08
0.359

0.355
o.347
0.326
0.317
0.296

0.348 r o.orl
0.351 t o.Gt2

0.331 t o.o2g

0.320 t o.oæ.

0.29 1 r o.ois

1 .030 r 0.037

0.923 r o.o4i

0.794 r o.o6e

0.985 t o.oeg

0.872 r o.otg

$ The values of 0', l', and o¡' are predicted from equations [3-33], [3-361' and

[3-38], respectively.
* 

The values of o¡ were the five measured average values for each suclion, listed in

Table 3-4.
** The values of O were calculated on a clod-by-clod basis without using a running mean

and are therefore more variable. The average values were calculated in the same way

that the O¡ - values were calculated.

Table 3-5. Comparison of the average distance between air-filled cracks from the
model of soil cubes, wilh estimated and measured values of fracture

surface rugos¡ty, oR, as well as corresponding values of fracture surface

rugosity, o, calculated without the use of a running mean. Comparisons

are made at the five suctions used in the exper¡ments.
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R = O.941
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o

2
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Correlation of modelled as well aS measured values of fracture
surface rugosity from natural soil clods with the calculated
distancc bctween air-filled cracks, f, from the model of soil cubes

Figure 3-72.
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values, o"', are strongly correlated exponentially with the distance between air-filled

I
cracks, I , predicted at the same suctions from equation t3 - 3 6l . The exponential

correlation between o"' and I' is explained by the nature of the model of soil cubes.

The model requires at each level of drainage, ¡, that there will always be (Z)3i cubes

created. The distance between the cracks in the cube, ,', is therefore forced to decrease

very rapidly as the soil drains, and this fact is clearly ¡llustrated in Figure $8. The

cubic model, as outlined in this thes¡s may be somewhat unrealistic for natural soils,

however, it successfully demonstrates that the d¡stance between air-filled pores

decreases during drainage. Furthermore, it is a relatively straightforward model and

easy to use, as shown by the recent work of Hallaire (1988) who used a cubic model to

study the cracking and shrinking of heavy clay soils.

The values of o*' and ,' also differ (i.e. they are nol linearly related) for two

other reasons. The first reason, which explains part of the differences, is related to

the use of running means in the calculation of o" . lt was essential to use running

means in this study to filter out any long-wavelength data caused by tilting of the

samples under the video camera. Tilting from the horizontal under the video camera

(which is impossible to detect) would introduce a large amount of struclurally

unrelated variance. At the same time, however, all features larger than the running

mean (4 mm in this case) were also filtered out (cf. Appendix 1), and so the upper

limit to any values of o" would be 4 mm. Presenled in Table 3 5 are five average

values of o (calculated without running means) for the exact same data as for the o^-

values. The values of o are all approximately three limes larger than the

corresponding values of o". The largesl value of o is only 1.030 mm, which is still

smaller than most of the l-values listed in Table 3- 5. The use of running means

therefore does not account for the main difference between values of o^ and l.

The main reason explaining the differences belween I and o, is related to the

nature of the model of soil cubes used in this study. The model (cf. equations [3- 15] &

t3- 181) was only tested in this study using stepped, average values of crack-width,

rfu¡, and soil-bridge proportion, P, as given in Table 3.3. ln real soils, however,
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these single-values would be inappropriate due to the natural structural heterogeneity

present in undisturbed soil clods, and would need to be replaced by distribution

functions. These distribution functions would reflect the fact that between any two

suct¡ons, a range of effective crack widths will drain, and that these would also be

influenced by a range of soil-bridge proportions in every crack. lnclusion of such

distribution functions would result in a broader range of crack sizes being predicted by

the model of soil cubes, which would therefore reduce the tendency of any one crack

size to increase exponenlially in number.

3.5.3.2.2 Relation Between Predicted- & Measured-Tensile Strengths

Prediclions of tensile strength of the clods from Field W- 10 were made using

equation B- 281 as follows. The five values of average volumetric water content, 0,

listed in Table T 2 for the five suclions, h, were used to calculate the degree of pore

saturation, s, at each suction according to equation [2- 45]. An average value of total

porosity, f= 0.419, was calculated for this purpose, using the average bulk density,

pb, of all the clods collected (p6 = 1540 kgm-3¡, and average particle density of

ps=2650 kgm-3. The suctions listed in Table 3- 2 were converted to pressure

potentials (Y, kPa), using equation [3- 221 and the following relations were calculated

in the form outlined for equalion t3- 25] to describe the relationships between Y and

0, and Y and s respectively:

f( e) = ( - Y) = exp(17.73 -49.s0e) ( R=0.973, n=5) [3' 39]

and

ds) = (-Y) =exp(17.73 - 20.75s) (R=0.973, n=5) [3-40]

The values of X needed for predicting the tensile strength of the soils were calculated

from equation [3- 271, and the results along with lhe predicted- and measured-values

of tensile strength are listed in Table 3- 6, and plotted in Figures 3l3aand
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Table 3-6

e

( rn3m-s¡

s x TQprect)

( kPa)

Average

TQmeas.¡t ".
( kPa)

*
h

( hPa)

Y
( kPa)

5
10
50
100
500

0.5
1.0
5.0

-10.0
-50.0

0.378
0.34 6
0.332
0.305
0.285

0.902
0.826
0.792
0.728
0.680

0.915
0.840
0.806
0.7 42
0.694

0.229
o.420
2.015
3.710
17.350

2.53 t o.¿t

3.50 r o.st

5.17 x o.sz

6.09 t o.so

6.94 t o.st

* the constanls used for calculaling X ¡n equation [3-271 were a=17.73 and n='2o.75,
tckcr^ {ro,'. eg^a}i"".. [r-'toJ; cf. Cr-zsJ.

Table 3-6. Average volumelric water conlents, 0, (measured at five water suct¡on, h,

converted to matric potentials, Y ); degrees of pore saturat¡on, s, and

corresponding values of I, used for predicting the tensile strength,
TSlpred)i and average measured tensile strengths of natural soil clods.
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Fìgure 3-13a. Predicted and measured tensile strengths, TSp,TS¡¡, âs

functions of the volumetric water content, 0, of natural soil clods
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Figure 3-13b. Predicted and measured tensile strengths, TSp,TS¡¡, âs

functions of the degree of pore saturation, s, of natural soil clods.
The shaded area to the right of s : 0.70 represents the higher
tensile strength of natural soil clods (relative to the model) due lo
age hardening and cementation; the shaded area to the left of s =
0.70 represents the lower tensile strengths of natural soil clods
(relative to the model) due to aggregation which reduces the inter-
aggregate water active in tensile cohesion.
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Figure 3- t3b. The predicted and measured tensile strengths are described as functions

of the volumetric water contenl, 0, in the regression equations:

TSpred = 7.43 x106 exp['46;520 ] ( R=0.970, n=5) [3- 411

and

TSmeas = 2f .10 - 49.390 ( R=0.981, n=5) [3- 42]

The tensile strengths are also described as funclions of the degree of pore saturat¡on, s,

in the regression equations:

TSpred = 7.43 x106 exp[-19.50s] ( R=0.970, n=5) [3'43]

and

TS¡s¿s=21.10-20.70s ( R=0.981, n=5) [3- 44]

Both the predicted and the measured tensile strengths decrease with increasing

water content, as is usually observed (see for example, Dexter, 1988b).

Furthermore, lhe tensile strength is, in most cases, at least an order of magnitude

lower than the penetrometer resistance, Qp, meâSUred on the same clods (shown on a

clod-by-clod basis in Figure 9 14 as a function of the volumelric water contenl, e ;

see also Appendix 2, Table A2-2\.

The modelled-tensile strengths according to the theory of Snyder and Miller

(1985) are clearly quite different from the measured tensile strengths in this

experiment as shown in Figures 3-13a& 3- 13b. The Snyder and Miller model

underestimates the measured-tensile strength when the soil is relatively wet

(i.e. s > O.7O), and it predicts that the soil will have negligible tensile strength at

saturat¡on (s=1.0 in Figure 3- 13b) which is not always lhe case. The measured

tensile strenglhs, on the other hand, decrease linearly toward saturalion, and the

linear regression equation predicts that there will be at least some measurable tensile

str:ength at saturat¡on (TS= 0.41 kPa at s=1.0 in Figure & 13b). This is consistent
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with the fact that the tensile strength of natural soil aggregates is often greater than

zero at saturation (Braunack and Dexter, 1978).

The predictions of tensile strength for s > 0.7 (Figure 913b)basedonthe

Snyder and Miller model are also too low for another reason. The theory was developed

by Snyder and Miller for recently dislurbed soils, which exhibited no cementation and

age hardening. The model estimates the contribution of only water menisci to the

tensile strength, and would therefore be expected to predict somewhat lower strengths

than for age hardened soils where cementation has been able to occur. The natural soil

clods used in this study, however, had been through at least one full year of wetting,

drying, and age hardening prior to analysis, and consequently, the measured strengths

are as much as ten times higher than the predicted ones.

Below s= 0.70, predictions from the Snyder and Miller model overestimate the

measured tensile strength. Equation t3- 281 (cf. Figures 13a & 13b) predicts that

the tensile strength ot air dry soil clods (i.e.0 =0.05; S= 0.12) is even higher than

limestone (c.f. Table 2- 1), which is clearly incorrect. The model overestimates the

measured tensile strength below s=0.70 presumably because the water in the natural

(well-aggregated) soil clods is not contributing as much to the cohesion as would be

predicted by the degree of pore saturation, s. As indicated by Kemper and Rosenau

(1984) and Snyder and Miller (1985), only inter-aggregate water contr¡butes to

cohesion due to capillary menisci (Snyder and Miller, 1985), and yet a great deal of

the water in well-aggregated soils, such as the clods of this study, is associated with

intra-aggregate pores.

On the other hand, the tinear regression equations for the measured tensile

strengths in Figures 13a& 13b also have limitations, because they predict thaÌ the

maximum tensile strength of oven dry clods (i.e. 0 =0; s= 0 ) is only 21 kPa. This

value is somewhal low in comparison to similar soils listed in Table 2'1 , and

described later in this study, and lherefore use of lhe regression equations should be

restricted to the range of measured water contents (i.e. 0 = 0.280 to 0.380) in this

study.



-1 14-

The measuremenls on natural soil clods in this study indicate that water plays a

major role in determining the tensile strenglh, but thal il is not the only determinant.

The fact that the samples were 'natural' or'undisturbed' (and therefore age hardened)

appears to be very important, particularly when the soil is relatively wet (s > 0.70)'

The strength of cementitious bonds under these circumstances increases the tensile

strength considerably over that predicted from the model of Snyder and Miller for

recently moulded, non-cemented soils. The well-aggregated state of the soil clods

presumably increased the intra-aggregate water content relative to the inter-

aggregate water, and this reduced the proportion of water acting as menisci between

soil aggregates. Consequently the (effective) degree of pore saturation was

overestimated considerably by Snyder and Miller's model, and therefore so was the

tensile strength.

3.6 General Discussion, Summary and Conclusions

The tensile strength of natural soil clods is influenced by both the degree of pore

saturation, s, as well as by the extent of cementitious bond formation (especially in

relatively wet soil: s >0.70) and also by the state of soil aggregation (when s >0.70) .

Predictions of tensile strength based on the model of Snyder and Miller should be

restricted to recently moulded soils where neither cemenlation nor aggregation modify

the role of water menisci in response to tensile stresses. Considerable work needs to

be done to incorporate the state of aggregation and age hardening into a model to predict

the tensile strength of unsaturated, natural soils.

The fact that the tensile strength is influenced by other factors in addition to the

water content has important implications for the prediction of fracture surface

rugosily, op. ltwas hypothesized in SECTION 3.2 and3.5.1 that if air-filled pores

were sites of crack initiation under tensile stress, as suggested by Snyder and Miller

(1g85), then there should be a good correlation between op andthedistancebetween

air-filled pores. A model of soil cubes was used to predict the d¡stance belween air-

filled cracks,l , as lhe soil drained from saturalion. The results indicate that although
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6p changes in the same direction as t when the water conlent changes, they are by no

means equal (op is a linear function of 0, whereas I is exponentially related to 0)'

The model used in this thesis is a greatly simplified one, for the purposes of the special

calculations outlined above. Future work on this model, however, might investigate the

magnitude of P in order to reduce the arbitrary nature of assigning the P-values.

Alternatively, attention could be given to developing more sophisticated models (c.f-

Hadas, 1987) which might include mixtures of interconnected unit cells of different

hierarchical states or levels, ralher than restricting the distance between cracks to

single-stepped categories.

The model outl¡ned in this study shows that the estimated distance between air-

filled cracks, t, is much larger than the measured values of op (Table 3- 5). The

large difference between oF and I is accounted for mainly by the nature of the cubic

model whose cracks are forced to drain in a geometric manner, which is somewhat

unrealistic for soils. There is considerable room for improvement of the model, which

needs to be tested on a wider range of soils than used in this study. Furthermore, the

cubic model for f is based entirely on the drainage of water from cracks and takes no

account of other factors which influence the distance between weakest flaws (eg.

cementitious bonds). ln very wet soils, for example, the distance between air-filled

pores is relatively large (several mm) and these pores are usually isolated from each

other, even in well- aggregated soils. While the air-filled pores may be the weakest

flaws in the soil, (and therefore control the overall direction of the fracture pathway)

the distribution and strength of cemenlitious bonds belween air-filled pores will also

influence the way in which cracks propagate to connect the air-filled pores.

Cementitious bonds belween air-filled pores may cause a more uniform distribution of

weak (and strong) points in the soil matrix. This would have the effect, during tensile

failure, of generating cracks which could by-pass (short circuit) the air-filled pores.

The magnitude of op therefore reflects not only the distance between air-filled pores,

but also the distance between cementitious bonds that exist belween the air-filled

pores.
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SECTION 4. EFFECT OF CALCIUM ON FRACTURE SURFACE RUGOSITY

4.1 lntroduction

It was postulated in SECTION 3 that when tensile stresses are applied to

unsaturated, natural soil ctods, they fracture in a manner depending on the distance

between weakest flaws in the soil matrix. lf one examines the topography of new soil

surfaces created by fracturing soil in tension, the average distance between weakest

flaws can be deduced from a measurement of the fracture surface rugosity, op. The

fracture surface rugosity, oR, was shown to reflect the distance between air-filled

pores, and that it increases with increasing water content. lt was also suggested,

however, that cementitious bonding in undisturbed soils can exert an influence on the

tensile fracture pathway, and reduces the measure of op below estimates predicted

based solely on the distance between air-filled pores.

The degree to which cementitious bonding influences lhe d¡stance between

weakest flaws is probably dependent upon numerous factors such as the uniformity of

the soil material, clay content, clay mineralogy, exchangeable cations and organic

carbon content of the soil (Sleeman, 1963). Calcium from calcium carbonate or

gypsum, for example strongly influences the exchangeable cations in the soil and is

particularly well known for improving the soil structure (eg. soil friability - see

Shanmuganathan and Oades, 1983b) and hence workability of the soil (Loveday et al,

1970; see SECTION 2.4.5.2).

It is hypothesized that changes to the soil structure that are induced by calcium

are the result of the influence of calcium on the distance between weakest flaws in the

soil. On this basis, the method of fracture surface rugosity, which is outlined in

SECTION 3 is ideally suited for the testing of the hypothesis. The studies outlined in

this SECTION were designed to accomplish this lesting-
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4.2 Materials and Methods

A gypsum and calcium carbonate trial was establ¡shed in 1980 on a sandy loam

Natrixeralf for a separate study (reported in Shanmuganathan and Oades, 1983b) at

the Charlick Experiment Station, Strathalbyn, South Australia. The soil was in a

degraded condition. Different amounts of gypsum (CaSO+.2HZO) and calcium carbonate

(CaCOS) ranging in increments of 2 t ha-1 from 0 to 20 t ha-1 were applied and

worked into the soil on unreplicated plots (8m x 50m) and then sown to pasture. No

further additions of gypsum and calcium carbonale have been made and the soil has not

been tilled since 1980. The annual rainfall recorded during the two years that samples

were collected for this study was 500.4 mm in 1986 and 479.4 mm in 1987. The

annual rainfall in 1985 was 500 mm, prior to which no meteorological data exist

(University of Adelaide, 198B). Table 4-0 lists particle size distributions and

specific surface areas for the plots examined in 1987.

The plots were sampled in May 1986 prior to the main winter rains, and then

again in June 1987. Samples collected in 1986 were taken from the gypsum- and the

CaOO3-treated plots having application rates of 0,2,4,10, 14 & 20 t ha-1. All

samples in 1986 were analysed at the water conlents as they were found in the field'

ln 1987, however, samples were collected from only the CaOO3-treated plots having

application rates 0, 4, 10, 14 & 20 t ha-l, and lhen they were brought into the

laboratory where a range of water contenls was imposed prior to analyses. The 1986

and 1987 experiments for samples from the gypsum- and CaOO3-treated plots will be

outlined separately.

4.2.1 1986 Experiments
ln 1986, twenty soil clods were collected from positions evenly spaced in a

zigzag fashion along the full length of the plots. To obtain each clod, the top few

cenlimetres of sod were cut away with a shovel and then a large clod was dug out. A

smaller, fist-size clod was then ¡solated from with¡n the larger one by carefully

scraping soil away with a pallet knife until the sample was sufficiently small to hold in

the hands. The clod was immediately fractured in half by applying as nearly as possible

a direct tensile stress using the hands. One half was fitted into a plastic vial for

analysis of the fracture surface rugosity, on, (cf. SECTIONs 3.4 & 3.5.3.1) while
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Table 4-0

Application o/o

Rate (CaC0g) < 2pm
(t tta- 1 

)

o/o

2-53pm
o/o

>53pm
B.E.T.

Surface Area
(m2 g-1)

6.5
6.1
6.3
6.4

68.6%
51.3
60.7
65.7
61 .7

18.3o/"
13.2
1 5.1
13.2
1 4.1

otto3.1
5.5
4.2
1.1

1

3
2
2

1

2
2
2

0
4
10
14
20 24.2 1 6.4

Table 4-0: Particle size distributions (determined by hydrometer
method, and checked gravimetrically), and surface areas (determined by
the method of Brunauer et. al. 1938) for plots to which 0, 4, 10, 14,
20 t ha-1 cacos were applied.
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the other half was stored in a sealed conta¡ner with other clods from the same plot to

obtain overall or gross estimates of soil water content and soil organic carbon content

for each plot.

4.2.2 f 987 Experiments

ln 1987, a larger size and number of samples than in 1986 were collected to

allow a series of other measurements, such as dispersible clay contenl, bulk density,

plastic limit, tensile strength, penetrometer resistance and organic carbon content

(again) to be made on the same samples used for determination of fraclure surface

rugosity, op. Twenty-five large clods were collected from each of the five CaCOg-

treated plots, then carefully packed in moist, loose soil in polythene bags, and returned

to the lab. Clods were then trimmed to fist-size, wetted slowly lo near-saturation over

a period days and placed on porous ceramic plates for two weeks at one of five different

water suctions (0.5, 1.0,5.0, 10.0 or 50.0 kPa) as described in SECTION 3.5.3.1.

When water contents were established, clods were removed from the ceramic

plates and broken carefully by hand into 3-4 pieces. One piece of the clod was used to

determine penetrometer resistance and bulk density. Penetrometer force was

measured twice on each piece with lhe motor-driven steel probe used in SECTION 3.

Bulk densities were determined, also as described in SECTION 3. Another piece of the

clod was fractured by direct lension and used exclusively for analysis of fracture

surface rugosity, op. lt was placed directly into a plastic vial and allowed to air dry

several days before pouring the white epoxy compound around it as described in

SECTION 3. A third piece was trimmed with a pallet knife into a relatively round

shape, its weight (for water content) and its geometric mean diameter determined by

taking measurements across the three principle axes. lt was then fractured using

indirect tension between parallel plates (Dexter and Kroesbergen, 1985) to determine

its tensile strength. Soil from each piece of the clod was air-dried and kept for the

determinalion of dispersible clay conlent using the method of Shanmuganathan and

Oades (1983b).
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4.3 Results and Discussion

4.3.1 Results: 1986 Experiments

Table rl- 1 presents estimates of soil organic carbon content, and water content

(grav¡metr¡c basis, on single bulk samples of disturbed soil) as well as mean values of

fracture surface rugosity, op, in relation to the amount of calcium supplied by each

amount of applied gypsum and CaCO3. Standard errors for the individual water contents

and organic carbon conlents in Table Ç 1 are not presented because the data were

obtained on single replicates from bulk samples. ln any case, no significant effects

(linear or otherwise) of applied-calcium on the estimates of either soil organic carbon

content or field waler content from bulk samples were found. The constancy of both

water and organic carbon contents across all plots enabled a stra¡ghtforward statistical

analysis to be performed on the effects of calcium. The experimental design (single

replicate plots with graded steps in lhe amount of applied-calcium) made simple

linear regression the most suitable means to analyse the results. Mean values of

fracture surface rugosily, op, ârê presented in Figure ¿t- 1 as a linear function of the

amount of applied calcium for both gypsum and CaCO3 sources. The effect of calcium

added (Ca, t n"-1¡on op, is described in the regression equation:

op = 0.335 -0.0153 Ca,
(t o.oosz) (+ o.oozo)

mm ( R - 0.88, n=1 2) [4- 1]

The numbers bracketed under the coefficients in equation [4- 1], and in subsequent

equations, are standard errors of the coeffic¡ents. ln equation [4- 1] , both coefficients

are significant at P < 0.001.

4.3.2 Results: 1987 ExPeriments

Consistent with the 1986 results, no significant effect of the amount of calcium

applied on the soil organic carbon content was found. ln addition, the bulk density of

the soil clods, the plastic limit (Stakman and Bishay, 1976; Smith et al., 1985) and
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Table ¿t- 1

Compound
Added

Application Calcium
Rate applied
1t tral¡ (t ha1¡

æ
(v") (ksks-1¡

w

Mean*
Al ( 

"r)
( mm)

Gypsum

0
0.47
0.93
2.33
3.26
4.65

0.121
0.116
0.1 36
0.136
0.1 36
0.124

0.337
0.341
0.317
0.305
0.277
0.265

+ (o.ore)
+ (o.ozz)
+ (o.ors)
+ (o.osz)
+ (o.ozs)
+ (o.ozc)

1 .09
0.99
0.93
0.88

0
2
4
10
14
20

0.95
0.92

CæO3

0.1
0.1
0.0
0.1
0.1
0.1

0
2
4
10
14
20

0
0. B0
1.60
4.00
5.60
8.00

0.92
1.02
0.81
0. B7
0.95
o.87

0.376
0.305
0.267
0.276
0.238
0.230

t (o.oze)
+ (o.oze)
+ (o.ot s)
+ (o.or +)

t (o.ou)
+ (o.or +)

14
16
BO

40
45
31

Means
( + 

".".)n

0.93
(+ o.ozz)
12

0.125
(+ o.ost )
12

Table ¿l- 1 : Soil organic carbon contents, o/oOC, field water contents, w, and mean

fracture surface rugosity, Gp, of n=20 natural soil clods measure in
1986, in relation to lhe amount of calcium applied to the soil in 1980.

*V"luæ 
of op were determined using a running mean length of M=4 mm



(mm)

o.400

o.200

o.1 00

o

-LzI-

o Ca - gypsum

r Ga - lime

o.300

^6R ^

I42o
o 6

Applied Galcium (t ha-l)

F'igure 4-1. Mean fracture surface rugosity, or, of natural soil clods measured

in 1986, as a function of the level of calcium, ca, applied to the

soil in 1980.
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the dispersible clay content of the soil were not significantly affected by the amount of

applied calcium (Table 4- 2) .

By contrast to the 1986 results, however, the amount of applied calcium was

found to influence the mean water content of the soil clods at the smaller suctions

(suctions smaller than 5.0 kPa in Figure Ç2 and Table 4- 3). The effect of calcium is

not detectable at suctions ) 10 kPa, so it has acted mainly to increase the porosity in

pores >60 pm (effective cylindrical pore diameter), rather than the total porosity.

Due to the ¡nfluence of calcium on soil water conlent, and'the influence of soil

water conlent on tensile strength and penetrometer resislance (cf. Figures 9 13 & 3-

t 4) it was necessary to employ multiple linear regressions to isolate the effect of

calcium alone on soil strength. Regressions of mean values of tensile strength, TS, and

penetrometer resistance, Qp, on both the amount of applied calcium and the

corresponding mean water conlents of the soil clods (Table # 3) were performed. Thc

results are summarized in the regression equations:

TS = 9.50

(rt.ro)
-0.016 Ca

(+o.tz)

-18.31 w , kPa (R= 0.51, n=24)

(ts.os)
[4- 2j

and

Qp = 5459 + 27Ca- 25229 w , kPa ( R= 0.89' n-24)

( +q¡z ) ( +ss) ( tzze e)

[4- 3]

The w-coefficients in equations [4- 2] and [4- 3] are significantly different from zero

at 0.05 < P < 0.10 and P < O.OO1 respectively. The calcium coefficients, however,

were found to be not significant at P = 0.10 in both equations [4-2] and [4-31, thus

indicating that the soil water content had the greatest influence on soil strength-

The dominating influence of water content (over that of calcium) on tensile

strength and penetromeler resistance was also reflected in the fracture surface

rugosity data. To illustrate this influence, the vertical axis of the op versus w

function has been superimposed for convenience over the vertical axis of the o¡ versus
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Table Ç 2

CaCOg

Applicatim

Rate(t tra-1)

Calcium
applied
(t u-t¡

Mean
*

"/" OC

Mean

Po
( rg m-3)

Mean PL*

(+ sq, n)

( ks ks- 1)

Mean

% D.C,*

( of whole soil)

0

4

10

14

20

0

1 .60

4.00

5.60

8.00

(o.oz)

(o.or )

(o.os )

(0. oz )

(o.oz)

11.61

15.75

15_1 9

14.64

12.20

(t o.ss)

(t o.as)

(t o.za)

(t o.ss)

(t o.zs)

0.116

0.129

0.123

0.135

0.126

(+o.oo+, ra)

(to.oor, s)

(to.ooz, s)

(+o.ooz, s)

(to.oos, e)

1.12

1.06

1.12

1.01

1.05

1640(r ro)

1680 (r ro)

1680 (t to)

1640 (t zo)

1640 (t to)

Mean

(t s.a. )

n

1 .07

(r o.ozr)

5

13.88

(r o.eoo)

5

1 650
(r o.or r)

5

0.126
(r o.oos)

5

Table ¿l- 2:

* %OC is the mean organic carbon content of the soil; "/"DC is the mean dispersible clay

content of the soil; P6 is ttre mean bulk density of lhe soil clods.

Mean soil organic carbon contents, o/oOC, and mean dispersible clay

contents, o/oDC, and mean bulk densities, p¡, of n=25 clods as well as

mean plastic limit of so¡l measured ¡n 1987, in relation to the amount of
calc¡um applied to the soíl in 1980.
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Suction
(kPa)

o.220

o.200

o.180

o.160

o.140

o.5
1

a A

5

o
tr

10

tr

o
A

50

2

Applied Ca (t ha-l)

Mean gravimetric soil water content, w, of nalural soil clods at five

different water suctions (o= 0.5 kPa, ¡,= 1 kPa, O= 5 kPa'
o : 10 kPa, ¡: 50 kPa) measured in 1987 as a function of the
level of calcium, Ca, applied lo the soil in 1980 (cf. Table 4-3).

a

A

o

^

Ê

w

(ks ks-1)
o.12

o.f oo

I64o

Figure 4-2.
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Table ¿l- 3

Water
Suction

Calcium Applied
(t ha-1)
4.00 1.6 5.6 8.0

(kPa) (kgkgl) (

0.176t
0.1 53t
0.1 13
0.120
0.112

0.5
1.0
5.0
10.0
50.0

kgkgl)
0.214
0.1 91 ú

0.1 25
0.153
0.115

( ks kg1)

0.201
0.204
0.159
0.157
0.113

(kgkgl)
o.214
0.204
0.152
0.142
0.1 17

( kskú1)
o.212
0.199
0.155
0.1 34
0.109

* average value of water content for 4 rather than 5 clods

f average value of water content for 3 rather than 5 clods

Table ¿l- 3: Mean grav¡metr¡c soil water contents, w, at different water suct¡ons

meaJured in 1987 for natural soil clods from plots having different
amounts of calcium applied in 1980. (Mean values of w are for 5 clods,

except where indicated).
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ca function (Figure 4- 3). Data for the oR versus w function are averaged across all

five water suctions. (lnterpolations across the superimposed axes are not valid)'

The negative slope coefficient for the o¡ vêrsus Ca function (although not

significant ât P = 0.05) is cons¡stent with the results of 1986 (which were highly

significant; Figure 4- 1)despite the fact that the water content was altered in 1987'

whereas in 1986, it was relatively constant (Table 4- 1). Clearly, however, the soil

water content has an opposite, and stronger effect (significant at 0.05 <P<0.10) on

on than does the calcium in Figure4- 3). This dominating influence of soil water

content ofì op probably concealed or at least reduced the effects of calcium on o¡ . A

multiple linear regression of o¡ on both w and Ca was therefore performed on the 25

mean values of w and op (from Tables ¿l- 3 & 4'4). From this analysis, the

contribution to on made by both Ca and w is described in the linear equation:

op = 0.209

( o.æ r)

-422x10-3Ca +0.431w, mm (R=0.57,n=251 [4-4]
(r.ssrrc3) (o.tst)

The negative Ca-coefficient is significant at O.O2 < P < 0.05 and the positive w-

coefficienl at P < 0.01. Clearly, both factors have highly significant and opposite

effects orì o¡, best isolated using multiple linear regression.

As a result of the relation between theamohnÌof applied calcium and the soil

water content (Figure 4- 2), however, the 'smoothing' effect of calcium on fracture

surface rugosity, op, is probably underestimated. That is, the magnitude of the

negative slope coefficients for lhe op vêrSUS Ca regressions in Figures + 1 & 4- 3 is

probably too small. This is because the applied calcium increases the soil water

content at low suctions (Figure rt- 2) which causes the distance between the smallest

air-filled pores lo increase, and as seen from the results from SECTION 3, (cf.

Figure 3- 10), this increases the fracture surface rugosity, o¡. The calcium effect

must therefore be very strong to not be entirely concealed by the opposing water

content effect.
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w (ks ks-t¡

o.1 00 0.1 20 0.1 40 0. 1 60 0. I 80 0.200 0.220

õR=O.173+O-554W
ft=0.859,3df

o (w)

o

 .

õR= 0-272- O.OO3Ga

ft = 0.610, 3 df

(mm)

o.300

o.260

o.240

o.220

o.200

o.280

6R
A

O

o

(Ca)

^

o 1 2 34 5 6 7

Applied Calcium (t ha-l)

Mean fracture surface rugosity, or, of natural soil clods measured

in 1987, as functions of the mean gravimetr¡c waler content at the

time of fracture, w, and the amounl of calcium, ca, applied lo the

soil in 1980.

I

Fì gure 4-3.
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Table ¿l- 4

Water
Suction

0.0

Calcium Applied
(t t¡a-1)

1 .6 4.0 5.6 8.0

(kPa)

0
0

.5

.0

.0
0.

50

0
1

5
1

O6
( mm)
0.304
0.309
0.263
0.3 04
0.239

O¡
( mm)
0.278
0.317
0.255*
0.23 6
0.237

Oq

( mm)
0.249
0.265
0.277
0.221
0.219

Os
( mm)
0.243
0.293
0.224
0.213
0.259

Os

( mm)
0.285t
0.296
0.268
0.234
0.228

Mean
( t ..".)

0.284
0.014

0.265
0.015

0.246
0.012

0.246
0.014

0.262
0.014

* averag" value of O¡ for 4 rather than 5 clods

f average value of O¡ for 3 rather than 5 clods

Table ¿l- 4: Mean fracture surface rugosity, O¡ , ât different water suctions measured

in 1987 for natural soil clods from plots having different amounts of

calcium applied in 1980. (Mean values of os are for 5 clods, except

where indicated).
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4.4 General Discussion

It may not be immediately obvious why higher amounts of applied calcium

should reduce the rugosity of soil fracture surfaces as illustrated by the data of both

1986 and 1987. ln the first place, the calcium amendments were applied to the soil

six years prior to the first sampling in 1986. Usually, the applied calcium, especially

from gypsum, would be expected to dissolve and leach fairly rapidly. Under irrigated

and tilled conditions, gypsum has been shown to leach within approximately three

years, after which its beneficial effects on hydraulic conductivity usually decline

considerably (Loveday, 1976). Periodic additions of gypsum are recommended to

maintain its effects on the pore size distribution beyond this period (Chartres et al.,

1gB5). ln the present study, however, no irrigation was used, so leaching of calcium,

especially from CaCO3 (which is less soluble than gypsum) would have been slower

than under irrigated conditions. Furlhermore, the plots received no tillage after

establishment in 1980. Hence the potential existed in this experiment for longer-

lasting effects.

ln the second place, contrary to expectations (Rengasamy, 1983) the effects of

calcium were not detected in this study through measurement of the dispersible clay

content of the soil. An explanation may lie in the fact that dispersible clay

determinations were made on disturbed soil samples, whereas rugosity measurements

were made on undisturbed, natural clods. lf all the added calcium were leached by the

time sampling was started in 1986, then no differences could be expected to show up

from measurements of physical properties made on dislurbed samples. lf, on the other

hand, the improved struclure that was induced by calcium sometime shortly after

application in 1980 were left undisturbed (i.e. no tillage) improved structure might

still be left. The lack of tillage after the establishment of pasture on the experimental

site in 1980 may have enabled the slruclure crealed after the incorporation of calcium

to be stab¡lized through age hardening (Utomo and Dexter, 1981a) and cementation

processes under pasture managemenl. Had the soil been tilled each year since 1980,
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the 'blue pr¡nt might have been lost, and rugosity measurements might have revealed

no differences, just as with the dispersible clay results (Table 4- 21 .

Regardless of why a measurable effect lasted for so long on these plots, the

question still remains as to why higher amounts of apptied calcium resulted in

smoother soil fracture surfaces. To some extent, the effect of calcium ofì op may be

comparable, or similar to the effect suggested in SECTION 3 (Figures 9 13a & 3-

t3b) to be due to cementitious bonding between part¡c¡es in relatively wel soil, after

age hardening in the field. Equations Ç 2 and 4- 3 suggest that calcium was probably

not a cement, as such, because it had no significant effect on the tensile strength and

penetromeler resistance of the soit. But calcium may have been responsible for

stabilizing cementitious material (eg. clay and organic matter) belween soil particles

shortly after its application in 1980. The soil was undisturbed since 1980, and age

hardening processes in the field might gradually have stabilized the cement¡tious

material even after the calcium had been leached away. Therefore direct effects of

calcium on soil strength (as for the dispersible clay) would not be expected in 1987'

even though a 'blueprint' of the undisturbed structure would still be detected from

measurements of fracture surface rugosity.

The most likely explanation, however, as to why higher appl¡cat¡ons of calcium

resulted in smoother soil fracture surfaces lies in the differences in size scales

belween the features detected by the scanning procedure (> 0.1 mm), and the sizes of

the particles that are stabitized by calcium (< 0.1 mm). Flocculation of dispersible

clay into stable domains and microaggregates occurs in the vicinity of calcium (CaCOg

or gypsum) particles. This process, which results in a closer packing of clay particles

and the concomitant expulsion of waler from among them (syneresis), leaves gaps

(water-filled pores) in a manner similar to that described by Peterson (1947). Upon

drying, these gaps or zones of weakness become air-filled pores and hence potential

sites for crack propagation when tensile stresses are applied. Because these gaps are

so small, close together and interconnected, the rugosity of any fracture surface

running between them would be small when measured on the 0.1 mm scale used here-



- 131-

By contrast, a soilto which no CaCO3 has been added would contain more widely-spaced

zones of relative weakness, thus containing fewer sites for crack propagat¡on under an

applied stress. Failure by the concatenalion of widely spaced zones of weakness creates

a more jagged fracture surface on the 0.1 mm scale used here (cf. SECTION 3)

The different types of fracture surfaces which result from the addition of

calcium can be visualized by examining the thin sections of soil clods shown in Plate 1

of Loveday and Scotter (1966), (shown here in Figure zt- 4). Loveday and Scotter

present much smaller samples than those used in the present study, but the thin

sections in Figure Ç 4 are shown at approximately the same scale as used in the

present study. The greater interconnect¡on between voids in the calcium-treated so¡l

reduces the distance that a propagating crack would need to deviale from a straight-line

pafh across the clod. Hence a straighter trajectory can be envisaged connecting pores

in the calcium-treated soil than in the control soil. At the same time, however, if the

pore walls in Loveday and Scotter's Plate are examined closely (at higher

magnification) it can be seen that they follow a rather circuitous pathway, much more

so than in the control sample. On this basis it is proposed that lf it were possible to

measure surface micro-topography to a resolution of say 10 pm, then the rugosity of

the very same fracture surfaces would reveal a reverse picture (i.e. an increase in

rugosity with calcium application).

This sort of observation is compatible with the observation of lngles (1962a)

that
"considerable variation of rugosity is found at all levels, ... from the atomic

scale (lattice defects-'holes'-- isomorphous replacements, etc.) through the

molecular scale (dislocations, packing errors) through the microscale

disorientations, to lhe macroscale pittings, striations and serrations".

The scale at which fracture surface rugosity is determined is therefore very

important. The dependence on scale of measurement of rugosity is probably similar to

the dependence on scale of measurement of the length of a rugged coastline (see

Mandelbrol , 19771. For this reason, the scale and resolution of rugosity measurement

(0.1 mm) has been kept constant for all samples in this SECTION as well as in other

SECTIONs of this thesis.
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4.5 Conclusions

It was proposed that differences in soil structure induced by calcium should be

related to the distance between weakest flaws in the soil, and that this idea could be

tested using the technique of fracture surface rugosity, o¡. Fracture surface rugosily,

as measured on a scale of approximately 0.1 mm, appears from the resulls of this

study to be sensitive to at least two properties important to the structure and

workability of the soil, viz: the soil water content, w, and the amount of applied-

calcium, Ca.

Of the two soil properties used in this study, the soil waler content was the most

significant variable affecting the way in which soil fractured in tension. The wetter

the soil, the greater the distance belween air-filled pores (weakest flaws) and this

increased the fracture surface rugosity (cf. Equation b 4l .

By contrast, the application of calcium to the soil reduced the d¡stance between

weakest flaws and hence produced smoother fracture surfaces (cf. Figures ¿l'1 & 4- 3,

and Equation 4 41. This effect was deteclable despite the interaction at small suctions

between calcium and soil water content (cf. Figure 4- 2) which, by increasing the

macroporosity (pores > 60 ¡rm diameter), tended lo increase the distance between air-

filled pores (which tended to increase, rather than decrease o¡). lt is suggested that

the most likely explanation for the apparent 'smoothing' effect of calcium on soil

fracture surfaces is the differences in size scales between the features detected by the

scanning procedure (> O.1mm) and the sizes of the particles that are stabilized by

calcium (<< 0.1 mm).
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SECT¡ON 5. EFFECT OF ORGANIC CARBON CONTENT ON

FRACTURE SURFACE RUGOSITY

5.1 lntroduction

Fracture under tensile stress (eg. during tillage) is controlled by the distance

between weakest flaws in the soil (Braunack, et al. 1979) and it has been shown in

SECTIONs 3 and 4 that various soil properties influence this distance, which can be

estimated using the method of fracture surface rugosity, o¡. For example, at constant

organic carbon content, the soil water content may be the most significant factor

controlling the distance between weakest flaws (smallest air-f¡lled pores) in the soil.

These flaws are more widely dispersed in wet soil and much closer together in drier

soil. lt is partly on this basis that at a critical water content, w (usually equal to or

just below the lower plastic limit, PL) the spacing between the weakest flaws in the

soil is probably optimized in such a way that maximum soil fragmentation takes place

during tillage (Ojeniyi and Dexter, 1979; Utomo and Dexter, 1981b). At other water

contents, tillage produces less fragmentation of the soil and therefore leaves relatively

large clods (Dexter, 1979).

Soils having different organic carbon contents, on the other hand, exhibit

different plastic behaviour (Mitchell, 1976), due in part to the differences in water

retention, but also due to the differences in strength caused by the preferential

accumulation of polysaccharides in macropores (Foster, 1981; Oades, 1986). lt is

proposed in this SECTION that the differences in plasticity and strength commonly

caused by soil organic carbon can influence the distance between weakest flaws in the

soil, and that the differences should therefore be reflected in measurements of fraclure

surface rugosity, o¡. The following experiments outline the manner by which this

proposal was tested, using both natural soil clods as well as moulded soil disks.
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5.2 General Outline of Experiments

A 'Permanent Rotation Experiment' was established in 1924 on a Red Brown

Earth (Rhodoxeralf) at the Waite Agricultural Research lnstitute. The Experiment

includes combinations of wheat, pasture and fallow in various rotations on

A
unreplicatefpbts (90.53m x 6.71m). The soil from each of five rotations (Table $1)

provided a significant range of organic carbon content values for this study. Each

component of the five rotations is represented on one plot in any year, so the number of

samples, n, for any measurement is a multiple of the number of components in the

rotation, because all plots (ten in total) were sampled.

Four separate experiments were conducted on the soil from the Rotation Plots in

order to quantify the effect of soil organic carbon on fracture surface rugosity, on. The

first experiment (see SECTION 5.3) attempted to isolate the influence of organic

carbon on soil strength and fracture surface rugosity by looking at its effects on the soil

waler content and total porosity of natural soil clods held at a constant water suction of

10 kPa. The second experiment (see SECTION 5.4) was planned to be coupled with the

first experiment, and was designed to test whether by destruction of the macroporosity

(through moulding) the effects of organic carbon on strength and fracture surface

rugosity would be eliminated. The third experiment (see SECTION 5.5) investigated

the range of water contents over which differences in organic carbon content influence

the plastic behaviour of moulded soil, its strength and ils fracture surface rugosity.

The fourth experiment (see SECTION 5.6) used air dry and oven dry natural soil

clods, and was designed to isolate the effects of organic carbon on soil strength and

fracture surface rugosity, independently from the very prominent effects of soil water

content.

5.3 Natural Clods at Constant Suction (10 kPa)

5.3.1 Materials and Methods

Ten or eleven fist-size clods were collected in a zigzag fashion across the length

of each of the ten rotation plots. The clods were then slowly wetted to near-saturat¡on
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Table S 1

*t
Rotation
Components*

P lot
#

n "/"OC + (s.e.) PL
( kg kg-1)

WIPIF
w

W/P/P
P

w/F

5,6,7
17
18,19,20
29
34,35

33
11
33
1f
22

1.O7 +
1.29 +
1.95 +
2.45 +
0.97 r

(o.or )
(o.oz)
(o.os)
(o. r s)
(o.oa)

0.166
0.1 82
0.205
o.234
0.168

* W = Wheat, P = Pasture, F = Fallow
** Water desorption data for natural soil clods from each of the ten rotation plots are listed

in Appendlx 3.

Table 5-1 Mean soil sorganic carbon contents, "/"OC, and mean plastic limits, PL, for
different crops in the Permanent Rotation Experiment, Waite
Agricultural Research lnstitute, October, 1987. Standard errors
(+ s.e.) are bracketed.
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in the laboratory for a few days, then placed on porous ceramic plates at a water suction

of 10 kPa for two weeks. When constant water contents were established, each clod was

broken by hand into 3-4 pieces and then analysed for water content (two estimates; w,

kgt<g-t), penetrometer resistance (Qp, kPa), organic carbon content (%OC), bulk

density (p6, kgm-3), tensile strength (TS, kPa) and fracture surface rugosity (two

estimates; op, rnrn) according to the methods outlined in SECTION 3.

5.3.2 Results and Discussion

The large number of raw data for this experiment are listed in Appendix 4,

Table A4-1. Several interactive effects are apparent from the data and they may be

summarized as follows. .Firstly, soil organic-carbon content (%0C) was found to have

a strong influence on the soil water content (w, kgkg-1) of the clods at a water suction

of 10 kPa:

w = 0.137 + 0.0311 "/oOC , kgkg-l (R= 0.88, n=106)
(t o.oos) (t o.ooz)

[5- 1]

The coefficients in equation t5- 1l are significant at P < 0.001 and indicate that

increasing amounts of organic carbon increased the porosity in pores < 30¡rm effective

cylindrical diameter in soils on these plots. The organic carbon content also influences

the bulk density of the soil (Jeffrey, 1970; Adams, 1973), the relationship for the

clods in this study being:

P¡ = 1680 - 61 ïoOC , kgrn-3

(!12) (r8)
( R = 0.62, n =106) [5- 2]

The OC-coefficient is significant at P < 0.001. The clods with higher carbon content

thus had higher water contents and lower bulk densities than the clods with lower

carbon contents.
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This strong influence of organic carbon on both w and P6 made the usually-

accepted model for relating penelrometer resistance, GlO, to w and P6 (Heinonen,

1954) unusable. The accepted model is:

Qp = exp(â + bpb - CW) t5- 31

where a, b, C are constants, and it predicts an exponential increase in QO with

increasing p6 and decreasing w. Where organic carbon is also a variable, however,

such as in this experiment, the reverse picture can also be found. ln this study, for

example, a higher OC-content generally increased the penetrometer resistance of

natural clods, even though the bulk densities were lower and the water contents were

higher than for clods with lower OC-content. The well-known relationship between

tensile strength and water content (Farrell, et al., 1967) is also confounded by the

interaction between OC and w and pg. To accommodate th¡s interaction, a simple term

was computed that includes the three interacting variables, OC, w and pO. The

variables were combined in a single-product term, X, that reflects their relations to

one another. That is, organic carbon is directly correlated to the water content and

inversely correlated to the bulk density, so the interaction term was calculated as:

* =õh [5- 4]

With pb in the numeralor and w in the denominator of equation [5- 41, the interaction

term, X, also reflects the direct and inverse correlations, respectively, with soil

strength. The use of X in the analyses of the mean penetrometer and tensile strength

data from the ten rotation plots gave the relations:

q= exp(6.52 - 2.08w + 2.17 %OC+ 0.228X),kPa
(tz.ss)(tr¿.e) (t o.oa) (t o.oso)

and

( R = 0.83, n =10) [5- 5]
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TS= (44.53 - 195.0w+ 3.81 "/"OC- 1.05 X¡, kea (R= 0.95, n=10)
(te.ao) (tsr.s) (tz.sr) (to.ss)

ts- 6l

The w-coefficient in equation t5- 5] and the %OC-coefficient in equation [5- 6] were

not significantly differenl from zero at P = 0.10, but were ¡ncluded to ¡llustrate the

trends. The low significance of these terms indicates that the effect of w on QO and the

effect of "/oOC onTS are tied up in the interaction term, X, which is highly significant

in both equations t5- 5l and [5- 6].

Both estimates of fraclure surface rugosity, op, (i.e. from direct and indirect

tension methods; cf. Appendix 4, Table A4-1) were pooled in this experimenl, clod

by clod, and then averaged to obtain a mean oR-value for each of ten rotation plots. (The

same pooling procedure was used in SECTION 3 because the direct and indirect

fracture techniques produced oR-values which were not significantly different from

each other). As no known relationships exist between op and the (OC-w-pb) -

inleraction, a multiple linear regression of op on 7oOC, w and P6 from the ten plots was

performed lo determine the effects of each factor.

e= (3.75 - 2.64w + 0.01 4 "/oOC- t.S9po) , ffiffi (R=0.82, n= 10) [5-7]
(r r.rs)(t z.rs) (t o.oee) (t o.ss)

Although this equation accounls for a reasonable portion of the variance, only the po-

coefficient was found to be significant at P < 0.05. For this reason, the interaction
1

term, ¡ , was substituted in place of OC and w, which then gave the relation:

Q= (3.0s - 1.70 Pb- 0.426 i), mm ( R = 0.80, n-l0) [5- 8l

(t o.eo) (t o.sz) (r

All the coefficients in equalion [5- B] are significantly different from zero at P < 0.05
1

x'The use of rather than X, placed the water content, w, into the numerator of the

o.r ss)

interaction term, and thus better reflected the direct correlation, which has been found
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in SECTIONs 3 and 4 to exist between o" and w. The fact that the coefficient torf is

negative (instead of positive, as might be expected from the results of SECTION 3) may

indicate that the bulk density exerls a stronger effect in the interaction term. lt is

apparent from these results that the effect of organic carbon on brittle fracture is very

difficulÞto isolate from other factors with which organic carbqn' intbracts.

5.4 Moulded Disks at Constant Suction (50 kPa)
5.4.1 Materials and Methods

Soil from each of the ten plots from the five rotations listed in Table $ 1 was

air-dried at 20"C in the lab and passed through a 2mm sieve prior to moulding at a

water content of w:0.20 kgfg-1. The sieved soil was rewetted by mixing it with a

calculated amount of de-ionized water and then workíhg it with a small knife for 30-45

minutes. Moulding was meant to remove most discontinuities (macropores) and to

destroy soil structural units to sizes between 2 and 50 pm (Emerson and Dettmann,

1959; Emerson, 1968). Ten soil disks for each plot were prepared in plastic rings

(inside diameter=26 mm; height=10 mm), then saturated and placed on porous ceramic

plates for two-three weeks at a constant water suction of 50 kPa. Hydraulic contact was

established by pressing the wet disks (in their plastic rings) onto the ceramic plates

that were initially saturated. lt was found to be necessary to use 50 kPa (rather than

10 kPa, as in SECTION 5.3 ) because it was found that the moulding process

drastically reduced the cohesive strength of disks at only 10 kPa suction and they could

not be handled without plastically deforming them. The use of 10 kPa suction would

therefore have prevented the desired measurement of tensile strength, and so a greater

suction of 50 kPa was used. When equilibrium water contents were established, all

disks were fractured using indirect tension (see Plate 5-1), water contents were

determined, and then one half of each disk was arbitrarily selected and prepared for

analysis of the fracture surface rugosity, oR as follows. One of the two halves of each

fractured disk was placed flat with its fracture-face oriented vertically in a small

plastic vial filled with white epoxy (as described for natural soil clods in SECTION 3).

The epoxy hardened tor 24 hours, then the vials were bisected in a plane mid-way

between the two outer disk faces, using a diamond saw. A schematic representation of
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Plate 5-1. Soil disk being fractured by indìrect tension
between paral I el pl ates .
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the sliced profile showing the x and y coordinates of the topography of the disks fracture

surface is shown in Figure $ 1.

5.4.2 Results and Discussion

Consistent with the results for natural clods at 10 kPa (SECTION 5.3) the

organic carbon contenl had a major influence on both lhe water content and bulk density

of moulded soil disks from the same rotation plots. Not only does organic carbon conlrol

the water content and bulk density, it also modifies the lower plastic limit, PL, of the

soil (Odell, et al. 1960). The increase in the mean lower plastic limit due to organic

carbon content of the soils from the five rotations listed in Table $ 1 is shown in Figure

5- 2 and is significant at P < 0.001.

Cleafly, an assessment of the effect of organic carbon on the fracture properties

of moulded soil must take into account inherent differences in both bulk density and the

plastic behaviour of the soil at different water conlents. To this end, the lower plastic

limit serves as a convenient reference for standardizing the water conlents of different

so¡ls. Relative water contents may be calculated by using the dimensionless ratio ft

The practical significance of this ratio comes from the work of Greacen (1960) who has

indicated that the strength and plastic behaviour of soils having equal bulk density

should be similar for water contents at or near the lower plastic limit, i.e. 
"t ft = 1.0.

For disks held at a water suction of 50 kPa, the relations between water content

and organic carbon, and between bulk density and organic carbon content were described

in the respective equations:

w = ( 0.1 21 + 0.O421 %OC), kd(g 1

(t o.oos) (r o.ooz)

ard

Pu = ( 2O4O ' 177 "/oOC), kg m-3

(t 30) (t rs)

( R=0.99, n=10)

(R=0.96,n=10)

[s- s]

[5- 101



- 143-

X1 X¡ xn

Yr Yl vn

FRACTURE SURFACE

Cross-sectional profile of a soil hemi-disk illustrating the scanning
procedure used to obtain the Carlesian coordinates (x¡,y¡) of the

topography across the lransect of the soil fracture surface.

1/2-SO|L DIS

Figure 5-1..
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o.240
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o.230 F-l- - 0.122 + 4.49x1o-2oc

o.220

(5.33x10-3) (3.24x10-3)

R = O.992,3 dt

o.210
o

o.200

o.190

o
o.180

o.170
o

o.160

ç 1.O 1.2 1.4 1.6 1.8 2-O 2-2 2-4

% organic carbon in soil (kg rg-t¡x10o

Figure 5-2. Mean lower plastic limit, PL, as a function of the mean soil organic
carbon content, "/oQC, from the Permanent Rotation Experiment,
waite Aqricultural Research lnstitute, oct., 1987 (cf . Table 5- 1 ) .
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The OC-coefficients in equations [5- 9] and þ- 101 are both significant at P < 0.001.

For this reason, the interact¡on lerm, X, (equation [5- 4])was used lo characterize the

combined effects of OC, w and p6 on tensile strength, TS:

TS = [- ros.o + 6e.opo + 40.3Ë -2.21 x
\.
(r ss.e) (t zs.e) (t er.a) (t o.er)

)
kPa ( R=0.81 , n=10) [5- 1 1]

The relative water content term, Ë,'n equation [5-11] is not significantly

different from zero at any reasonable level of probability. The reason for this can be

seen in Table $ 2, which shows that the ftvatues are all virtually the same, and

furthermore they all correspond to values practically equal to their plastic limits

ft= o'ss (t o.oos)'

It was not intended in this experiment that the water suction should correspond

so closely with the suction at the plastic limit of these soils, but the results shown in

Table * 2 are nonetheless quite informative with regard to the fracture surface

rugosity data. lt can be seen that the mean o;vâlues for each of the ten Rotation Plots

are completely indistinguishable from one another and have an overall average value of

on = 0.211 + o.oo¿ mm. (A photograph of all the fracture faces is shown in Plate 5-2 to

illustrate the visual similarities despite the noticeable differences in shade (actually

colour) between the disks from different plots). This would indicate that there is a

common average distance between weakest flaws in moulded soil, which occurs at a

water content equal to the lower plastic limit.
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Table 5-2

Rota

tim
Ptd#

Mean Mean Mean*

æ PL w(@s0kPa)

(ï"1 (kskg1) (ksksrl)

Mean*

Pg

(kgm1

Mean
w
PL

( mm)

*
Mean

# ( s.e.)

(m m)

5
6
7

17
18
19
20
29
34
35

0.97
1.07
1.18
1.29
1 .80
2.01
2.04
2.45
0.98
0.97

0.168
0.163
0.167
0.182
0.196
0.209
0.209
0.234
0.167
0.169

0.1 65
0.1 67
0.1 65
0.177
0.196
0.203
0.206
0.229
0.1 63
0.1 65

1880
1 870
1 900
1780
1720
1 670
1 690
1610
1840
1840

0.9 8
1.02
0.9 9
0.97
1.00
0.97
0.99
0.9 8
0.9I
0.98

0.221
0.195
o.221
0.221
0.223
0.202
0.195
0.214
0.200
0.218

+ (o.oza)
+ (o.or z)
+ (o.or s)
t (o.or s)
t (o.ore)
+ (o.or e)
+ (o.oro)
+ (o.or s)
+ (o.or a)
t (o.ot s)

Mean = 0.99
+ s.e. = (o.oos)

0.211 mm
(o.oon) mm

* raw data for this Table are listed in Appendix 4, Table A4-2, along with tensile
strengths on a disk-by-disk basis.

Table 5-2. Physical and chemical properties of soil from the ten Permanent Rotation

Plots in relation to the mean fraclure surface rugosity, op, of moulded
soil disks held at 50 kPa water sucl¡on prior to fracture.
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Fracture faces of soiì hemi-disks from ten different
permanent Rotation Ptots at the waite Institute, which
were held at a suction of 50 kPa.



P lot
# "/Ðc
5 0.97

3 5 0.s7

3 4 0.98

6 1.o7

7 1.18

17 1.2e

18 1.80

1 9 2.O1

20 2.O4

29 2.45

Disk Numbers
3456 7 I 9 1012
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5.5 Moulded Disks at Different Water Suctions

5.5.1 Materials and Methods

Soil was collected from two of the ten plots from the five rotations listed in Table

5- 1, both plots having markedly different management pract¡ces. One of the plots

(#29) was under permanent pasture (P) management, while the other plot (#35) was

in a wheaVfallow (WF) rotation. Soil from each plot was air dried at 2OoC ¡n the lab

and passed through a 2 mm sieve prior to moulding at a water content, w=0.20 kgt<g-1.

Seventy soil disks (diameter = 25.5 mm; thickness = 10.0 mm) from each of the two

plots were moulded. They were lhen divided into groups of ten disks, saturated and

brought to seven different water contents by either placing them (in the rings) on

porous ceramic plates for two-three weeks at one of five different water suctions (0.1,

1.0,5.0, 10.0, or 50.0 kPa), or by air-drying them at 2OoC for seven days

(assurn¿d{o þ f OTkPa¡, or by oven-drying them at 1O5oC for 2 days (assumeol þþ

tOs fea¡. Samples were weighed to determine watercontenls and then penetrometer

resistance was measured on all disks (except the air-dry and oven-dry disks) prior to

breaking them in half manually (see Plate 5-3). Fracture was accomplished by

applying as nearly as possible a direct tensile stress belween the fingers. lndirect

tension was not possible on the wetter samples, because they lacked sufficient cohesive

strength to wilhstand the compressive stress in a loading frame. The air-dry and oven-

dry disks, on the other hand, were too strong to be broken from direct tension by hand,

so they were fractured using indirect tension between parallel plates (Dexter &

Kroesbergen, 1985). One of the two halves of each disk was arbitrarily selected for

measurement of fracture surface rugosity, oR , bv the methods described previously,

while the other half was kept for photography of the fracture faces.

5.5.2 Results and Discussion

Raw data on a disk-by-disk basis are listed in Appendix 4, Table A4-3. As

found in SECTIONs 5.3 & 5.4, the dramatic effect of organic carbon on water content

and bulk density of the soil complicates an assessment of the penetrometer and rugosity
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Plate 5-3. Measurement of penetration resistance, Q
I aboratory penetrometer.

p , with a



-150-

data of moulded soil disks. At the same seven water suctions that were used in SECTION

5.3.2, the disks from the high-OC soil (plot #29) have substantially higher mean

waler contents, w , and lower mean bulk densities, pO, than the disks from the low-OC

soil (plot #35) as seen in Table 5- 3. The mean difference in bulk density of disks due

to organic carbon, berween plot #29 and #35 is -170 kgm-3 (s.e. = 10 kgm-3, n=7,

significant at P < 0.001). The difference in watercontent between plots #29 and

#35, however, was dependent on the waler suction, but approached a constant difference

at suctions wetter than 5 kPa ( Figure $ 3) .

As indicated in SECTION 5.4.2 the strength and plastic behaviour of soils

having equal bulk density should be similar for water conlents at or near the lower

plastic limit (cf. Greacen, 1960), that is, at ft= f .OO. Fortwo soils having

difterent densities, however, a plot of strength versus ft should show that the line

for a soi! having the higher bulk density will lie above, yet parallel to, the line for the

same soil having a lower bulk density. Greater strength at higher bulk densities (and

equal water contents) is due primarily to reduced porosity and a greater number of

particle-to-particle contacts (lngles, 1962c). Mean penetrometer resistance

(log.,oQO, kPa) is presented in Figure S 4 as a function of the relative water content,

ft tor moulded soil disks from the two rotation plots (#29 and #35) having different

organic carbon contents. Comparison of the slopes of the two intersecting lines reveals

that they are significantly differenl from each other at P<0.01.

Disks from plot #29 had signíficantly lower bulk densities than those from plot

#35, and would therefore be expected, with all things equal, to show a line lying

parallel to, and below that for plot #35 (hypothetical dashed line in Figure + 4). Plot

#29, however, also had a considerably higher organic carbon content than plot #35. ¡t

is therefore possible, as shown with arrows in Figure S 4, that the organic carbon

caused the strength-line to swing upward to a level above that expected from ils lower

bulk density. Crossing of the two lines, which occurs 
"t ft =0.9, is consistent wifh the
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Table S 3

Water

Sr.¡ctiqt

( kPa)

Plot #29- ( P)
(H¡ghoc)

Mean w' Mean Po* 
*

( kgkg1) ( kgnr3)

Plot # 3s- ( w/ Ð
( Lo¡r- OC) Differenoes

Mean w* Mean Po'* Aw 
^Pb(kgkg1) (ksm-s¡ (kgkgt¡ 1rsm-3¡

0.1
1.0
5.0
10.0
50.0

0.276
0.265
0.250
o.243
0.1 86

0.017
0.000

1 660
1650
1 650
1640
1 650

0.201
0.189
0.1 B5
0.1 76
0.149

1 850
1 820
1 800
1840
1 830

0.075
0.076
0.075
0.067
0.037

-190
-170
-150
-200
-180

107 (AD)

r o8 1oo¡

1610
1610

0.013
0.00 0

177 0
1 760

0.004

0.000

-160
-150

* s.e. for mean w-values are all ( o.ooz kgkg-1, with n = 10 disks

** s.e. for mean P5 values are all ( lo 1€m-3, with n = 10 disks.

Table 5; 3. Mean gravimetric water contents, w, bulk densities, P6, of moulded soil

disks having either high or low soil organic carbon contents, "/"OC.
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4 20-2-4I
(o.D.)

(A.D.)

tt

logro lw- (kPa)I 

-n "tterÞ

Fìgure 5-3. Difference in mean gravimetric water content, Aw, between soils

of high organic carbon and soil of low organic carbon contenls' as a

function of the soil water suction (loorol'lrn ' kPal)'
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. PLOT 29

log',oQp = 6'84 - 3'88(w /P_Lï

R = 0.987

r PLOT 35

logroõp = 9.43 - 6'81(w/F-L)

R = 0.977

logleQp

(kPa)

4.OO

3.OO

2.OO

1.OO

A

o9o
O

.a ^ a

^ o'\f"\
\"

(PL)

ç 1.20o.80 o.90 1.OO 1.10

(w/Þ[)

F.igure 5-4. Mean penetrometer resistance (log.,oQO, kPa) for moulded soil

disks (n:10 disks for each point on the graph) as a funclion of the

relative water contents of the disks at the time of tracture (ft)

for plof 29 (%OC=2-45/"; po=1650 kgm-3¡, "/" for plot 35

(%oc= o.g7"/"; po:1830 kgm-3¡. The dashed line parallel to

the plot-35-line is hypothetical.



commonly observed fact that high-OC soils are stronger when wet and weaker when dry

than low-OC soils (Koolen and Kuipers, '1983; Davies, 1985).

Analysis of the rugosity data indicates that even after moulding, there is still a

significant positive correlation belween o¡ ând w, similar to that found with natural

soil clods in SEGTION 3. Organic carbon, however, evades a simple analysis because it

appears lo exert its influence only indirectly on fracture surface rugosity, primarily

through its control over the bulk densities, water contents and their consequent effects

on the plastic behaviour of the soil. The mean fracture surface rugosity, op for soil

disks is shown in Figure + 5 as a funclion of the mean water content for soil disks at the

time of their fracture. (Raw data are listed in Appendix 4, Table A4'3). The

linear equations for the op vêrsus w relations for plots #35 and #29 respectively are:

= (- 0.014 + 1.20 w), mm

(ro.øs) (to.z)

= (0.088 + 0.428 w),

(t o.osa) (t o.zts)
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( R = 0.93, n=5)

mm (R=0.75,D=5)
and

Ops

Op
æ

[s- 12]

[5- 13]

Over the range of water contents common to both lines in Figure S 5, the low-OC soil

(plot #35) generates fracture surfaces that are considerably more rugose than the

high-OC soil (plot #29). That is,op* is between 0.035 and 0.055 mm larger than

o¡ over the range of mean water contents from w = 0.180 to 0.200.
æ

For two main reasons, however, the effect on op shown in Figure $ 5 cannot be

attributed directly to the organic carbon contenl. Firstly, the mean bulk densities of the

two plots were quite different, and, secondly, their plastic limits were also significantly

diff erent.

With regard to the differences in bulk density, equations [5- 7] and þ- 8l

suggest that on-values, at least for clods, should decrease at higher bulk densities. That

is, zones of relative weakness are closer together in denser soils. Dense and compacted

soils lack the macropores and other major flaws, which more friable soils, having
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o

(35)

^
'o

o

(2e)

a

po Effect
A

o
A

ç
0.120 0.140 0.160 0.180 0.200 0.220 0.240 0.260 0-280

w (ks rs-t¡

Figure 5-5. Mean fraclure surface rugosity, o*, of moulded soil disks held at

dif€"*^l water suction¡,as a function of the mean gravimetric water

content at the time of fracture, w-



-1 56-

lower bulk density conlain. \,'/nite the tensile strength of high-po soils is greater,

(see results for oven-dry, air-dry, and 50kPa in Appendix 4, Table A4-3) the

pores which connect to form the fracture pathways are smaller and more un¡formly

distributed. 4s pu increases due to compaction and shear, the remaining pores become

smaller and smaller, until in the limit, only pores between primary particles ex¡st, all

of which are very close together. Hence the fracture faces of very dense soils should be

almost as smooth as the structural arrangement of primary particles.

Considering the issue of bulk density alone, the oR-line in Figure $ 5 for plot

#29 (low-po) should therefore have fallen above, and possibly parallel to the op-line

for plot #35, as indicated with the dashed hypothetical line in Figure S 5. The reason

for the shift of the hypothetical dashed line to its position determined by the data of plot

#29 in Figure 5-5, is notyet understood. One may speculate, however, that at

constant bulk density, a soil matrix conta¡ning its weakest pores in a certain size range

will be uniformly strengthened by higher levels of OC, as suggested by Quirk and

Panabokke (1962) and by Williams et al (1968). Polysaccharides, which are an

important group of compounds responsible for stab¡lizing aggregates, tend to be

preferentially located in coarser pores (Foster, 1981). They are located in the coarser

pores because the biota that produce the compounds proliferate best in an aerobic

environment (Sequi, 1978; Oades, 1986). The increase in strength of the soil between

these pores due to the polysaccharides, prevenls them from being the weakest pores any

longer (Williams et al, 1968), and so pores of a smaller size range, closer together,

become the weakest points in the malrix. This implies that while large pores exist in

high-OC soils, they may be effectively prevented from acting as weak points by a

'short-circuiting' effect of smaller pores, which are closer together.

With regard 1o the differences in the plastic limits between the two soils (PLgs

= 0.169, PL2e = 0.234), it may be significant that the two soils have exactly the same

oR-value (on = 0.188 mm) where their respective plastic limits cross the op versus

w lines of Figure $ 5, as illustrated in Figure 5- 6a. Using relative water contents,

ft, to normalize the effect of OC on w, it is seen in Figure $ 6b that the op u"ttr. ft
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Figure 5-6. Mean fracture surface rugosity, o*, of moulded soil disks held at

{;{f"re,t wafer suction5, as a function of (a) mean gravimetric water

conlent, w, and (b) relarive water content, O,-L, wltfr

reference to the lower plastic limits of plots 29 (high %oc) and

Plot 35 (low %OC)-
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lines intersect at exactly ft= r.oo. The normalized functions of op v€rsus fttot
plots #35 and #29 have respective equations:

e--= (- 0.014 + 0.202 #, ffiffi
35

(t o.ons) (r o.oro)

(R=0.93,n=5) [5- 14]

[5- 15]
ard

e-^= (O.O8S + O.1OO ff, mm
29

(R=0.75,n=5)

(r o.osr) (r o.osr)

The coefficients of ft in 
"qr.tions 

[5- 14] and t5- 15] have respective significance

levels O.O2 < P < O.O5 and 0.10 < P < 0.20. As the negative intercept of equation þ-

141 suggests, these linear equations are probably valid only in the relative water

content range O.8O <Ë=,.20, belowwhich the oçvalues level off to some positive

intercept. That is, the fracture of oven-dry soil will not produce perfectly smooth

surfaces.

The slopes of equations [5- 14] and [5- 151 are not quite significantly different

from each other at P=0.05, but despite this fact, the intersection of the two lines at the

value of ft =f .00 is instructive, because it provides a clue about the role of OC during

fracture of soils at water contents surrounding the plastic limit. ln the range of brittle

fracture fË. 1.0), the higher content of OC (plot #29) generates more rugose

fracture surfaces (higher o¡values) relative to the lower content of OC (plot #35)

for soil that is drier than the plastic limit. The difference in op due to OC (in the

brittle-fracture range, å.t.0) persisfs for water contents down to the air dry state.

For the air-dry relative water content, ft= O.OZS, the osvalue for plot #29 was

0.141 (t o.orr)mm, whereas that for plot #35 was only 0.131 (t o.oro)mm (not shown

in Figure 5-6). ln the range of semi-plastic fracture, 1.0 . å < 1.2, the higher

content of OC generates relatively smoother fracture surfaces (lower opvalues) in

soil wetter than the plastic limit in comparison to the lower content of OC (Plot #35).

It is recognized from Figure Í 6 that most of the data points lie above the plastic

limit (i.e. åt ,.0), which suggests when the soil disks were broken by direct tension
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in the hands, that fracture might not have been brittle. On the other hand, the soils

were left on the ceramic plates for long enough to age harden at constant temperature

and water content (cf. SECTION 7), and so they were sufficiently strong to be held in

the hands to break them. Only at the very wettest suction, 0.1 kPa, did the disks deform

when fractured, and only the disks from the low-OC soil exhibited plastic flow after

fracture (See Plates 5-4a and 5-4b). So the moulded soil (after age hardening)

exhibited brittle behaviour in the zone labelled 'PLASTIC FAILURE' in Figure 5-6b.

Brittle behaviour is not uncommon for age hardened soils at water contents of ft > f .0.

5.6 Air- and Oven-Dry Natural Clods Experiment

5.6.1 Materials and Methods

A number (ranging from B to 17) of fist-size clods from the 10 rotat¡on plots

were trimmed with a pallet knife into relatively round shapes and then either air dried

in the lab for seven days at 20"C or else oven dried for two days at 105'C. The

geometric mean diameter of each clod was calculated from measurements of the three

principal axes and then each clod was fractured using indirect tension to determine its

tensile strength. The water content was measured (for air dry samples) and one half of

each broken clod was arbitrarily selected and prepared for fracture surface rugosity

analysis.

5.6.2 Results and Discussion

With no water present (oven dry), the interactive effects of w and OC are non-

existent, leaving only OC and po as significant variables. Raw data for this experiment

are listed in Appendix 4, Table A4-4. Analysis of the data according to the rotation

groups listed in Table $ 1, indicates that the mean tensile strength of oven-dry clods

was reduced by increasing levels of organic carbon, and increased by higher bulk

densities.

TSop= (97.8 - 12.5 %OC), kPa
(t a.s) (t s.o)

and

( R= 0.82, n=5) Is- 16]
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plate 5-4a. Fracture faces of soil hemi-disks from Plot #35 (low %0C)t

wh.ich were held at seven d'ifferent suctjons prior to
fracture.
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Plate 5-4b. Fracture faces of so'il hemi-disks from Plot #29 (high %0C),

wh.ich were held at seven different suctjons prior to
fractu re .
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T56= (-303 + 240 P6), kPa

(t rzo) (t 7s)

(R=0.88,n=5) Is- 17]

Due to the high var¡abil¡ty in these oven-dry results, only relat¡ons grouped by

the five rotations l¡sted in Table 5- 1 were significant. Grouping in this way, however,

decreased the degrees of freedom in regression too low, so only simple linear

regressions were performed, as in equations þ- 161 and [5- 17]. Hence although an

interaction usually exists between organic carbon and bulk density, it has been

purposely excluded in equations [5- 16] and [5- 171. The coefficients for OC and pO are

significant at 0.05 < P < 0.10 and 0.02 < P < 0.05 respectively.

The rugosity data showed an opposite trend to that of tensile strength, namely

that increasing levels of OC increased the opvalues, and higher P6 reduced the q

values.

and

op.o= (0.171 + 0.0243 o/oQC), mm

(t o.oos) (t o.oosz)

Q6= ( 0.943' 0.46ZPo), ffiffi,

(t o.oer) (r o.ozo)

(R=0.94,n=5)

(R=0.88,n=5)

Is- 18]

[5- 1s]

The coefficients of %OC and P6 were significant at 0.01 < P < 0.02 and P < 0'001

respectively.

Results for the air-dry clods were similar, but appeared to be affected by

the presence of water. While still directly proportional to the organic carbon contents,

the water contents of the air-dry clods from the 10 rotation plots all fell within a very

narrow range (1.0 - 1.8%). Hence, although the range in w due to organic carbon was

insufficient to directly affect the tensile strength of the soil clods, the effect of water

content was still present by way of the interaction, X, with OC and Pg. The mean tensile

strength of air-dry clods, TSno, kPa, from each of the ten rotation plots as a function of

the mean organic carbon content, OC, and its interaction X is described by the linear

relation:
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TSao= (2OO - 51 %oc- O.SSX), kPa

(t ss) (t zr) (t o.zs)

( R - 0.67, n=9) [5- 20]

The coefficients in equation t5- 201 are each significant at 0.05 < P < 0.10.

The effect of mean water content, w, on the mean fracture surface rugos¡ty of the

air-dry clods, oRAD, was similarly negligible on its own, yet significantly tied to the

interaction with organic carbon and bulk density, f, ", 
,".n in the linear equation.

Q¡o = ( 0.390 - 0.168 o/oOC+ 14.6 +- 9.6 w) , ffiffi ( R=0.68, n=5)

(t o.tos) (t o.oze) (* 7.3) (t 7.3)

Is- 211

The coefficients of oh}CanOf are significant at O.O5 < P < 0.10, whereas the w -

coefficient is not significant, even at P = 0.20. No explanation is offered here as to why

the Oc-coefficient is negative rather than positive in sign as expected for fracture at

water contents below the lower plastic limit.

5.7 General Discussion of lnteractions

One of the purposes of conducting these fracture studies on both natural clods and

moulded soil disks was to assess the role of macropores as distinct from that of organic

carbon on soil fracturing. lt was found, however, that the interactions of OC with w and

po make this assessment very difficult whenever water is present, and especially at

water contents surrounding the plastic limits. lt may still be possible from the existing

dafa, nonetheless, to separate the individual roles of macropores versus organic carbon.

Using comparable results for oven-dry and air-dry soil clods and moulded disks (Table

5- 4), it can be seen that moulding increases the bulk density of the soil, and this is

probably responsible for the approximately fourfold increase in tensile strength in both

oven-dry and air-dry soils (Williams, et al. 1967). Moulding eliminates the natural

planes of weakness and causes a reduction in os. The reduction in os after moulding is

consistent with the fact lhat in higher density soils the pore sizes are usually smaller,

more uniformly distributed and therefore closer together.



-164-

Table S 4a (Oven Dry SamPles)

Plot # ---Natural Soil Clods-'-
&p6TSq

w (tsa,n) (tsa,n) (tsa,n)
( %OC) ( kgk$ 1¡ 

1 rs m- 3¡ ( kPa) ( 
'm)

--- Moulded Soil Disks---
wP6TSoq

(ts.,n) (tsa,n) (*a,n) (tsc-,n)
( ksk$ 1) ( kg m- 3) ( kPa) ( mm)

29
(2.45"/ol 0

35
( 0.e7%) o

69.55 0.231
( +o.so, rs) (+o.or q r r)

1 540
(+ zo, r t)

1640 116.48 0.179
(t zo,r o) (t rr.r q r o) (t o.or q r z)

1 61 0 324.44 0.1 23
(+ s, ro) (+s.i q ro) (t o.ooq t o)

1760 387.18 0.145
(r ro, r o) (+ ro.az, I o) (t o.or e t o)

0

0

Mean 0 1 590 93.02 0.205 0 1 690 355.81 0.134

Table 5- 4b (Air-Dry SamPles)

Plot # ---Natural Soil Glods---
&wP'TSq

(tsa,n) (ts.,n) (tsa,n) (tsa,n)
( %OC) ( kgkg- 1¡ 

1 rg m-3¡ ( kPa) ( 
'm)

--- Moulded Soil Disks--'
wP6TSop

(tsa,n) (tse,n) (tsa,n) (tsa,n)
( rg¡(g'1) ( kg r-3) ( kPa) ( tt)

29
(2.45"/ol 0.018 1540 61.69

(+o.oot, r s) (t zo, r r) (+e.lz, rs)
0.244 0.017 1610

(+o.ozr, r z) (t o.oæ2, ro)(l ro, t o)

252.77 0.141
(+z.zq ro) (+ o.or q I o)

35
(0.97%) 0.014 1640 98.85 0.216

(+o.oø, r e) (t zo,r o) (t to.e r, r o) (t o-oz q r o)

1770 293.56 0.131
(t ro, r o) (t e.ro, ro ) (t o.or r, r o)

0.013
(t o.o oz, to )

Mean 0.016 1 590 80.27 0.230 0.015 1690 273.17 0.'t36

Table 5-4. Mean gravimetric water contents, w, bulk densities, Po, tensile slrengths, TS,

and fracture surface rugosity, op, of natural soil clods and moulded soil disks having

either high or low organic carbon contents, %OC for (a) Oven-Dry samples and

(b) Air-Dry samples.
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lncreased organic carbon content appears to increase the fracture surface

rugosity in all cases except in the oven-dried, moulded disks (which had considerably

higher tensile strengths; Table $ 4a). lt is possible that as the high-organic-matter

disks dried in the oven at 1OsoC, the organic matter acted as a glue or cement holding the

particles together. This cementing process may be responsible for the smoother

fracture surfaces, just as would any process which reduces the distance between weakest

flaws. lt is therefore concluded that higher organic carbon levels increase the rugosity

of soil surfaces generated by fracture at water contents below the plastic limit.

Clearly the effect of organic carbon on the dispersion of flaw strengths in the soil

is inseparably tied to the soil water content. High-OC soils have a greater macro-

porosity relative to low-OC soils. At high water contents lhere are more air-filled

(drained) pores in the high-OC soil, and so zones of weakness are relatively closer

together than in the low-OC soil. That is, the concentration of weakest flaws is greater

for the high-OC soil, which therefore produces smoother fracture surfaces under

tensile stress. This explains why the o, versus ft f ine in Figure 5- 6b for plot #29

(high OC) lies below that for plot #35 (low OC) 
",ft>1.00.

A higher concentration of weakest flaws (such as for plot #29 over the range

ftrt.00) does not necessarily imply fhat the soil strength is lower than in a soil with

a lower concentration of weakest flaws (plot #35 at ft>1.00). That would only be so

in the special case where the weakest flaws in both soils were of the same strength. ln

the present study, organic carbon probably coats the larger pores (Carr and Greenland,

1972\ giving them greater relative strength while wet than in the low-OC soil (Figure

5-4).
As the soil becomes relatively dry (e.g. ft... 1.00), the dispersion of flaw

strengths probably changes as a result of the content of organic carbon in the soil. The

low-OC soil has a higher bulk density, consisting mainly of micro-pores (cf. Appendix

3; Figures A3-1 and A3-2), all relatively close together by comparison to the high-

OC soil. Fraclure by the concatenation of these micropores should therefore produce
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smoother fracture surfaces than in the high-OC soil. Furthermore, with less organic

carbon in the soil, there is greater inorganic cementation upon drying, and therefore

higher strength due to increased particle-to-part¡cle contact (Kemper et al-, 1987)-

Hence organic carbon tends to reduce the strength of soils at water contents below the

plastic limit, while at the same time increasing the rugosity of fracture surfaces.

Thefrresults for #.t.00 quantify the visual observations made many years

ago by Chapman (1927) who described in detail the fracture characteristics of air-

dried clods from low-OC and high-OC soils:

,'All crumbs of the low-OC plot bore sharp edges and were inclined to break in

two directions or when deviating from this, break with a chonchoidal fracture.

These crumbs appear more like minerals or other substances of nearly_constant

chemical cornpoäition throughout their mass. ln the case of the high-OC plot the

crumbs were rounded and-irregular, far more granular in slruclure than the

low-OC plot."

5.8 Overall Conclusions from Organic Carbon Content Experiments

The four groups of experimenls conducted in this study all confirm that the

organic carbon content of the soil has a very strong influence on the bulk density and the

soil water content, with the consequence that whenever the organic carbon content of the

soil is not constant, the soil strength and fracture surface rugosity, O", cannot be

assessed as a single function of the bulk densily and the soil waler content. lnstead, an

additional interaction term needs to be included that reflects the correlation among

organic carbon, bulk density and the soil water content. Progress in separating the

effects of organic carbon from those of density might be made by repeating the disk-

experiments after disks have been compacted to different porosities in a consolidometer.

As shown in Figure 5; 2, the plastic behaviour of the soil is also strongly

influenced by the organic carbon content. For this reason, the lower plastic limit should

be used to standardise the water conlents of soils having different amounls of organic

carbon. The relative water content, ft, raraa as a convenient reference scale for

assessing the effects of organic carbon on soil strength and fracture surface rugosity'
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Water contents surrounding the lower plastic limit of the soil play a very important

role. For example, if soils having very different organic carbon contents and bulk

densities are fractured at their respective (different) plastic limits, (ft=f .OO¡ then

they can produce similar values of soil strength (Figure S 4) and exactly the same

values of fracture surface rugosity (Figure 5- 6) . Different trends, however, develop

ior relative water contents above and below ft=f .OO. For example, in this study, at

constant water content, a higher organic carbon content tends to reduce the soil strength

(relative to lower OC content) at water contents that are below the Rlast$limit

(actually #. 0.90, Figure 5- 4), whereas the reverse situation occurê/t-nãplastic

lim it.

The results of this sludy, and of the studies in SECTIONs 3 & 4 suggest that

differences in soil strength caused by different soil management practices (e.9. calcium

additions, crop rotations, etc.) can be explained on the basis of the different dispersions

of flaw strengths they create. The technique of fracture surface rugosity, op, oullined

in this study is potentially quite suitable for evaluating different soil management

practices. The technique should, however, take into consideration the dominat¡ng

influence of the so¡l water content on soil fracture. For example, the fracture

behaviour of different soils is very similar at the lower plastic fimit (ft=1.00), so

evaluations should be made at water contents well-below the lower plastic limit of each

soil.
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SECTION 6. MELLOWING OF MOULDED SOILS THROUGH

RAPID WETTING

6.1 lntroduction

It is possible to improve the structure of many soils through good soil

management and use of crop rotations (Tisdall and Oades, 1980b). While this may be

true for many soils, it is not the case for every soil. For example, it was shown by

Stone, et al. (1985) on a poorly-structured, heavy-textured soil in southern Canada

that even after twenty-five years of crop rotation with fertilizer applications, no

changes is structure had occurred and no differences could be found in any

measurements of soil structure (eg. wet aggregate stability, bulk density, air-filled

porosity at 4 kPa suction, turbidity index (Davidson and Evans, 1960) and

instability index (Allen, 1984)). Crop rotations on soils which might be improved

by them is also not always feasible, and so other ways to improve the structural

condition of degenerated soils need to be considered.

It is known, for example, that improvement of soil structure sometimes

occurs naturally in heavy clay subsoils when significant drying and shrinking takes

place (McGowan, et al. 1983). Rapid wetting, on the other hand, is also an important

process for causing soil cracks. lt is known to be responsible for both the slaking of

soil aggregates (eg. Panabokke and Quirk, 1957) as well as the mellowing of moulded

soil (Dexter, 1983; McKenzie and Dexter, 1985).

As indicated in SECTION 2, mellowing of soils (which is considered by

McKenzie and Dexter (1985) to be partial slaking) occurs when microcracks

pervade the soil during rapid wetting, but only when the soil is initially very dry.

Wetter soils have already experienced sufficient crystalline swelling, and will

therefore experience minimal disruption upon further wetting. Limited knowledge is

available on how dry soils must become, or how rapidly they must be re-wetted

before significant microcracking will occur. Furthermore, most studies on rapid

wetting have looked at the stability of only natural aggregates, and so their results
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apply mainly to newly prepared seedbeds. With the exceptions of Telfair, et al.

(1957) and Nagahori and Sato (1970), little attention has been paid to the use of

water in generating structure in compacted and moulded or puddled soils.

Two main mechanisms are responsible for the mellowing of soils during rapid

wetting, viz: (1) air entrapment and (2) differential swelling. As indicated in

SECTION 2, however, lhese two mechanisms have been widely studied, and yet a

consensus on the relative significance of each in causing aggregate disruption does not

exist. The reason for this is that both mechanisms occur at the same time during

wetting (Bonneau and Levy, 19B2land Bolt and Koenigs (19721have suggested that

"an aggregate destroyed by air explosion will slake and thus become better accessible

for the swelling action of water on the fractured elements." This suggestion of Bolt

and Koenigs is of fundamental importance in understanding the soil mellowing

process. Yet it has never been tested in reference to the tensile strength and

mellowing of soils, especially of moulded, or structurally degenerated soils.

Two studies on the rapid wetting of moulded soils were designed to address the

problems outlined above. The first study (see SECTION 6.2) was designed to

investigate the extent of drying necessary to make moulded soil susceptible to the

effects of rapid wetting, and further to determine how rapidly it must be wetted in

order to cause mellowing. ln this first study, lhe degree to which the rapid wetting

process changed the distance between weakest flaws was also investigated.

The second study (see SECT¡ON 6.3) had the objective of quantifying the

effects of air entrapment as distinct from those of differential swelling on the tensile

strength of moulded soils, and to determine the extent to which the nature of the two

processes are augmentative, or'synergistic', aS suggested by Bolt and Koenigs

(1e721.
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6.2 Experiments on Limits of Drying, and Rates of Wetting in the

Mellowing Process

6.2.1 Materials and Methods

Two agricultural topsoils in South Australia were used for this study: (1)

Urrbrae Red-brown Earth (type A-2 in Litchfield, 1951), and (2) Wiesenboden

hydromorphic Black Earth (collected from beside profile #15-A in Stace, et al.,

1972). Physical and chemical properties for the two soils are listed in Table 6-1.

The soils were air dried at 20"C for approximately one week, then oven dried at

105'C tor 24 hours. They were then passed through a 3mm square sieve and later

milled for 15-20 seconds using an N.V. Tema mill (Labor-Scheibenschwingmuhle

type T100) to destroy macroaggregation and sand grains. Volume shrinkage was then

determined as a measure of their shrinl</swell potential by first moulding them at

the¡r lower plastic limits, pressing lhem into cylindrical brass moulds with a

palette, and then drying them slowly at 20"C for 5 days, then oven drying them at

105"C lor 24 hours. The Urrbrae soil and Wiesenboden shrunk in volume by 6% and

18% respectively.

The experiments described here make use of controlled ¡n¡tial water

potentials, Y,, and wetting potentials, Y,,,, in order to control the initial water

contents and wetting rates. lnitially-wet, rather than oven-dry or air-dry soils,

were used in this study 1o ensure that the slow drying processes, which occur in

compacted and puddled field soils were imitated. Drying to specified water potentials

was accomplished using either porous ceramic pressure plates, or saturaled salt

solutions.

Each of the two soils was mixed with sufficient de-ionized water to make a

workable paste. A gravimetric water content of w= 0.20 was suitable for the

Urrbrae soil, and w= 0.40 was suitable for the Wiesenboden. The soil paste was

moulded into plastic rings (inside diameter = 26 mm; height:10 mm) as used by

McKenzie and Dexter (1985) and a palette was used to make the outside faces smooth

and flat. Disks were left to begin drying in the rings on their edge for an hour
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Table 6.-1

So¡ I %Sand %S¡lt "/"Clay
(>53 pm) (z-sspm) (.2 pm)

PL LL "/"OC
( ks kgl 1) ( ks kSl)

Sur fæ
Area

(.' g-t )

Urrbrae 20 63 7 11 0.194 0.226 1.13

Wiesenboden 24 38 3Bt' 64 o.3oo 0.479 3.28

1

* clay fraction mainly illite and kaolinite.
*'clay fraction mainly illite with some smectite.

Table 6-1. Physical and chem¡cal properties for the Urrbrae soil (from
Field W-10) and the Wlesenboden (beside C.S.|.R.O.) Waite
Agricultural Research lnstitute.
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allowing them to shrink slightly so that they could be easily removed from lhe plastic

rings.

Disks that were to be equilibrated at water potentials wetler than -1.5 MPa

were placed lying face-down on porous ceramic pressure plates tor 14 days. For

water suctions drier than -1.5 MPa, disks were placed face-down on damp filter

paper, on a galvanised-metal tray placed over a saturated salt solution in a large

desiccator (Table È 2). Temperature fluctuations were reduced by surrounding each

desiccator with polystyrene beads in a large box. Each desiccator held 20 disks of

each soil, approximately half of which were assigned randomly to the standard

control treatment (no re-wetting), the other half of which were assigned to the re-

wetting treatment.

Each box conta¡ning a desiccator was stored at 20o +1'C for intervals of up to

20 weeks. A wide range of water absorption equilibrium times is reported in the

literature for dry aggregates under vacuum (Quirk, 1950; Panabokke and Quirk,

1957; R.S. Murray, pers. comm.). lt was considered important, however, in this

study to estimate the length of time required to reach equilibrium water contents by

desorbing wet moulded soil at atmospheric pressure, because this more closely

simulates the field condition. To this end, a sufficient number of desiccators was used

to allow one box containing each salt solution to be opened for re-wetting

experiments at intervals of 1,4,8, 10, 11,12 and 20 weeks.

Some technical problems were encountered. During the first 10 weeks of this

experiment, condensation of water on the desiccator lids and lrays occurred periodically. lt

is likely that the relative humidities in the desiccators increased to 100% whenever the rate

of vapour transport from the soil exceeded the capacity of the saturaled salt solutions to

absorb the water vapour. lt was necessary under these circumstances to open the desiccators

and stir the salt solutions to break the water film and to mix the water in. While the

solutions were being stirred, selected soil dìsks were weighed to determine their weight-

loss from week lo week. lt was found that water contents of the disks decreased rapidly for

10 weeks. Only small changes in weight were detected thereafter to 12 weeks and no weight
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Table Ê 2

Saturated
Salt
Solution

Relative
H u midity
at 20oC

Equilibrium
Matric
Potential (MPa)

KN03
NaCl
MsCle

0.935
0.756
0.331

-9.0
-37.9

-149.2

Table 6-2. Saturated salt solutions used to control the relative humidities and
equilibrium soil matric potentials.
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loss occurred between 12 and 20 weeks. lt was therefore assumed that equilibrium

water contents were reached within 12 weeks.

Each soil disk was weighed to determine its initial water conlent as it was

taken from the desiccator prior to the re-wetting experiments. The water contents

for samples taken from desiccators prior to 12 weeks were used to interpolate the

matric potentials of the soil from desorption curves for the two soils (Figure e 1) .

Each soil disk was marked with a dot at the edge of one of its two faces. The dot

determined, arbitrarily, the axis along which the disk would subsequently be wetted

(Figure 6- 2) and later crushed after drying to determine its tensile strength using

the indirect tension test. For these experiments, groups of approximately 10 disks

were wetted simultaneously on coarse sintered-glass funnels (porosity #2) using

water at a water potential of -10.0 + 0.5 hPa. The funnels were de-aired first, to

prevent inconsistent wetting behaviour, by immersing them in de-aired water under

reduced pressure. Some additional experiments were conducted using oven-dried soil

disks and altering the wetting rates by controlling the final waler potentials (h= 0,

-5 or -10 hPa). lt was expected that by using the different initial and final water

potentials described above, a wide range of wetting rates could be achieved.

The mass of water taken up by the disks as they wetted from bottom to top was

measured tor 24 hours. The wetting rates (kg kg-1 5-t, expressed as kg liquid/ kg

soil/ second) were estimated by the slope of the water uptake versus time curves at

the point when the wetting front reached halfway up the disks. The magnitude of the

wetting rate at the disk's centre was chosen over other possible wetting rates because

structural changes that occur at the centre of the disk have the greatest influence on

the tensile strength when measured using indirect tension (Dexter and Kroesbergen,

1985). That is, the crushing test used to measure the strength of the disk applies a

compressive force, CF, across the disk, which generates an indirect tensile stress,

T, concentrated at the centre of lhe disk and causing it to crack down the middle

(Figure 6- 3). After welting for 24 h the disks were air-dried at 20"C and later

oven dried at 105"C. The oven-dried disks were then fractured using the indirect
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Fìgure 6-2' Soil disk being wetted on a sintered-glass funnel, showing rhe dot
used to identify the direction of the wetting front across lhe disk.
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Figure 6-3. Soil disk cracking under the compressive force, CF, crealed in a
loading frame- The diagram illustrates the (indirect) tensile
forces, T, responsible for causing lhe disk to fracture.
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tension tesl, oullined in SECTION 5. The tensile strength of each disk was

determined using the compressive force, FC, required to crush the disk according to

the relation after Kirkham, el al. (1959):

[6- 1l

where I and d are the thickness and diameter, respectively, of the soil disk. The

Mellowing Ratio, MR, (i.e. ratio of the mean compressive force of the wetted disks to

that of the standard, non-wetted disks, after McKenzie and Dexter, 1985) was used

as an indicator of the extent of aggregation that was generated by wetting.

Rapid wetting of soil was expected to create a highly variable internal

microstructure relative to that of unwetted soil. To test this expectation on the

moulded soil disks, the rugosity of the fracture surfaces that were created under

tensile stress was determined as described in SECTION 5 for the moulded soil disks'

The dimensionless ratio of mean fracture surface rugosity, on , for wetted disks to

that of the standard, non-wetted disks, was calculated and referred to as the 'Relative

Rugosity' (RR). The RR-values indicate the degree of structural change caused by

wetting.

6.2.2 Results and Discussion

6.2.2.1 lnfluence of lnitial Soil Water Potential on Wetting Rate

Wetting rates, WR, for the Urrbrae and the Wiesenboden are shown in

Figures G4aandÊ4b respectively as a function of the initial soil water potent¡al,

Y¡, (natural logarithm of absolute values) prior to wetting. For comparison

purposes, the wetting potential (i.e. the potential of the water to which the soil disks

were exposed) was held constant at -10hPa for all points in Figures È 4a and G 4b

The rapid increase in wetting rate at drier initial potentials is described by the

regression equations:
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ard

wR= - 2.0 x 10-s+ 3.6 x 1O-0lnlY¡ I ,kgkgs-1 ( R=0.95,n=14) [6- 2]

wR= - 3.3 x 10-s + 3.8 x 10-6ln lY¡ I ,kgkgst 1R=0.90,n=10) [6'3 ]

for the Urrbrae and Wiesenboden respectively. Although the slopes of the equat¡ons

t6- 2] and [6- 3] are similar, the Wiesenboden exhibited a wider range of wetting

rates than the Urrbrae soil, and this was primarily due to its higher clay content and

shrink/swell potential.

6.2.2.2 lnfluence of Wetting Rate on Mellowing of Soil

More extreme wetting rates than those shown in Figures Ê 4a and È 4b may

be achieved for the study of soil mellowing by varying one or both of the initial and

final soil water potent¡als. For the experiments reported here, lhe fastest rates were

found by lowering the initial potential, Y,, to -lotkPq (oven dry, 105"C) and by

increasing the wetting potential, Y* to near zero hPa.

The Mellowing Ratio is shown in Figures Ë 5a and Ê 5b as functions of the

wetting rate, and described by the regression equations, for the Urrbrae and

Wiesenboden respectively:

MR= 1.26 - 2.36 xtO4WR (R=0.62,n=l9)

and

MR= - 0.63 - 0.27 loSoWR (R= 0.80, n=21)

ln the case of the Wiesenboden, the wetting rates are reported on a logarithmic scale

because the extremes ranged over several orders of magnitude. By contrast, the most

extreme wetting rates for the Urrbrae soil fell within a narrower range, and this

possibly accounts for the poorer fit of the MR versus WR relation for this soil.

A Mellowing Ratio, MR < 1.00 indicates that soil weakening has occurred

during wetting. On the other hand, values of MR = 1.00 indicate that wetting has not

[6- 3]

[6- 4]
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occurred rapidly enough for sufficient stress to induce cracks within the soil.

Alternatively, values of MR > 1.00 could occur. MRs greater than 1.0 may result

from wetting rales slow enough to allow cementing agenls to dissolve, which

subsequently re-precip¡tate upon drying to cause a net increase in soil tensile

strength. Thixotropic hardening processes under these cond¡t¡ons may also be

responsible. The Mellowing Ratio is shown in these figures to decrease when the

wetting rates increase. The horizontal dotted line at MR = 1.00 in Figures G5aand

6- 5b divides wetting rates that cause mellowing (below the dotted line) from wetting

rates sufficiently slow to induce age hardening processes (above dotted line). The

wetting rate necessary to induce mellowing (the Critical Wetting Rate, CWR) is

approximated where the solid line intersects the dotted line at MR = 1.00. Forthe

Urrbrae soil, the CWR for mellowing is 1.1 x 10-5 kg fg-1s-l (F¡gure È5a) and

for the Wiesenboden, the CWR for mellowing is 7.28 x10-7 kgfg-1s-1 (i.e. ¡n

Figure &5b, the value of logroWR = -6.14 , ). An extrapolation to higher wetting

rates beyond the data implies that the wetting rate necessary to induce total slaking

(i.e. M R = O.OO) is approximately 5.3 x10-5 kgt<g-t s-1 for the Urrbrae soil

(Figure 6-5a) and 4.24 x1O-3kgkg-1s-1 for the Wiesenboden (i.e. the value of

f ogro WR : -2.97, in Figure 6- 5b) . The CWR for mellowing to take place is seen

from Figures È Saand Ê 5b to be nearly two orders of magnitude smaller for the

Wiesenboden than for the Urrbrae soil. ln addition, the minimum wett¡ng rate

necessary to induce total slaking and dispersion is two orders of magnitude greater

for the Wiesenboden lhan for the Urrbrae soil.

These results have considerable significance for the generation and stability of

soil structure under conditions where rainfall normally occurs at low ¡ntens¡ties and

yet occasionally occurs at extremely high intensities. The Wiesenboden apparently

requires a smaller rate of water application (lower CWR) to induce mellowing, and

would therefore be more likely than the Urrbrae soil to develop an aggregated

structure under normal rainfall conditions. Furthermore, the Wiesenboden appears

to require a much more inlense application of water lo cause total slaking (MR = 0),
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and so it would be more likely than the Urrbrae soil to remain stable during a heavy

rainfall event. This is consistent with the fact that the Wiesenboden usually has a

stable granular surface structure in the field, whereas the Urrbrae soil, which is

only 500 m away is often unstable and slakes to form a surface crust.

The effects of wetting rate on soil mellowing are influenced by the initial soil

water content and potential, as well as the wetting potential, all of which ¡nteract to

control swelling, air entrapment and even age hardening. As an example, some of

these interactions are illustrated for the Urrbrae soil in Figure È 6, which shows

the Mellowing Ratio as a function of the soil water content ( w¡) prior to re-wetting

at different wetting potentials (Y.). lt can be seen that mellowing can occur even

when the initial water content is as high âs w=0.07, simply by wetting at a matric

potential of 0 hPa. The same initial water content has coincidently been reported by

(Stengel and Bourlet, 1987) to be associated with cracking during rapid wetting at 0

hPa (free water). At the same time, it can be seen that age hardening can occur

during welting, even if the initial water content is as dry âs w=0.02, so long as the

wetting potential and hence the wetting rate are low enough.

6.2.2.9 Changes in Microstructure of Wetted and Dried Soil

The effects of rapid wetting in the Urrbrae soil can be seen in Plate È 1

where sideways profiles of representative half-disks are shown (rapidly wetted at

Y, = -5 hPa waler, on left-hand side; non wetted control on right-hand side). The

disks had been wetted from bottom to top on sintered glass funnels, then dried and

fractured using indirect tension. The white lines that pervade the matrix of the half-

disk on the left-hand side are cracks that formed during the wetting process. The

grey and black areas are the undisturbed soil. A striking visual difference in the

vertical fracture surface relief can be seen between the two half-disks.

Plate È 2 illustrates fracture surfaces of two Wiesenboden disks placed side

by side to compare the disruptive effects of rapid wetting (left-hand side) with the

negligible effects of wetting the soil relatively slowly (right-hand side)- The
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Plate 6-f : Fracture surface profiles of Urrbrae soil hemi-disks'

illustrating the effects on the soil fabric due to rapid wetting (left)

relative to a non-wetted control (right).
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I

I
)

Plate 6-2: Fracture faces of rapidly wetted (let't) and slowly wetted (right)

Wiesenboden soil hemi-disks. Wetting fronts travelled from bottom to

top of each face.



-187-

pecul¡ar V-shaped pattern shown in the fabric of the disks that were wet rapidly

may be associated with lhe abilily of displaced air to escape from the disk faces. On

the other hand, Gramberg (1966) has also found a similar V-shaped fracture

surface in cores of rock, so the pattern could to some extent simply be associated with

the method of fracture. No such pattern was found in the Urrbrae soil disks, which

suggests that rapid wetting is at least partly responsible for the V-snaùO pattern.

This phenomenon was not analysed in detail.

The fracture surface rugosity (o¡, mm) is plotted in Figures Ê 7a and Ê 7b

as functions of the Mellowing Ratio, and is described by the regression equations for

disks of Urrbrae and Wiesenboden, respectively:

ard

A reduction in the tensile strength (i.e. MR < 1.OO) due to rapid wetting of the soil

is accompanied by a more rugose internal microstructure (i.e. higher values of o¡)

in both cases. The slope of the 06 vêrsus MR function for the Wiesenboden is

considerably smaller than that for the Urrbrae soil, ¡osríbly due to the paucity of

points corresponding to values of MR less than 0.50 in the Wiesenboden. lf the

magnitude of o¡ is equated with the extent of microcracking induced by wetting, then

this result is not entirely surprising. While on the one hand the Wiesenboden has a

greater tendency to mellow (i.e. lower CWR) than the Urrbrae soil, it also has

greater potential to swell; hence plastic flow can accommodate the associated strain

better than the Urrbrae soil, and thus better resist slaking. The same trend can be

seen with the Relative Rugosities (RR) for the Urrbrae soil (Figure Ê 8a) and for

the Wiesenboden (Figure G Bb), described by the respeclive regression equations:

Q= 0.38 exp(- 0.97 MR) ( R=0.88, n=25)

e= 0.183 exp( - 0.244 MR) ( R=0.48, n=26)

[6- sl

[6- 6]

and

RR = 3.1 2 exp( - 0.98 MR) (R=0.91,n-25) [6- 7]
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RR = 1 .24 exp(- 0.24 MR) (R-0.56,n=25) t6- 8l

Values of RR that are dramatically larger than 1.00 indicate that the wetting process

has induced substantial structure into the originally homogeneous so¡l d¡sk. Very few

values lie inside the zone boxed by the dotted lines in Figures Ê 8a and Ê 8b,

indicating that structure generation almost always occurs whenever the tensile

strength of the soil is reduced during rapid wetting.

6.2.3 Conclusions

Generating micro-cracks is a first step toward developing soil structure that

is suitable for tillage in compacted and in puddled soils. Water under certain

conditions can play a major role in generating these cracks, even in soils of

relatively low clay content, as shown recently by Stengel (1988). The wetting rate

seems to be critical. lt is important, however, to know the extent to which moulded

soils must be dried before the effects of rapid wetting can be utilized. The results of

this study suggest two main conclusions regarding the role of water in ameliorating

the condition of compacted and puddled soils.

First, the generation of soil structure during rapid wetting appears not to be

restricted only to dry soils. A specific maximum matric potential may exist at which

mellowing of a compacted soil can still be induced. As an example, for the Urrbrae

soil (Figure G 6) mellowing can occur in moulded soils even when the soil water

content is as high âs w=0.07 (-1 to -1.5 MPa matric potential). ln a practical

sense, it may be possible to manage lhe rate of wetting by measuring the soil matric

potent¡al as the soil dries and then by conlrolling the wetting potential or rate of

application of applied water to achieve the extent of mellowing required to make

tillage easier. Research is necessary to determine the limiting conditions under

which these resulls can be applied in the field situation.

Secondly, the relief of soil fracture surfaces expresses quantitatively the

effects of rapid wetting on the internal fabric of compacted soil. Visual and analytical
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ev¡dence from photographs and computer images shows that internal structure

generation (i.e. RR > 1.0) occurs almost invariably whenever wetting is sufficiently

rapid to reduce the tensile strength of the soil (i.e. MR < 1.0).

6.3 Air Entrapment versus Differential Swelling Experiments
6.3.1 Materials and Methods

A series of experiments wqs set up using two different wetting liquids and

three different ambient air pressures. A non-polar liquid, cyclohexane

(hexahydrobenzene) was used to prevent swelling, and de-ionized water (polar

liquid) was used for maximum swelling. Ambient air pressures of 1000,500 and

250 hPa were used to control the effects of entrapped air.

The same two soils (Urrbrae and Wiesenboden) which were milled and

prepared for the study in SECTION 6.2 were also used here. Each soil was mixed

with sufficient deionized water to make a workable paste, as described in SECTION

6.2 which were then allowed to dry for 24 hours at 20"C before oven drying tor 24
4

hours at 105.C. Each oven dry disk was marked withfdot at the edge of one of its two

faces (Dexter, 1983). The dot determined, arbitrarily, the axis across which the

disk would subsequently be wetted (Figure F 2) and later crushed after drying to

determine its tensile strength. Groups of about 10 disks were wetted simultaneously

on coarse sintered-glass funnels (porosity #2) using either de-ionized water at a

potential of -10o t 0'5 hPa, or using cyclohexane (density = 780 kg r¡-3 at 20'c) at

a potential of -7.0 t 0.5 hPa. The slightly smaller suction used with cyclohexane was

necessary to prevent the bubbling pressure from being exceeded in the porosity #2

funnels. Prior to wetting of the disks, the funnels were de-aired by immersing them

in either de-aired water or de-aired cyclohexane under reduced pressure. De-airing

the funnels prior to the wetting experiments was done to prevent inconsistent wetting

behaviour. The mass taken up by the disks, of either water or cyclohexane was

measured for 24 hours, and the wetting rates (kgkg-1s-1) were estimated as

described in SECTION 6.2, using the slope of lhe liquid-uptake versus time curves
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at the point when the wetting fronl reached half way up the d¡sks as they sat on the

sintered-glass funnels. When wetting was completed, the disks were air dried tor 24

hours at 20"C, lhen oven dried for 24 hours at 105"C. The tensile strength of each

disk was determined using the indirect tension test in which the compressive force

required to crush each disk was measured (Frydman, 1964). The Mellowing Ratio,

MR, as defined by McKenzie and Dexter (1985) was used to indicate the amount of

slructure generation caused by the treatments. Mellowing ratios less than unity

indicate that soil weakening occurred during wetting.

6.3.2 Results and Discussion

For the experiments conducted in vacuum desiccators, it d¡d not seem to

matter whether the ambient air pressure was dropped to 500 hPa or to 250 hPa..

The tensile strength of the disks was not significantly different between the two

reduced ambient air pressure treatments, so their results were pooled. The mean

tensile strength (actually expressed as compressive forces, CF, in N) for the 500

hPa and 250 hPa pressures formed an estimate of the overall effect of reduced

ambient air pressure during wetting. Presented in Tables È 3a and e 3b,

respectively, for the Urrbrae and Wiesenboden soils, are the analyses of variance fo'r

the mean compressive forces resulting from different ambienl air pressures.

The various combinations of polar, non-polar fluids, and levels of ambient air

pressure enabled the effects of rapid swelling and air entrapment to be quantified

separately. Furthermore, a simple independent check on the unwetted control

treatment was possible within the experiment, because the treatment of wetting with

cyclohexane (non-polar liquid) under conditions of reduced air pressure, should

have no effect on the soil struclure. The results of the cyclohexane/reduced air

pressure treatment would therefore be expected to be the same as those of the

unwetted conlrol. As verified in Tables È 3 a and È 3 b, the mean compressive forces

required lo crush disks wetted with cyclohexane at ambient air pressures of 500 and

250 hPa are the same as that for the oven dry, unwetted control trealment.
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TABLE 6-3a: ANOVA Table for Urrbrae soil

Treatment
*

Mean CF df

(N)

Treatr¡rent Pooled Pooled 2'Vna
minus s.e. cf df t- test
contrcl difference

P- val ue

Oven dry control
(not wetted)

119.94 I

cyclohexane 121.06 18 1.12 8.67 28 0.13 P > 0.50

500+250 hPa
(no swelling, no
entrapped air)

Cyclohexane,1OO0 hPa 1 16.23 9 -3.71 12.44 18 -0.30 P > 0.50

(only entrapped air)

Water,500+250 hPa
(only swelling)

106.92 18 -13.02 8.22 28 -1.58 o.1o< P< o.2o

Water,1000 hPa
(both swelling and
entrapped air)

78.14 I -41.80 12.91 18 -3.24 0.001< P< 0.01

Table Ê 3b ANOVA Table for Wiesenboden

*
Treatment Mean CF

(N)

d f Treatment Pooled Pooled 2'ta¡l
minus s.e, d df t- test
contrcl difference

P- val ue

Oven dry control
(not wetted)

394.1 6 9

Cyclohexane 400.30
500+250 hPa
(no swelling, no
entrapped air)

Cyclohexane,1000 hPa 456.89
(only entrapped air)

Water,500+250 hPa 234.52
(only swelling)

Water,1000 hPa
(both swelling and
entrapped air)

209.49 9 -184.67 25.64 18 7-20 P<0.001

1B 6.14

I 62.73

1 I -159.64

1 8.43

38.84

14.57

2B

18

28

0.33

1.62

1 0.96

P > 0.50

0.10< P< 0.20

P< 0.001

* 
"o.pr".rive 

force, CF, (N) for soil wetted with polar and non-polar liquids at atmospheric

pressure and at reduced ambient air pressures.
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The cyclohexane results for wetting at 1000 hPa air pressure (Tables G3a

and ê3b) suggest that air entrapmenl, on its own, does not contribute to structure

generation. At the same time, however, this result should be weighed against the fact

that cyclohexane does not reduce the internal cohesion of the soil in the manner that

even slowly-introduced water can (for example, by dissolving cementing substances,

and by slow, uniform swelling). The disks were still hard after wetting with

cyclohexane, (cf. Yoder, 1936) so that wetting at high pressures without some

amount of swelling, would make the cyclohexane-wet disks less susceptible to the

effects of air pressure lhan the disks wet with water would be.

The results for wetting Urrbrae soil with waler under vacuum (Table & 3a)

indicate that differential swelling, on its own, also does not produce significant

structure in the low clay content soil. Only in the Wiesenboden (Table Ê 3b), which

has a much higher clay content, does differential swelling appear to play a role.

Wetting the Wiesenboden with water under reduced-pressure conditions resulted in

approximately a 41"/" reduction in the compressive force needed to crush the

subsequently-dried disks. These data point out that although air entrapment, alone,

seems not to be able to generate soil structure, no such general statement can be made

about the role of differential swelling. The effects of swelling depend on other soil

properties, for example the clay content, and probably the organic matter content

The results of wetting with water using an ambient air pressure of 1000 hPa

(i.e. atmospheric pressure),however, indicate that when operating in combination,

both air entrapment and differential swelling act together to generate structure in

the soil disks. For the Urrbrae soil (Table È3a) the combined effects of air

entrapment and differential swelling resulted in approximately a 35% reduction in

the compressive force required to crush the soil disks. For the Wiesenboden (Table

6- 3b) a 47"/" reduction occurred.

Some understanding of why such a synergistic effect exists between air

enlrapment and differential swelling may lie in how the wetting rate is influenced by

the removal of air from the soil. One might normally expect the removal of air to
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improve the permeability of the soil (cf. Smith & Browning, 1946). lt was noted,

however, by Christiansen (1944) that a reduction, rather than an increase, in

permeability can occur with reduced ambient air pressures. lt was observed in this

study as well, without exception, that a reduction in the wetting rates occurred at
a

progressively lower ambient air pressures (Table 6- il. The fastest wett¡ng rates

occurred at 1000 hPa. lt is apparent in Christiansen's study, though, that the

reduced permeability was associated with structural breakdown of aggregates caused

by the evacuation process. ln the present study, by contrast, the greatest structural

changes occurred in the disks that were wetted at an air pressure of 1000 hPa, not in

those wetted under reduced air pressures. ln Christiansen's study, which used soil

aggregates, slaking may very well have occurred during the evacuation process,

possibly because air could not escape fast enough. ln the present case, however,

where moulded soils were used, it is possible that the air originally present in the

dry soil was able to escape during evacuation, so that welting could have proceeded at

rates controlled only by swelling processes. At 1000 hPa air pressure, on the other

hand, the induction of cracks by the build-up of explosive air pressures during

wetting of moulded soil could expose new soil surfaces lo water; the new exposed

surfaces may have enhanced the differential swelling process more so than would

have occurred under reduced air pressures. A higher wetting rate might therefore be

expected lo occur when using water as the wetting liquid at an air pressure of 1000

hPa. Also it is likely that water can move with less resistance (i.e. the hydraulic

conductivity may be higher) toward the wetting front if micro-cracks, as shown in

Plate È 1, have been produced between the point of wetting and the wetting front.

The above explanations, although speculative, seem reasonable inasmuch as it was

already demonstrated in SECTION 6.2 that higher wetting rates are consistent with

greater slructure generation (cf. Figures È 5a & 6- 5b).The decreasing mellowing

ratios which generally occur with increasing atmospheric pressures (Table G Ofi

,(

also lend some support to the idea. Further research is necessary, however, to

reconcile the fact that the wetting rates using cyclohexane followed the same trend
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TABLE ô 4a

Anbient Ær
pres$re
( hPa)

Urrbraeso¡¡-----
Wett¡ng Rate MR $

(kskglsl) (NH-t¡

WiesenbodeÞ----
Wetting Rate MR¡

1rskglsl) ( Nru-t¡

1000

500

1.98 x 10-s

1.85 x 10-s

1.58 x 10-s

0.66**

0.94 n s

0.84 ns

1.06 x 10-s

0.65 x 10-5

0.59 x 10-s

0.53*'

0.62**

0.57'*250

Table 6-4a. Wetting rates (using water) and mellowing Ratios, MR, resulting from
different ambient air pressures prior to wetting.

TABLE Ê 4b

Anbient Ar
pr essur e
( hPa)

Urrbraeso¡l-----
Wetting Rate MR $

(kgkg1s1) (tttt-t¡

WiesenboderÈ - - -.-
We*ting Rate MRf
(kskglsr) (Ntr1)

1 000 1.57 x 10-5

1.38 x 10-s

1.15 x 10-s

0.97 n s 1.72 x 1O-5

1.52 x 10-s

0.95 x 10-s

1.16 ns

1.00 ns

1.03 ns250

500 1.07 ns

0.95 n s

$V"lr"" of MR marked with rhe superscript 
** 

"re 
significantly different from 1.00 at P=0.Q5;

Values of MR marked with the superscript ns are not significantly different from 1.00 at P=0.05.

Table 6-4b. Wetting rates (using cyclohexane) and mellowing Ratios, MR, resulting from
different ambient air pressures prior to wetting.
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with reduced atmospher¡c pressures w¡thout having any effect on the tensile strength

of the subsequently dried soit (Täble6-t+Þ).

6.3.3 Conclusions

It seems that the forces of air-entrapment, on their own during wetting, do

not generate sufficient stresses to induce mellowing. The forces created by

differential swelling, alone during wetling, also have limited ability to induce

mellowing. The degree of mellowing due to swelling appears to be related to the clay

content and possibly the organic matter content, as illustrated by the fact that only

the Wiesenboden (high clay and organic carbon contents) experienced mellowing

when wetted under vacuum. Only two soils were used in this study, so it may be only

circumstantial that the Wiesenboden soil, which mellowed when wetted with waler

under vacuum, also had higher clay and organic matter contents than the Urrbrae

soil. Future research should include a wider range of soils and address the roles of

clay and organic matter in resisting the stresses generated by air entrapment and

differential swelling. The most significant result of this study has been the ability to

quantitatively demonstrate, in terms of tensile strength, the separate and synergistic

roles of air entrapment and different swelling in the mellowing process, which have

previously only been hinted at in the literature.
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SECTION 7. FRACTURE SURFACE RUGOSITY USING NON.CONTACT

LASER SCANN¡NG

7.1 lntroduction

The method of fracture surface rugosity as used in SECTIONs 3 through 6 of

this thesis is simple ¡n theory, yet its measurement was found to be rather tedious

and time consuming. The impregnation and hardening of samples required 24 hours.

The sectioning procedure was relatively messy because it involved a kerosene-

lubricated diamond saw, and the kerosene had to be wiped off and the samples allowed

to dry afterward. The scanning procedure and computer programming for the

calculation of or-values was also time-consuming, requiring approximately ten

minutes per sample, and there were thousands of samples involved. Furthermore,

the measurement relied on the assumption that the soil features being bisected are

structurally isotropic, so that the single transect made on each sample could be

considered to be representative of the surrounding soil. This was reasonable for the

soil clods and disks used in the studies of this thesis, but for structurally anisotropic

soil surfaces, a technique is needed which can provide rapid, three dimensional

information, with the minimum of labour and time. For these reasons, a potentially

simpler and more versatile method was investigated for use in measuring the

fracture surface rugosity.

ln recent years, laser technology has become much more sophisticated and

available for general research purposes. Measurement of the surface topography of

soils at a scale of centimetres, for example, is now quite common in tillage and

erosion studies in the U.S.A. and Europe (eg. Römkens, et al., 1986; Caussignacand

Morel, 1987; Bertruzzi and Stengel, 1988, and Römkens, et al., 19BB). ln

Australia, (at the C.S.l.R.O., Division of Environmental Mechanics, Canberra) an

optical noncontact laser system has been used recently by Huang, et al. ('f 9BB), for

measuring the soil surface lopography along parallel transects across an entire

three-dimensional surface. The resolution of Huang et al's laser beam and detecting
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system (0.1 mm) is practically the same as that obtained by the computer-scanning

procedure described in SECTION 3.

The C.S.l.R.O. laser-scanner was made available in September 1987 for

measuring fracture surface elevations in the following study designed (1) to test the

accuracy of the original procedure outlined in SECTION 3, and (2) to extend the

method of fracture surface rugosity from a two-dimensional analysis to a three-

dimensional analysis.

7.2 Multiple Transect (MT) Method

The original procedure outlined in SECTION 3 for measuring soil fracture

surface rugosity using a single transect-profile will be referred to in this SECTION

as the Single Transect (ST) method. The laser scanning method, which measures

topography in three dimensions by using mulliple, parallel two dimensional

transects will be referred to as the Multiple Transect (MT) method'

An optical nonconlact laser system (Huang et al., 1988) is used to repeatedly

measure the soil surface topography along parallel transects of the entire soil

fracture surface. ln this study, a 1 mW HeNe laser functions as the light source, and

a 35 mm SLR camera, fitted with a photodiode array is used as the light detector

(Figure 7- 1). The laser beam is directed normally onto the soil surface and the

camera's lens system focuses the image of the interception point (centre reference,

CR) onto a photodiode aßay. Movement of the image on the array is thus a function of

the fracture surface topography.

The range of elevation, R, possible with the system is calculated as:

1t2

R=
(1 + x') -1

[7- 1]
xy

- Fsincr
where x=Scosct

LFsino

OSü SINCX,

v=
c

2L
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Photodiode
array

Lsl-
F

Laser
source35mm SLR

camera

r0

CR
\ R

\ I

I

\l -t-'

Figure 7-1. Laser scanner for fracture surface analysis (symbols are in text)
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S : length of sensing region on diode array

cr, = ânglê between laser beam and the opt¡cal axis of the lens

L: distance between lens and laser source
F = focal length of lens

The soil fracture face is placed directly, without pretreatment, onto a

traversing stage (Micro-Controle Electronique, Model UTl00-125PP) which for

this work moved at 4 mms-l in increments of 0.1 mm. The sample is passed under

the laser beam as described above and after each complete lransect of the soil surface,

the stage shifts the sample sideways by 0.1 mm and returns in the other direction to

produce another transect exactly parallel to the first one. The scanning continues

until the entire fracture surface has been scanned. ln this way, a large number of

fracture surface profiles (instead of just one) may be obtained very quickly on each

sample, and with a minimum of effort.

7.3 Experimental Comparison of ST- and MT-Methods

The MT-method has a considerable advantage over the ST-method because it

requires no sample preparation and the scanning procedure can be completed in a

fraclion of the time. Before considering the replacement of the ST-method with the

MT-method, however, it was considered important to determine the extent to which

these two techniques produced the same results. To this end, a series of experiments

was conducted to measure o, using both techniques on the same soilsamples.

7.3.1 Materials and Methods

Three different agricultural topsoils (see Table 7- 1) were moulded at water

contents at or below their lower plastic limits into disk shapes 25 mm in diameter

and 10 mm thick. For the Wiesenboden, 16 disks were air dried, then rapidly wetted

on sintered glass plates held at a suct¡on of zero hPa. For the Urrbrae and Portneuf

soils, 10 disks were air dried, then oven dried (105'C for 24 hours) as control

samples, while other groups of 10 disks sealed airtight and aged al constant water

content and temperature (20'C) for seven and fourteen days. After ageing, all
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Table 7- I

Scil ( Lmtict)

Water cortent
at morldng
( kgkrl)

Loser Plastic
Limit
( kgkgl )

oay
6rtent
(<2 pm)

Wiesenboden
(South Australia)

Urrbrae
(South Australia)

Portneuf
(ldaho, U.S.A.)

0.25

0.15

0.15

0.3.0

0.20

0.21

38%

17"/"

25%

Table 7-1. Water contents at moulding, w, lower plastic limits, PL, and clay
contents (. 2 pm) for the lhree soils used in SECTION 7.
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samples were a¡r dried, and oven dried (105"C,24 hours), then fractured into

halves using the indirect tension test ( described in previous SECTIONs of this

thesis), from which tensile strengths were determined. ln addition, maximum

penetration resistance at Smm penetration was measured on the disks of Urrbrae and

Portneuf soils using the penetrometer described in previous SECTIONs. The ST-

method was used to measure oR on one half of each disk, while the MT- method was

used on the other half of the disk (Figure 7- 21. While only a single transect was

made on each hemi-disk using the ST- method, lhere were from 50 to 80 transects

made using the MT- method. Calculation of o, was done using a running mean,

M, of length 4mm, as described previously in SECTION 3.

7.3.2 Besults and Discr.¡ssim

Data for this experiment are listed in Appendix 5, Table A5-1. lt was found

that rapid wetting of the Wiesenboden disks resulted in a significant reduction in

mean bulk density (non-wetted =1680 + 10 kgm-3'wetted =1510 t 10 kgm-3) as

well as in mean tensile strength (non-wetted =903.2 + 29.5 kPa; wetted =178.4 +

7.1 kPa). The mellowing ratio, MR, for this rapid wetting experiment is:

MR = #*+= o.2o 17- 2l

As indicated in SECTION 6 of this thesis and in Dexter (1983), the very low MR-

value indicates that significant disruption of the soil matrix has resulled from the

passage of a wetting front through the soil.

Rapid wetting of the Wiesenboden also caused a significant increase in the mean

values of fracture surface rugosity, oR, us¡ng both the ST-method and the MT'method

(Table T- 2a). The increase in o, caused by wetting is consistent with the results of

SECTION 6 which indicate that internal microcracking is almost always detectable

whenever the wetling rate is sufficiently high lo reduce the tensile strength of the soil.
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X

TT

I
F

SINGLE-TRANSECT
METHOD

X' X, Xn

image of bisected
hemi-disk

MULTIPLE-TRANSECT
METHOD

X
X¡ X"

Yn,"
Y"

Y

Y
entire surface of

hemi-disk

Figure 7-2. Fraclure under indirect tension, T, of soil disk (into halves) by

appryint compressive fofce, F, between parallel plates. lmage of

Oisecfeá nem¡-O¡st< is shown on left (for ST-method); entire

surfacL of corresponding hemi-disk is shown on right (for

MT-method).
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Table 7- 2a

Soi I

Wetting
Treatment

- Mean Rugæity ( mm)
SI- Method MT- Method

o"(ts.e.) n o"(ts.e.) n

Wiesen-

boden

Not Wetted

Rapidly Wetted

0.144 (to.ooa)

0.200 (ro.ot z)

0.129 (to.ooe)

0.185 (to.ooe)
16
15

16

16

**
**

Table 7- 2b

Soi I

Ageing
Time

- Mean Rugæity ( mm)
ST- Methd

o"(ts.e.) n

MT- Method

o" ( + s.e.) n

Urrbrae Aged 0 days

7

14

0.123 (t o.ooe)

0.1 1 3 (+ o.ot o)

0.1 16 (r o.oos)

0.125 (t o.oto)

0.129 (r o.ooa)

0.134 (t o.ooo)

0.1 14 (to.ooe)

0.105 (to.ooe)

0.098 (to.ooe)

0.108 (t o.ooz)

0.109 (t o.oo+)

0.107 (r o.oo+)

10

7

41

7

10
9

8

10

10

10

10

10

**
**
!t*

**
**
**

0

9

9

Portneuf

The value of n represents the number of soil disks, but with the MT-method, there were
between 50 and 80 transects on each disk, whereas there was only 1 transect per disk

with the ST-method.

Mean fracture surface rugosily, o", from the single transect (ST)

method, and the multiple transect (MT) method for (a) the not-wetted
and rapidly wetted Wiesenboden, and (b) the Urrbrae and Portneuf soils
at different ageing times.

Table 7-2.
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It was proposed in SECTION 3 that the rugosity of a fractured soil surface,

o", is directly related to the spacing between the weakest flaws in the soil. To

undersland the relation between o, and the distance between weakest flaws in the

present SECTION, emphasis should be placed on the magnitude of the weakest flaws

(i.e. the dispersion of flaw strengths). lf the average tensile strength of the soil

rêflects the average strengths of the weakest flaws, then the weakest flaws in the

control disks are approximately five times stronger than those of the wetted soil
1

(i.e. MR = 5.0). ln the control soil, which is relatively homogeneous, the weakest

flaws (though much stronger than for the wetled soil disks) are probably distributed

according to the spacing between soil mineral particles. Hence the fracture surfaces

for the control disks are considerably smoother than for the wetted disks, whose

weakest flaws consist of large cracks (very weak flaws) generated during rapid

wetting. ln cases where significant differences in dispersion of flaw strengths exist,

it is therefore important to couple the measurement of O, with measurements of

tensile strength.

The age hardening experiments (particularly in the Portneuf soil) caused no

significant changes (at P=0.10) in the fracture surface rugosity (Table 7-2b) '

although the trend in the Urrbrae soil (with both ST- and MT'methods) is toward

smoother fracture surfaces after ageing. lf the explanation given for the changes in o,

in the rapid wetting experiment is valid, then the or-results from the age hardening

experiments need to be considered in light of the tensile strength data (Table 7'3al .

Ageing caused the tensile strength (and penetrometer resistance, Table 7'3b) of both

soils (particularly the Urrbrae soil) to increase, and this has also been found to occur

in other studies (eg Utomo and Dexter, 1981a; Kemper, et al, 1987; Dexter et al,

19BB). The changes in strength, however, are relatively small (in comparison to the

difference between rapidly wet and non-wetted soil) and the mechanism of strength-

change is totally different. The changes in strength due to age hardening were mainly

thixotropic in this experiment (constant water conlent, constant lemperature;

Mitchell, 1976) and therefore caused by spontaneous re-arrangement of particles into
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Table 7- 3a

Soi I Tirne
( dav)

Mean po

(kgm-a¡
( t s.e.)

Mean

Tensile Strength
( cry; kPa)

Mean

w (aged)
(ksks-t¡

Samples
(n)

Urrbrae

Portneuf

1 670
1710
1740

(rz)
(110)
(r1o)1

0
7
4

0
7
4

244.5 (t22.61
311.1 (r1s.o)
365.4 (r13.0)

224.3 (r17.e)
281.2 (t17.4)
273.5 (11e.s)

0.146 (1o.oo1)
0.147 (ro.oo1)
0.1 50 (ro.oo 1 )

0.153 (ro.o02)
0.142 (ro.oo2)
0.144 (ro.oo1)

I
0
0

1

1

1

1 600
1 610
1 580

(r1)
(r1o)
(110)

10
I

10

Table 7- 3b

Soi I Time
(day)

Mean Qp
(kPa)
(t s.e.)

Mean Water Content
(kg kg-1)
( t s.e.)

Sam
(n

lesp

)

Urrbrae

Portneuf

2450 (!227)
3191 (r7o)
2605 (1301)

4363 (11s 1 )
6162 (x428\
5945 (tsoo)

44 (to.ooo+)
42 (ro.ooo2)
44 (ro.oo1)

0.146 (ro. o02)
0.139 (ro.oo1)
0.142 (ro.oo1)

1

0
7
4

0
7
4

0.1
0.1
0.1

5
5
5

5
5
51

Table 7-3 (a) Mean values of bulk density, tensile strength and gravimetric water
content for the Urrbrae and Portneuf soil disks at different ageing times
(b) Mean values of penetrometer resistance and gravimetric waler
content for the Urrbrae and Portneuf soil disks at different ageing times
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positions of lower free energy after moulding. lt has been suggested by Emerson

(1977,) that the process of re-arrangement of particles from the wet moulded state

may involve syneresis, a phenomenon which leaves tiny pores between flocculated

clay particles. So while the overall strength of the soil is increased by age

hardening, the introduction of tiny pores in the soil allows for the short-circuiting

of the fracture pathway in tensile failure. This results in smoother fracture

surfaces, and may be similar to the smoothing-effect of calcium on soil fracture

surfaces outlined in SECTION 4.

On average,lhe MT- method produced slightly lower values of o* than the ST'

method (mean difference = 0.016 mm). Furthermore, due to the very high number of

fracture surface profiles generated with the MT- method on each hemi-disk, the

estimates of o, for each lreatment were generally less variable than with the ST'

method (lower standard errors, s.e., for results of MT- method in Table 7- 2a and

Z- 2b). Despite the slight overall mean difference in o* between the two methods, the

individual mean values of o* from the two methods correlate reasonably well on a

disk-by-disk basis as shown in (Figure 7- 3). The small difference in overall mean

values of o, from the ST- method may be simply an artefact of the sample preparation,

wherein the fracture surface may have been altered slightly by disturbance caused

during the pouring and hardening of the Araldite epoxy around the soil.

7.3.3 Conclusions from Comparison of ST- and MT-Methods

ln addition to comparing the two methods of measuring fracture surface

rugosity, the experiments have revealed an important relation between o, and the

distance belween weakest flaws in the soil. The magnitude of the weakest flaw strengths

(estimated by the tensile strength and penetrometer resistance of the soil) appears to

exerl considerable control over the fracture pathway, and so it is concluded that

measurements of o* should always be accompanied by measurements of soil strength.

The results of the comparative study outlined in this SECTION indicate that the

new laser technique (MT-method) provides very similar resulls of fraclure surface
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rugosity, oR, to those from the original technique (ST-method) introduced in

SECTION 3 (i.e. the or-values correlate very well). Furthermore the laser method

generates more precise eslimates of rugosity (lower standard errors), and is therefore

potentially more capable of detecting differences in fracture surface rugosity in the

sorts of studies outlined in this thesis.

7.4 Rugosity From Semi-variance Analysis

7.4.1 lntroduction

Most of the studies in this thesis, used the parameter, or, (defined in equation

t3- 41) to measure of the rugosity (or degree of brokenness) of soil fracture surfaces.

It was indicated in SECTION 3, however, that there may be other useful techniques for

characterizing the rugosity of transect-data series, one of which is semi-variance

analysis (eg. Matheron, 1963). Semi-variograms have recently been used by

Lehrsch, et al (1987, 1988), and Dexter and Horn (1988) to examine soil surface

roughness at larger scales.

Semi-variograms describe the spatial dependence of data in a series and can

reveal information about the spatial distribution of structural features in the data

(Campbell, 1978). They are also ideally suited for the analysis of anisotropic

struclural features. Typically, they are plotted as variance (or semi-variance, T(l))

on the ordinate, and equally-spaced distance (or spatial lag, l) on the abscissa. The lag

I
may be expressed in terms of p points, such that p= ¡;, where lx (mm) is the

distance between consecutive points in the x direction. The semi-variance, Ï1p¡, is

calculated after Dexter and Horn (1988) as:

p
{ y (i)-y(i+ p) }

2

where y(i)= fracture surface elevation at point ¡.

p = lag distance between Points.
N = total number of points in the data series.

r(p) =ãtrJ
N

I [7- 3l
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Various models exist to interpret semi-variograms, among which the spherical

and linear models are quite common. The spherical model predicts that Y1p¡ = 0 at

l=0 (i.e. variance of identical points is zero) and increases with increasing p, until p

reaches some critical lag at which the data points become independent of one another.

At this critical lag, the variance ideally becomes relatively constant and the semi-

variogram levels off. This lag may correspond to the separation distance between

dominant soil structural features. The linear model is similar to the spherical model,

except that the semi-variance does not level off at large lag distances.

7.4.3 Experimental

The MT-data from the fracture surfaces of the disks used in SECTION 7.3

were used for semi-variance analysis. Both one-dimensional and two dimensional

semi-variance analyses were done in order to characterize any anisotropy of the

fracture surfaces. Each of the scans (between 50 and B0 of them) per disk with the

laser produced a semi-variogram, all of which were averaged at each lag to produce an

overall semi-variogram for every disk. The average semi-variogram for each disk

was then averaged again at each lag to produce a semi-variogram for each of the

treatments. Computations were done using a VAX 111730 (VMS) computer. Slopes of

thelog.transformedsemi-variograms'#'werecalculatedfortheaVerage

semi-variograms and used to compute the fractal dimension, D, of the fracture

surfaces from the equation given by Burrough (1981):

õle.gY(pl 
=4-2DÒlog p 17 - 41

7.4.2 Results and Discussion

The one dimensional (1- D) analysis of semi-variance for the rapid wetting

experiment (Wiesenboden disks) is expressed in terms of spatial lag, I (mm), and is

shown in Figure 7- 4. The semi-variance for the non-wetled control lies below that
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1-D Analysis (Wiesenboden)

o rapidly wetted disks

o non-wetted control disks

--?
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Spatial Lag, I (mm)

Figure 7-4. One-dimensional autocorrelogram for rapidly wetted and non-

wetted moulded Wiesenboden disks'
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for the rapidly-wetted disks at all spatial lags. The slopes of the 1- D semi-variograms
22

are 1.41 ffi anO 1.35 ffi , respectively, for the control disks and the rapidly

wetted disks. These slopes are not very different, and the corresponding fractal

dimensions from equation p- 4l are therefore also similar, being 1.30 and 1.33. The

semi-variogram for lhe non-wetted control disks appears to start levelling-off at a

spatial lag of approximately 3-4 nm, corresponding to a semivariance of 0.2 mm2.

The semi-variogram for lhe rapidly wetted disks did not level off.

At infinite lag, the semi-variogram should level-off to the total variance of the

data series, 02, which is simply the square of the fracture surface rugosily, or.

Taking the square root of the Y(l)-value corresponding to the value of l= 3.2 mm in

Figure 7- 4 (where the semi-variogram begins to level-off) gives the approximate,

unfiltered estimate of the fracture surface rugosity to be o= (0.2)112 = 0.447 mm,

which is approximately three times larger than the filtered value, oR = 0-129 mm,

shown for the Wiesenboden control disks in Table 7- 2a. This agrees quite well with

results from SECTION 3 (Table 3 5) which show that the use of a running mean of

length 4mm reduces the estimate of rugosity by a factor of approximately three.

The two dimensional (2-D) results for the Wiesenboden rapid wetting

experiments show a much greater contrast between the rapidly wetted and the control

disks. ln Figure 7- 5, lhe 1-D results (from Figure 7- 4) are superimposed over the

2-D results to show the change in semi-variance which occurs when the variance is

examined in two dimensions. The slope as well as the intercept of the semi-variogram

for the rapidly wetted disks increase for the 2-D analysis. The control results, on the

other hand, should be the same in bolh dimensions because the soil was moulded and

should have a reasonably isotropic structure. This accords with the data shown in

Figure 7-5, which show the conlrol results to remain fairly constant in the analyses

for both one and two dimensions. The rapidly wetted disks had very marked structural

features (V-shaped pattern) like those shown in Plate G 2. lt is therefore not
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2-D Analysis (Wiesenboden)

o rapidly wetted disks
. non-wetted control disks

2-D

--?

3.O 4.O 5"O 1 0.o

1-D
l-D &
2-D

1 0.2 0.3 0.40.5 1-O 2.O

Spatial Lag, I (mm)

Fìgure 7-5. Two-dimensional aulocorrelogram for rapidly wetted and no_n-

wetted moulded wiesenboden disks. (Dashed lines are the 1-D
. values f rom Figure 7-4).
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Table 7-4

Soil and

Treatment

ôlos T(l) *

õlog I
Fractal

Dimension

Wiesenboden (1-D)
-Rapidly Wetted
-Control

Wiesenboden (2-D)
-Rapidly Wetted
-Control

1.35
1 .41

1.52
1.42

1.33
1.30

1.24
1.29

Urrbrae (1-D)
-Not Aged
-Aged 7 days
-Aged 14 days

Portneuf (1-D)
-Not Aged
-Aged 7 days
-Aged 14 days

1.46
1.37
1.37

1.49
1.52
1.40

1.27
1.32
1.32

1.25
1 .24
1.30

* slopes calculated using lines drawn (by eye) through the semi-variograms.

Table 7-4. Slopes of semi-variograms, and fractal dimensions, D, for the
experiments oultined in SECTION 7.
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1-D Analysis (Urrbrae)

o not aged (control)

O aged 7 daYs

o aged 14 days

1 o.2 0.3 0.40.5 1.O 2.O 3.O 4.05.0 10.o

Spatial Lag, I (mm)

Figure 7-6. One-dimensional aulocorrelogram for aged and not-aged

moulded Urrbrae soil disks
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1-D Analysis (Portneuf)

o not aged (control)

O aged 7 daYs

o aged 14 days

"YU )

(mm2)

10.o

1.O

o.1

o.o 1

o.oo I
o 1 0.2 0.3 0.40.5 1.O 2-O 3.O 4.O5.O 10.o

Spatial Lag, I (mm)

Figure 7-7- One-dimensional aulocorrelogram for aged and not-aged
moulded Portneuf soil disks.
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surpris¡ng that an analysis of the struclure in two dimensions should reveal that

greater spatial variability occurs in the rapidly wetted soil disks.

The semi-variance analysis for the age-hardening experiments revealed

essentially the same as the or-results in Table 7- 2b. For the Urrbrae soil, the

fraclure surfaces became smoother upon ageing ('aged' lines lower than 'control' line

in Figure 7- 6). The Portneuf soil showed no effect of ageing at all (same as the <r*-

results shown in Table 7- 2b) as can be seen by the fact that the three semi-

variograms in Figure 7-7 arc virtually indistinguishable from one another.

The slopes of the semi-variograms and the corresponding fractal dimensions for

all the experiments in this study are shown in Table 7-4,and these appearto reveal

very little about the structural changes caused by the treatments. This is not

altogether surprising, because the slopes are based on an 'average' line (drawn by

eye), and does not take into account the degree of bending from the straight lines that

occurs to different degrees for each treatment. The only distinguishing feature a.ppears

to be the degree of separation of the semi-variograms (different inlercepts), but an

analysis of this possibility has not been attempted here.

7.4.4. Conclusions

The technique of non-contact laser scanning is a rapid technique which provides

multiple-scanning on a scale of 0.1mm. Because of the large amount of data that it

produces in three dimensions, it is particularly well-suited to studies on anisolropy of

soil structure (eg. semi-variance analysis). The techn¡que offers significant

advantages over other techniques in that it requires no sample preparation, and can be

adapted to most personal computer equipment. Furthermore, laser sources are now

readily available and are relatively inexpensive.

ln this set of experiments, the semi-variograms appeared to offer little

information about the soil structure that was not already available from o*-results.

This does not mean, however, that semi-variograms would not be useful in general for

the study of soil structural features. On the contrary, semi-variograms can reveal
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much about the structural nature of soils having different workabilities, as shown

recently in Dexter and Horn (1988). The values of o, give only an overall indication

of the rugosity of soil fracture surfaces, whereas semi-variograms give more detailed

information about the sizes and spatial separation of the structural features. Bumps

and curves in a semi-variogram, for example, show thal different surface elevalions

recur at regular separation distances, or lags.
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SECTION 8. GENERAL DISCUSSION AND CONCLUS¡ONS

8.1 lntroduction

The various studies outlined in this thesis were designed to improve our

understanding of the brittle fracture of unsaturated soils exposed to tensile stresses.

They were also designed to investigate the use of natural forces (drying, followed by

rapid wetting) for improving the structural condition of degraded (hard-setting,

compacted, puddled) soils. This SECTION integrates lhe conclusions from the

research and identifies future research needs. The conclusions may be summarized

in two main areas: (1) brittle fracture of unsaturated soils under lensile stress, and

(2) soil mellowing from natural forces.

8.2 Brittle Fracture of Unsaturated Soils Under Tensile Stress

8.2.1 Tensile Strength

The work of Snyder and Miller (1985), which gives a comprehensive theory

for the tensile strength of unsaturated, freshly moulded soils was found to be

unsuilable for predicting the tensile strength of age hardened soils (both natural

clods and moulded, aged disks). They suggested that in unsaturaled, uncemented soils

that the weakest flaws in the soil are the air-filled pores. Application of their model

to the soils in the presenl study, however, made unsatisfactory predictions of tensile

strength. For example, when the soil was close to saturation (s > 0.70) the tensile

strength of natural soil clods tended to be higher than predicted by Snyder and

Miller's theory. This appears to be the result of age hardening and cementation

processes, which occur with time in the field and in the laboratory, and which can

impart significant tensile strength to the soil, even in the completely saturated state.

When the soil was drier than approximately s = 0.70, on the other hand, Snyder and

Miller's theory over-estimated the measured tensile strength considerably. This was

a result of the fact that aggregation in natural soil causes water lo be held mainly in

intra-aggregate pores, rather than in inter-aggregate pores. As a consequence, less
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water occurs as films and menisci to bind particles together than would be predicted

from s. Predictions of tensile strength based on the model of Snyder and Miller need

therefore to be restricted to coarse textured soils that have been recently moulded, so

that neither cementation nor aggregation modify the role of water menisci in

response to tensile stresses.

It is apparent that much work needs to be done on the theory of tensile

strength in age-hardened, and finer textured soil materials. Future work could

perhaps incorporate a cementation function, f(c), into the theory of Snyder and

Miller, as well as another function, g(a), which reduces the importance placed upon

the degree of pore saturation in drier soils. The function, g(a), might include as a

variable the aggregate size distribution of the soil. This would give information about

the distribution of water in the soil (whether it is within or between soil aggregates)

and would therefore reflect the amount of water present as waler menisci, and

contributing to the tensile strength of the soil. For natural soil clods, a general

working model for the tensile strength might therefore need to be

[8- 1]

This sort of a model could be more useful in predicting the dynamics of brittle failure

in real soils, because it relies less on the drainage of water (distance between air-

filled pores) for the establishment of crack patterns.

8.2.2 Fracture Surface Rugosity

One of the criticisms of current techniques for studying the brittle fracture of

soils (eg. drop shatter test (Hadas and Wolf, 1984a) and soil friability (Utomo and

Dexter, 1981b)) is that they are extremely time-consuming. A more rapid method

such as the one developed in this thesis has been needed for some time now. With the

use of the non-contact laser system, fracture surface analysis is probably the

rs= f(c) + dr (*, )
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fastest, most ¡nformative method now available for studying the brittle fracture of

soils.

The experimental work on fracture surfaces in this thesis is based on the idea

of Braunack, et al (1978) that the tensile strength of unsaturated soils is controlled

by the distribution of weakest flaw-strengths in the soil. They indicated that when

tensile stresses are applied to a soil aggregate, strain energy will be reversibly

stored in the soil until a sufficiently large tensile stress develops. Brittle fracture

occurs by the activation of one or more of the weakest flaws in the aggregale, and

strain energy is then irreversibly lost with the formation of a new fracture surface.

This builds on the concept introduced by Hadas (1987) that the soil structure is

hierarchical in nature, the largest aggregates and clods being at the top of the

hierarchy. The strength of the bonds between compound particles of any hierarchical

order is simply the strength of the compound particles of the next lower order in the

structural hierarchy (Dexter, 1988a). As a consequence of different part¡cle size

distributions and degrees of aggregation different soils conlain different levels of

structural organization and therefore differ in the concentration of flaws and points

of weakness.

It was hypothesized that soil fracture surfaces created under tensile slresses

contain a 'blueprint' of the fracture pathway, and further that the topography of the

fraclure surfaces contains information about the distance between the weakest flaws

in the soil. The fracture surface rugosity, op, wâS proposed as a simple measure of

this distance. Factors which increase the density of weakest flaws in the soil (or

reduce the spacing between them) will increase the value of or.

The results of SECTION 3 indicate that there ¡s a strong correlation between

the value of o, and the average distance between air-filled pores in the soil. The

weler the soil, the greater the distance between the pores that are drained, and the

larger is the value of O*. The measured values of Oo , however, were found to be

smaller than the distances predicted to lie between air-filled pores, and this

indicated that other factors also influence the fracture palhway.
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Some clue as to what some of these other factors might be are suggested from

the tensile strength results for natural soil clods in SECTION 3. The tensile

strength of natural soil clods, particularly in wetter soils, was found to be higher

than could be predicted on the basis of cohesion due to water menisci alone. lt was

concluded from this result that the additional cohesive strength of the clods must be

the result of cementitious bonding which had developed from age hardening processes

and long term wetting and drying in the field. The tensile strength is therefore also a

function of the number of interparticle contacts (Kemper, 1958) as well as the

strength of the cementitious material binding them together (lngles, 1962c). So

while the distribution of air-filled pores influences the fracture pathway (and

probably controls the overall morphology of the fracture surface) there are many

interparticle bonds between air-filled pores that modify and reduce the value of o*.

lnterparticle bonding can be strengthened by the addition of calcium

compounds, and as shown in SECTION 4, this will influence the distribution of

weakest flaws in the soil, and hence the fracture surface morphology. With larger

additions of calcium, the values of o, tend to decrease, although this may have been

related to the difference in size scales between the features detected by the scanning

procedure (> 0.1mm) and the sizes of the particles that are stabilized by calcium

(<< 0.1mm).

lnterparticle bonding can also be strengthened by organic carbon in the soil.

(Carr and Greenland, 19721. The organic carbon content, however, also influences

a host of other soil properties such as the brittle and plastic behaviour of soil under

stresses, the bulk density and the water content of the soil. The effect of organic

carbon on the dispersion of flaw strengths in the soil was shown in SECTION 5 to be

inseparably tied to the soil water content. The lower plastic limit of the soil may be

used to slandardize the water contents of different soils, and it has a major influence

on the fracture characteristics of the soil. For example, if soils having very

different organic carbon conlents and bulk densities are fractured at their respective

plastic limits, then they can produce similar values of soil strength (Greacen,
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1960), and identical values of oR. At higher waler contents, the oR-values increase

but at a slower rate than for low-OO soils. This is attributed to the greater

macroporosity (more air-filled pores) in high-OC soils, which has the effect of

increasing the concenlrat¡on of weakest flaws over that of soils having lower amounts

of organic carbon. Att:ater contenls below the plastic limit the trend is reversed so

that oR-values tend toftower for high-OC soils than for low-OC soils. This is

probably related to changes in the dispersion of weakest flaw-strengths as the soil

dries out, causing the low-OC soil to increase in strength more rapidly than the

high-OC soil. Such changes in the relative strengths of soils having different organic

carbon contents have been noted by Davies (1985).

The experiments outlined in SECTIONS 6 & 7 demonstrale how drastically

the distribut¡on of flaws in the soil can change after rapid welting. Results indicate

that internal structure generation occurs almost invariably whenever wetting is

sufficiently rapid to reduce the tensile strength of the soil. ln studies where drastic

changes in the soil structure are induced, an interpretation of or-values needs to be

accompanied by information on the tensile strength of the soil because it is the

magnitude of the weakest flaws which controls the overall strength of the soil as well

as the fracture pathway.

The fracture surface rugosity, or, is ideally suited to the study of cracking

patterns in different soils. For example, the single-wetting experiments shown in

SECTION 6 indicate that the Urrbrae soil often had larger values of o, than did the

Wiesenboden. The reason for this is unknown, and could be investigated by taking

both of the soils through a series of wetting and drying cycles and observing the

changes that occur in or. The age hardening experiments outlined in SECTION 7,

showed that the moulded Urrbrae soil (which slakes easily and forms a surface

crust) had or-values which were quite similar in magnitude to those of the moulded

Portneuf soil (which is known lo crumble nicely during tillage and to form an ideal

seedbed). Perhaps after a few wetting arddrying cycles, however, the differences in

soil workability might be detectable from o"-values.
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Studies such as those mentioned above could give clues about whether

characteristlc distributions of weakest flaws exist in different soils which may be

responsible for differences in soil structure and workability. Experiments

comparing soils that are known to be self-mulching with soils that are known to be

hard-setting and difficult-to-work would be particularly useful in this regard.

Fracture surface analysis on natural soil clods has been recently used by Dexter and

Horn (1988) 1o investigate differences in soil workability between several West

German soils.

Additional work also needs to be done relating o, to soil resiliency. For

example, the question of whether there is a relation between fracture surface

rugosity and the ability of the soil to resist compaction and subsidence after tillage

needs to be addressed. lt has been suggested by Cruse, et al (1980) that seedbeds

made up of smoother particles are less able to withstand crusting, densification and

tillage-induced plow-pans. Rugosity therefore may be related to the packing

geomelry, infiltration and water run-off. lt may also affect the growth of roots in

undisturbed soils. The works of Whiteley, et al (1981), Whiteley and Dexter

(1983) and Dexter (1986), for examples, all describe the importance of the

surface roughness of aggregates and cracks in promoting root penetration.

From the results of the studies outlined in SECTIONS 3 to 7, il is apparent

that a given value of o, may arise from a large number of combinations of, among

other things, lhe water content, bulk density, organic carbon conlent, and calcium

contenl. This is partly because the fracture surface rugosity, oR, ¡s an overall

average measure of the structural condition of soil surfaces. The factors which

control o, , however, may actually produce different fracture surface morphologies.

That is, they may produce features of different angularity and shape. lf this were the

case, the differences in morphology could probably be distinguished using better

techniques than those used here. For example, if high-resolution equipment were

used, (perhaps combined with digital filtering techniques to adjust for appropriate

scales of observation) the differences in morphology could become quite visible. The
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proposed explanation presented at the end of SECT¡ON 4 (supported by the work of

Loveday and Scotter, 1966) could be investigated (viz: that at a scale of resolution of

say 1O¡rm, calcium applications will increase the fracture surface rugosity).

lf the contributions to o, of the different factors discussed in this thesis could

be more clearly separaled, this would provide a huge step forward for soil structure

research. As an example, fracture surface analysis has the potential to replace much

of the very tedious, time-consuming and expensive work on thin sections. This could

be the case particularly when measurements from thin sections are simply

correlated with other measured physical properties (see for example, Kooislra, et

al, 1985; Bouma and Kooistra, 1987).

8.3 Soil Mellowing from Natural Forces

An explosion of research on the subject of tillage and on the response of soils

and crops to different tillage systems has occurred in the past twenty years. This

explains the launching of various new journals (eg. Soil & Tillage Researchl which

cater to this area of research. During this period, there has been a general move

toward reduced cultivation (on suitable soils) in order to reduce compaction and

structural deterioration (eg. Ellis et al, 1982). lt is only relatively recently,

however, that significant emphasis has been placed upon research that takes

advantage of natural forces in the regeneration of soil structure (eg. Monnier and

Goss, 1987; Dexter, 1988c).

The use of natural forces (eg. drying, followed by rapid wetting) was

investigated in this thesis with the view of determining limits to which soil must be

dried before exposure to water will cause mellowing (generation of micro-cracks) in

moulded soil. Generating mícro-cracks is a first step toward developing soil

structure that is suitable for tillage in compacted and puddled soils. Water under

certain conditions can play a major role in generating these cracks, even in soils of

relatively low clay conlenl, as shown recenlly by Stengel (1988).
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For the soils used in this study, it was found that mellowing could be induced

if the soil was dried to at least a malric potential of -'l to -1.5 MPa and then exposed

to free water. Several cycles of wetting and drying would undoubtedly show a more

dramatic effect than found here. Only one exposure of the soil to rapid wetting was

planned in this thesis in order to establish the lower limits of effectiveness of the

wetting process in mellowing. ln many parts of the world, more than one cycle of

rapid wetting may not be possible due to the short time available to establish seedbeds

between seasons.

The rapid wetting experiments in this thesis have looked mainly at the extent

to which soils must be dried (at constant temperature) before be¡ng wetted, but has

not looked at how the rate of drying influences the mellowing process. Drying in this

thesis was conducted slowly enough to prevent visible crack-formation. Preliminary

work, not presented in this thesis, indicates that the rate of drying may also be

important in the mellowing process. The rate of drying (controlled by temperature,

relative humidity, wind speed, etc.) changes in the field on a daily basis and will

obviously affect the intensity of crack-formation. Some soils crack more lhan others

under different conditions of drying, thus making them more susceptible to the

mellowing process during rapid wetting.

There is a great deal of room for more research to be done using natural

forces, such as wetting and drying, lo ameliorate soil structure problems. The recent

works of Towner (1987a,b; 1988), for example, provide the basis for a whole new

area of research which has previously only been hinted at by others (eg.van de

Graaf, 1978; Koolen and Kuipers, 1983). That is the study of shrinkage and

cracking around incompressible particles (eg. sand grains). There is a huge

potential for the application of this sort of research to lhe problems of regenerating

structure in compacted, puddled and hard-setting soils. Shrinking and cracking

around sand grains may, in fact, be strongly involved in the self-mulching process,

which is peculiar lo some of the vertisolic soils around the world.
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8.4 Summary of Conclusions

1. The prediction of the tensile strength of natural (i.e. age hardened)

unsaturated soil is far from being understood, particularly in well-aggregated,

finer-textured soils, where aggregation and cementat¡on processes contr¡bute to the

strength. Future work needs to incorporate the influence of these processes in such a

way as to reduce the importance normally placed on the degree of pore saturation.

2. Soil fracture surfaces that are produced by brittle fracture under tensile

stress conta¡n a 'blue print' of the failure pathway. The topography of this failure

surface is a result of brittle failure through the joining up of the weakest flaws

closest to the plane of major tensile stress in the soil.

3. Fracture surface rugosity, oR, is a measure of the distance between the

weakest flaws in the soil, although it cannot be directly equated to that distance.

Factors reducing the dislance between weakest flaws will reduce the value of o"

measured on fracture surfaces created under tensile stress.

4. The value of o, is directly related to the distance between air-filled pores

in soil which is otherwise homogeneous. This distance is greatest at near-saturation

and decreases during drainage. This suggests that the ends of air-filled pores are

points of stress-concentration in brittle soils.

5. The value of o, is sensitive to structural improvements caused by the

application of calcium to the soil. lt was found that oR (measured at a scale of

0.1mm) decreased with greater additions of calcium. The scale of measurement,

however, probably has a strong influence on the magnitude of op, and requires

further investigation. Micro-probe technology may be useful in future research for

determining whether differences in rugosity at different scales are related to

differences in chemical properties between crack-surfaces and the bulk soil.

6. The value of o" is influenced by the soil organic carbon conlent, but at this

stage, it is concluded that the effects are indirect. The reason for this is that organic
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carbon influences other factors which control oR (eg. water conlent, bulk density,

plasticity).

7. lf moulded soils that have different organic carbon contents are fractured at

water contents corresponding to their respective lower plastic limits, they will

produce very similar values of tensile strength, TS, as well as fracture surface

rugosity, or. Higher levels of organic carbon tend to reduce the slope of the ot

against relative water content, ft, art".. Consequently, higher organic carbon

contents produce larger values of o, (relative to lower organic carbon contents) at

water contents below the plastic limit, and vice versa at water contents above the

plastic limit.

B. The non-contact laser system (multiple-transect method) for measuring

fracture surface topography, while providing similar resulls to the single-transect

method, appears to provide many advantages. The most significant advantages are that

the laser system is faster (requiring no sample preparation), and the multiple

scanning offers the opportunity to study anisotropic structural features.

9. The generation of soil structure during rapid wetting is not restricted to

dry soils. A maximum matric potential in the order of -1 to -1.5 MPa may be the

upper limit for initial water potentials at which mellowing during wetting can still

be induced. lnternal struclure generation as measured by fracture surface rugosity,

oR, occurs almost invariably whenever wetting is sufficiently rapid to reduce the

tensile strength of the soil.

10. The forces of air entrapment on their own during welting, do not induce

mellowing. The forces created by differential swelling, alone during wetting, also

have limited ability to induce mellowing. The forces only cause significant mellowing

when they act synergistically at the same time.
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Appendix 1. Effect of Running Mean on the Variance Spectra of a

Random Function f(x)

Differeræes between data values and running- or local-means are often used

in communications engineering to filter'unwanted' low frequency (long wavelength)

data. a common misconception, however, is that a running mean of length M will

remove all 'unwanted' variance at wavelengths X > M, yet will have no effect on the

(desired) variance occurring at shorter wavelengths, I < M. lt may be important to

understand the attenuating effects, which occur at wavelengths above and below 1, -

M. When it is seen that the application of a running mean is actually equivalent to

multiplying the variance spectra by the attenuation function

æ_tt¡

?r
tK(¡.)t 1-

æM
[A 1]

À

the usefulness of this filter for a given set of data may be more readily assessed. The

derivation outlined below is an expanded and modified version of the excellent, but

rather obscure work of Walls, Houbolt and Press (1954).

Let the random function f(x) be the elevations along a lransecl of a soil

fracture surface. The centred local, or running mean of f(x) over the interval M is:

2sln
2

u-
2

x+

g(x) = # J 11'¡a' fÈ 2l
Mx-T

The difference between the elevation, f(x) and its running-mean elevation, g(x), is

of primary interest because it provides information unbiased by overall trends (i.e.
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long wavelength variance). The difference between f(x) and g(x) is:

h(x) r(x)

or by substitution,

g(x)

x+ u-
2

f(x)dx

lA 3l

lA 5I

tA 6l

tA 4l
M

The finite Fourier transform of h(x), as a function of frequency may be written in

complex-value form as:

h(x) =f(x) - # J

x
2

x

J
x

-lO xH(o) = h (x)e dx

where {2 - 2nl ('reduced' frequency) *T, and f = frequency (inverse of

wavelength, ì,). Substituting equation [A-3] into equation [A-5] gives:

xx
-iQ x -iOx

H(o) = f (x)e dx- s (x)e dx

which is the same as

J
x I

x M

1 xx+tf -¡Çl x
Jf(x)e dx-M 

J J
M

2

-lÇ) x
H(o)= f(n)e dndX [A 7]

-x x
x

By interchanging the order of integration for the double integral term (to enable the
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x-inlegral of the second term to be evaluated) ¡t ¡s found that:

x

f -lot
H(o)= Jf(x)e

-x frln¡"-'t' d., ó,
1

cD(-M

Mn+t

t
M

2
-x

-lQ n
e dì

tA 8I

IA 9I

IA 101

[*rr¡

lA 121

tÈ

and

which reduces to

H(o) = 1-

x[ -ro* lo#, I xH(o)=Jf(x)e dx-lo¡¡- I ft(n)-x \, )-x

OMstn
À

OM

î"

F(c¿)

where F( A) is simply the finite Fourier transformation of the original random

function f (x):

x
[ -¡ox
Jf(x)e 0(F(o) =

-x

The variance spectrum of h(x) is described in the equation:

Qt(ol = Ïl ,*ltrtrrltt

which is equal to

Q¡,(ol =Li #ryo)H(-o)

and by substitution for H( O) we get

lA 131
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OM 2
s¡n

ì"
lÏ" #F(o)F(-o) lA 14I

q( o) lA lsl

0,( o) = 1

The term 1-

OM

À

- oM\
s¡n T- I

-l

oMlT)

2

1-

. OM\2
''n T-l
-ot,t I ¡. the function responsible for the attenuation of the

I

ì")

variance spectrum when a running mean is employed, such as that defined by h(x)

in equation tA 41. By replacing + wnn f , the attenuation function can be

expressed in terms of wavelengths or struclural unit sizes.

sin
2

lK(D12= 1- lA 16I

A plot of lK( f,) 12 versus the dimensionless ratio, $ , is instructive (Figure A1- 1 )

À
in that 6- describes the structural feature size relative to the length of the running

mean. There is no effect on the variance of struclural features that are the same size

À1,
as M (i.e. M-= 1.0). The variance of all structural fealures > M (i.e. M'> 1.0) is

rapidly attenuated to smaller lhan 20"/". There is, however, some magnification of

the variance of structural fearures for 0.5 . #. ,.0.

À

rM
ì"
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Choice of Running-Mean Length

A running mean of length M=4 mm was used in all parts of this thesis.

Although the choice of M=4 mm was somewhat arbitrary, it was controlled by the

length of the fractured soil surfaces (only 23 mm). lts choice also reflected the need

to filter the variance introduced by tilting of the sample eíther under the video

camera (or under the laser scanner) and to filter that caused by large-scale

features, while at the same time preventing the significant loss of information that

occurs when values of M become too large. Loss of variance begins to occur when M

becomes larger than approximately 15o/o of the length of the data series (Blackman

and Tukey, 1958).

An example illustrating how the length of the running mean, M, influences the

fracture surface rugosity, oR, is shown in Figure A1-2 tor the natural soil clods (at

three of five different water suctions) that were discussed in SECTION 3.5.3.1,

and which were illustrated in Figure 3-10. lt can be seen in Figure A1-2 that the

value of o^ increases as the length of the running mean increases, although due to the

limited length of sample (constant scanning length of 23 mm) the slope of the line

begins to decrease for M >4 mm. The point at which the slope begins to decrease is

indicated by the vertical arrow in Figure A1-2al M = 4 mm. A running mean

length of 4 mm represents 17"/" of the length of each sample, and is therefore the

maximum possible value that should be used in accordance with Blackman and Tukey's

(1958) criteria. The selection of M = 4 mm is therefore suitable for use in this

study because it provides o*-values which filter out a large amount of large scale

variance without losing the required information about structural features smaller

than 4 mm. When a running mean is not used for calculating the standard deviation,

the values of o can be much larger and much more variable. For example, the values

of o (no running mean) corresponding to the three lines shown in Figure A1-2 are

o = 1.019 r 0.035 mm forY = 0.5 kPa, o = 0.796 r o.o69mm for Y = 5 kPa,

and o = 0.873 t o.o47 mm for Y = 50kPa.
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Figure A7-2. Fracture surface rugosity (op, mm) of un-
disturbed Urrbrae soil clods as a functîon of the
length of the running mean (M, mm) for three of the
five different water suctions (v, kPa) used for
estabìishing water contents (cf. Figure 3-10).
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Appendix 2. Raw Data for SECTION 3

Appendix 2 consists of two Tables, both of which are needed for the calculation

of data used in SECTION 3.

Table A2-1 presents gravimetric water contents, w, on a clod-by-clod

basis for soil clods taken from Field W-10 (Waite lnstitute) and brought from

saturation to equilibrium using water suctions of 5, 10, 50, 100 & 500 hPa (1hPa

= 1cm water). Values of wo are water contents from pieces of clod on which

penetrometer resistance was determined, and values of wr. are those from pieces on

which tensile strengths were determined 1iv is tne mean of wo & Wr.). The values

of fu ¡n Table A2-1 are the values used in Table 3-2 tor the calculation of the

volumetric water contents, 0.

Table A2-2 presents the penetrometer resistance, Qp, and tensile strength,

TS, data on a clod-by-clod basis for the same clods listed in Table A2-1.
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Appendix Table A2-1

Water Glod Water Content
Suction # for Qp-clod

h (hPa) Wq (ksks-l)

Water Content
for TS-clod

W1s (ksks'1)

Average Water
Content

'ñ, (ksks'1)

Group
Averages

(1s.e.), n

5

0.2
0.2
0.2
0.2
0.2
0.2

0.2
0.1
0.1
0.2
0.2
0.2

1

2
3
4
5
6
7
I
1

2
3
4
5
6
7
I
1

2
3
4
5
6
7
I
9

1

2
3
4
5
6
7
B

9

1

2
3
4
5
6
7
B

o.241
0.266
0.285
0.240
0.231
0.223
0.240
0.246

0.232
0.220
0.218
0.219
0.237
0.225
0.237
0.231

0.199
0.211
0.207

48
94
92
29
30
25

0.186
0_202
0.184
0.215
0.206
0.218
0.207
0.1 97
0.212

0.178
0.182
0.183
0.187
0.164
0.196
0.1 BB
0.1 92

0.246
0.245
o.27 8
0.23 6
0.23 6
0.23I
0.225
o.242

28
06
08
04
2B
22

0.217
0.252

0.205
0.206
0.202

0.185
0.1 91
0.232
0.221
0.228

0.206
0.193
0.205
0.221
0.215
0.205
0.202
0.188

0.177
0.189
0.193
0.189
0.162
0.188
0.1 70
0.185

0.244
56
B2
3B
34
31
33

0.244

0.23 0
0.213
0.21 3
0.212
0.233
0.224
0.227
0.242

0.202
09
05
48
90
92
31
26
27

0.1 86
0.204
0.1 89
0.210
0.214
0.217
0.206
0.200
0.200

78
B6
88
BB
63
92

0.179
0.189

0.245
(r 0.006)

fì=8

0.224
(r 0.004)

fì=8

0.214
(r 0.007)

fì=9

0.203
(t 0.003)

fì=9

0.183
(r 0.183)

fì=B

1

il

il

lt

Í

0

50

0.2
0.2
0.2
0.2
0.2
0.2

0.2
0.2
0.2
0.1
0.1
0.2
0.2
0.2

0.1
0.1
0.1
0.1
0.1
0.1

100
n

n

n

il

tr

500
ll

il

(

ll

lt
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Appendix Table A2-2

Water
Suctiqr
h ( hPa)

Ood
# Mean $

(rea)
Mean TS
( kPa)

Penetr aneter
Resistance

$ ( kPa)

Tensile
Str englh
(kPa)

1

1

2
3
4
5
6
7
I

1

2
3
4
5
6
7
I
1

2
3
4
5
6
7
I
9

1

2
3
4
5
6
7
8
9

1

2
3
4
5
6
7
B

168.45
47.42
15.22
92.09

119.17
141.75
108.93
193.28

394.18
415.14
482.90

77.61
29L35
753.92
163.84
361 .1 1

2153.70
1345.00

571 .37
20 6.51

1284.49
131 9.17

279.13
329.42
772.26

2641 .09
823.30

1028.69
66 5.58
675.31
227.85
938.10

1389.30
760.1 6

1754.53
1582.71
1125 _27
1287 .11
1413.13
2915.6'1
2645.84

820.18

1 1 0.79
(r 20.eB)

fì=8

368.38
(t 72.701

n=8

917.89
(t 2'17.52)

lì=9

2.82
1.70
1 .64
2.68
5.1 4
2.12
2.59
1 .53

3.68
2.32
5.09
3.7 4
3.01
4.14
2.59
3.42

4.50
7 .11
4.38

7.93
5.67
3.18
4.31
4.28

12.80
3.30
5.63
5.54
7 .19
4.97
5.01
5.07
5.33

7.03
5.04
7.95
7.33
7.06
6.46
7.58
7.0 6

2.53
(1 0.414)

fì=8

3.50
(r 0.313)

fì=8

EA

Í
I

Í
tr

lt

100
il

I

tr

tr

Í

500
tr

Í

(

ll

5.17
(1 0.571)

o=8

1016.60
(r 228.1 9)

fì=9

1693.05
(r 2s8.63)

î=8

6.09
(r 0.e03)

fì=9

6.94
(r 0.312)

î=8
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Appendix 3. Water Desorption Data for Natural Soil Clods from the

Permanent Rotation Plots, Waite lnstitute.

The effects of organic matter on brittle fracture (outlined in SECTION 5) were

investigated using soil from the Permanent Rotation Plots at the Waite Agricultural

Research lnstitute. Differences in fracture surface rugosity may be related to

differences in the macro-porosity of the different soils. lnformation on the pore size

dislribution, particularly the macroporosity, may be inferred from water release

curves, and so it was considered important to determine these for soil from the ten

Rotation Plots discussed in SECTION 5 of this thesis.

For this purpose, a number of fist-size natural clods were collected in July,

1988 from each of the plots. The clods were brought to the laboratory where they

were saturated and then drained on porous ceramic plates at suctions of 3, 5, 10, 30,

50, 100, 300, and 500 hPa water over a period of five months. As the soil was

progressively drained, water contents were determined on the same large clod each

time by cutting a chunk of moist soil from each clod while it remained on the ceramic

plate.

Presented in Appendix-Table A3-1 are the average gravimetric water

contents, with standard errors and numbers of samples for each plot, at each of the

eight suctions listed above. These are plotted in Appendix-Figure A3-1. Using

average bulk densities from Table 5-2, and assuming an average particle density of

2650 kgm-3 the volumetric water contenls were calculated and are presented in

Appendix-Table A3-2(a). These data were plotted as desorption curves, and linear

equations in the form of

O=â+b(logroh) [43-11

were calculated and lhe regression coefficients are presented in the Appendix-

Table A3-2(b) along with data on %OC and po. The same analysis was done on the

Rotation Groups as shown in Appendix-Table A3-3, and these are plotted in Appendix-

Figure A3-2.
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Table A3-1

Gravimetric Water Contents (kgkg-1) at Different Suctions

Plot
#

Suctions ( hPa)
30 50 100 300 s00

5

17

18

19

20

29

34

35

w o.2172 o.2O12 0.1990 0.1929
(t s.e.Xl 0.007'l)(r 0.0068)(t 0.0059)(t 0.0027)

n5554

0.1874 0.1753 0.1681
(r 0.0050) (1 0.0044) (t 0.003s)

566

0.1 930
(i 0.0061)

4

6

7

w O.2268 o.2231 0.2180 o.2o12 0.1 970
(1 s.e.Xl 0.0063)(t 0.0058)(* 0.0037) (t 0.0016) (t 0.0027)

n55544

o.1942 0.1761 0.1s75
(f 0.0043) (r 0.0055) (r 0.0052)

556

w 0.2086 O.2182 O.2313 0.2101
(l s.e.Xt 0.004e)(r 0.0068)(r 0.0076)(i 0.003s)

n5554

o.1944 0.1727 0. 1 s75
(r 0.0052) (r 0.00s5) (r 0.00s3)

556

o.197 4
(r 0.0067)

4

w 0.2361 0.2362 0.2228 0.2256
(r s.e.)(r 0.0141 )(t 0.0107) (f 0.0073) (r 0.0061)

n5554

o.2046 0.1916 0.1773
(1 0.00e3) (r 0.0040) (r 0.0047)

566

0.2166
(t 0.0056)

4

w 0.2634 0.2490 0.2496 o.2295
(1 s.e.)(t 0.0100)(t 0.001e) (f 0.00s4) (r 0.0067)

n5454
0.21 1 6 0.1 991 0.1 92s

(r 0.0053) (1 0.0036) (1 0.0071)
565

0.2166
(1 0.0071)

4

w 0.2517 0.2558 0.2589 O.229O 0.2198
(t s.e.)(1 0.0076)(f 0.0044)(t 0.0'101) (r 0.0031) (f 0.0022)

n55544

w 0.2338 o.2394 o.2419 0.2199 o.2064
(l s.e.Xr o.0041Xl 0.00628)(1 0.0039Xi 0.0046) (t 0.0037)

n55544

o.2127 0.1957 0.1901
(r 0.002s) (r 0.0032) (r 0.0052)

565

0.21 01 0.1 934
(r 0.0064) (1 0.0040)

56

0.1871
(r 0.00s3)

6

w 0.3584 0.3891 0.3211 0.2689 0.2841
(t s.e.Xt 0.0202)(t 0.0235)(r 0.0168) (r 0.0061) (r 0.0241)

n55544
o.27 42 0.2288 0.2389

(r 0.015e) (r 0.0217) (r 0.0207)
546

w 0.2138 O.2182 0.2469 O.2'172
(t s.e.Xt 0.0044)(t 0.0096) (t 0.01ss) (t 0.0102)

n5555

0.1 995 0.1 599 0.1 500
(+ 0.0052) (r 0.0059) (r 0.00ss)

566

0.2018
(1 0.004e)

5

w 0.2139 O.2152 0.2088 0.1960
(1 s.e.X+ 0.0089)(t 0.0070)(t 0.00s1) (t 0.0070)

n5555

o.1784 0.1540 0.1429
(r 0.0026) (r 0.0064) (1 0.0050)

566

0.1 930
(r 0.0061)

5
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Figure A3-1. Gravimetric water contents, w, (grouped by rotation) plotted as
functions of the applied water suction, h.
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Table A3-2(a)

Volumetric Water Contents (by plot)

Plot
# 3

----Water Suctions ( hPa)
5 10 30 50 100 300 500

5
6
7
17
18
19

0.4083
o.4241
0.3963
o.4203
0.4530
o.4203
0.395 1

o.s770
0.3934
0.3936

0.3783
o.4172
0.4146
o.4204
0.4283
o.4272
0.4046
0.6265
0.401s
0.3960

o.37 41
o.4077
0.439s
0.3966
o.4293
o.4324
0.4088
0.5170
0.4543
o.3842

o.3627
o.3762
0.3992
0.4016
0.3947
o.3824
0.3716
o.4329
0.3996
0.3606

0.3628
0.3684
0.3751
0.3855
o.3726
0.367 1

0.3488
o.4s7 4
0.37 1 3
0.3483

0.3s23
0.3632
0.3694
0.3642
0.3640
0.3552
0.3551
o.441s
0.36 71

0.3283

0.3296
0.3293
0.3281
0.3410
o.342s
0.3268
0.3268
0.3684
o.2942
o.2834

0.3160
o.294s
0.2993
0.3156
0.3311
0.317s
0.3162
0.3846
o.2760
o.2629

20
29
34
35

Table A3-2(b)

Regression Coeff icients (by plot)

P lot
#

"/"OC Pu

(kgm

*

-s¡
----Reg ressio n

a

Coefflcients----
b r* *

5
6

7
17
18
19
20
29
34
35

0.97
1.O7
1.18
1.29
1.80
2.O1
2.O4
2.4s
0.98
0.97

'1880
't870
1 900
't780
1720
1 670
1 690
1610
1 840
1 840

o.4142
o.4571
o.4552
0.4506
o.4742
0.4628
0.4304
0.6392
o.4652
0.4391

-0.0343
- 0.054 0
-0.0495
-o.0447
-0.054 1

- 0.053 7
-o.o412
-0.1 044
-0.0610
-0.0603

0.964
0.978
0.876
0.9s9
0.990
0.969
0.950
0.930
0.841
0.975

%OC and P6 are from Table 5-2
r* f is the regression correlation coefficient, for which n=8 points
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Table A3-3(a)

Volumetric Water Contents (by rotation)

Plot
# 3

-Water Suctions ( hPa)
5 10 30 50 100 300 500

5,6,7
17

1 8,1 9,20
29

34,35

0.4096
o.4203
o.4228
o.5770
0.3935

0.4034
o.4204
o.4200
0.626s
0.3988

o.4071
0.3966
o.4235
0.51 70
0.41 93

o.3794
0.4016
0.3829
o.4329
0.3801

0.3290
0.3410
0.3320
0.3684
0.2888

0.3033
0.3156
0.3216
0.3846
0.2695

0.3688
0.3855
0.3628
o.457 4
0.3598

0.3616
0.3642
0.3581
0.4415
o.3477

Table A3-3(b)

Regression Coefficients (by rotation)

Plot
#

"/"OC ----Regression
a

Coefflclents----
b r* *

5, 6,7
17

18,19,20
29

34,35

o.4422
0.4506
0.4s58
0.6392
o.4s22

1.O7
1.29
1.9s
2.45
0.97

-0.0459
-o.o447
- 0.0497
-0.1 044
- 0.0 607

0.967
0.959
0.980
0.930
0.921
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Figure A3-2. Volumetr¡c water contenls,0, (grouped by rotation) plotted as
functions of the applied water suclion, h.
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As suggested in SECTION 3 the model of soil cubes for predicting the distance

between air-filled cracks needs to be improved and tested on a wider range of soils.

When such a model is developed, the data presented in this Appendix are ideally suited

for testing because of the wide range of pore sizes shown on a soil differing only in the

organic carbon contenl.
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Appendix 4. Raw Data For SECTION 5

Appendix 4 consists of four Tables, each needed for the calculation of data

presented in SEGTION 5.

Table A4-t presents, on a clod-by-clod basis for each of the ten plots used in

the Permanent Rotation Experiment, the bulk densitY, Pb, the penetrometer

resislance, Qp (and its corresponding gravimetric water content, wo), the tensile

strength, TS (and its corresponding water content, Wrr), the mean water content, iV,

the fracture surface rugosity by direct and by indirect fracture methods (or,or, and

onlino¡), and the mean 6r. The data from Table A4-1 are used mainly in reference to

sEcTloN 5.3.

Table A4-2 presents, on a disk-by-disk basis for each of the ten plots used in

the Permanent Rotation Experiment, lhe bulk densitY, Pb, the gravimetric water

content, W, the tensile strength, TS, and the fracture surface rugosity, or, of disks

held at a constant water suction of 50 kPa. The data from Table A4-2 are used mainly

in reference to SECTION 5.4.

Table A4-3 presents, on a disk-by-disk basis for plot #35 and #29 from the

Permanent Rotation Experiment, the bulk density, P6, the gravimetric water content,

w, the penetrometer resistance, Qp, &/or the tensile strength, TS, and the fracture

surface rugosity, o¡, for soil disks brought lo seven different water suctions (h = 0.1,

1.0, S.0, 1O.O, SO.O, tO7 lair dry), and 1Os (oven dry) kPa). The data from Table

A4-3 are used mainly in reference to SECTION 5.5.

Table A4-4 presents, on a clod-by-clod basis for each of the ten plots used in

the Permanent Rotation Experiment, the bulk density, Pb, gravimetric water content,

W, the tensile strenglh, TS, and the fracture surface rugosity, oR for (a) air dry

clods and for (b) oven dry clods. The data from Table A4-4 are used mainly in

reference to sECTloN 5.6.
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Plot #5

Ood

#

æ
o/o

on(¿)

( mm)

oR

( mm)
P6 Qp

(kgm-g) (kPa)

wo TS
(kgkEl) (kPa)

wr, tñ'

( kgkEl ) ( kgkgl )

onlino¡
( mm)

1

2
3
4
5
6

7

8
9

10
11

1.28
1.36
0.91
0.76
0.84
o.77
0.89
0.93
1.06
1.01
0.84

0.1 79
0.'1 78
0.1 58
0.161
0.1 60
0.1 63
0.1 70
o.162
0.1 70
0.1 70
o.171

o.228
o.210
0.210
0.1 31
0.181
0.296

1 570
1 690
1 620
1610
1 680
1 600
1 640
1 650
1 650
1 590
1 530

920.38
2729.56

814.44
3146.33
1990.37
1833.64
2398.65
36s2.81

933.48
1660.82
1424.24

10.54
7.22
8.42
5.1 4
s.86
7.93
5.57
3.1 6
4.97
5.42
3.37

0.171
0.1 75
0.1 64
0.1 63
0.1 58
0.1 56
0.1 64
0.1 59
0.1 60
0.171
0.1 60

o.17 s
o.177
0.161
0.1 62
0.1 59
0.1 60
0.1 67
0.161
0.1 65
0.1 71
0.1 66

o.242
o.217
o.238
o.264
0.258
0.239
0.295

0.205
0.350

o.279
o.248
o.202

0.26 1

0.233
o.220
o.264
o.243
o.22s
0.253
0.131
0.181
0.251
0.350

Mean 0.97
f se 10.06
n 1'l

1 620
r10

11

19s4.97
L284.41

11

0.1 67
f 0.002
11

6.1 5
r0.67
11

0.1 64
r0.002
11

0.1 66
r0.002
11

0.2s6
r0.015

9

o.221
10.017

9

o.228
10.012
11

Plot #6

qod

#

æ
otto

on(o)
( rr)

oR

( mr)
P6 Qp

(kgm-g) (kPa)

wo TS
(kgkgl) (kPa)

wrs \it
( kgkgl ) ( kgkgl )

onlrno¡
( t'n)

1

2
3
4
5
6

7
I
I
10
11

1.41
1.03
1.50
o.79
1.40
o.77
o.77
0.78
1.s1
0.81
0.99

6.61
7.32
5.1 I
4.28
6.86
4.s1
6.2s
6.25
7.O',!
4.1 8
5.64

1 530
1 630
1 540
1 630
1 550
f 570
1 650
1 600
1 500
1 570
1 630

1250.55
979.O2

1094.s7
770.39

24s8.17
832.s3

'1299.08

129s.84
1005.48
1380.57
1955.55

0.1 94
0.1 81
0.1 94
0.1 63
0.1 92
o.172
0.1 53
0.1 64
0.1 98
0.1 61
0.1 68

0.1 83
0.1 62
0.1 89
0.1 61

0.1 94
o.17 4
o.'152
0.1 57
0.1 90
0.161
o.17 4

0.189
o.172
0.1 92
0.1 62
0.1 93
0.1 73
0.1 53
0.1 61
0.1 94
0.1 61

o.'t 7 1

0.301
o.292
0.289
o.245
0.318
0.311
o.267
0.1 91

0.37'l
o.243
o.203

o.284
0.405
0.305

0.293
0.349
o.297
o.245
o.270
0.283
o.267
0.1 9'l
0.302
0.1 98
o.211

o.221
o.254

o.232
0.1 52
0.219

Mean 1.07
l se 10.10
n 11

1 600
110

11

1301.98
1151 .09

't1

0.1 76
r0.005
11

5.83
r0.34
11

o.172
r0.004
11

0.1 75
r0.005
11

o.276
r0.016
11

0.259
r0.026
I

o.264
10.015
11

(contin u ed.....)
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(...Table A4-1, cont'd)

Plot #7

CIod æ
# o/o

P6 QP

(ksm-g) (kPa)

wo TS
(kgkEl) (kPa)

wr" 'üv

( kgkEr ) ( kgkgl )

on(¿)

( mm)

onlina¡
( mm)

oR

( mr)

1

2
3
4
5
b

7
8
I
10
11

0.81
0.81
1.01
1.49
1.49
1.O2
1.51
0.98
0.81
1.48
1.s9

1 620
1610
1 500
1 630
1 590
1 590
157 0
1 620
1 640
1 600
1 630

1472.7 8
1491 .7 4
1141 .7 4
1459.30
151 8.95
726.22

2429.84
1914.37
2s80.08
1983.2s
1 892.1 6

0.1 69
0.1 69
o.177
0.1 76
o.177
0.1 76
0.1 76
0.1 67
0.1 57
0.'t 85
0.1 81

4.s 1

4.54
s.41

10.80
6.89
s.45
8.56
6.83
3.53
7.98
6.68

0.1 82
0.'1 69
0.1 79
o.177
o.172
o.177
0.1 75
0.1 68
0.1 69
0.1 86
0.1 78

0.1 76
0.1 69
0.1 78
o.177
0.1 75
o.177
0.1 76
0.1 68
0.1 63
0.1 86
0.1 80

0.332
0.370
o.202
o.222
0.326
0.1 91

o.201
0.286
0.629
0.23s
0.1 98

o.279
o.171
o.267
o.243
0.1 50
0.203
0.293
0.250
o.222

0.332
0.370
o.241
0.1 97
o.297
o.217
0.1 76
o.245
0.461
o.243
0.210

Mean 1 .1 8
+ se +0.10
n 11

1 600
r10

11

1691.86
+162.79

11

o.17 4
r0.002
11

6.47
10.63
11

0.1 76
r0.002
't1

0.1 75
+0.002
11

0.290
t0.039
11

o.231
r0.016
I

o.272
r0.026
11

PIot #17

qod æ
# o/o

wo TS
(kgkgi) (kPa)

wr. ;v
( kgkgl ) ( kgkgr )

P6
( kgm-3 )

Qp

( kPa)

on(¿)
( rm)

on¡ino¡
( rm)

oR

('nr)

1

2
3
4
5
6
7
I
I
10
11

1.38
0.96
0.92
1.40
0.98
1.38
1.41
1.40
1.3s
1.62
1.40

1 600
1 600
1 650
1 620
1 620
1 600
1 630
1 630
1 590
1610
1 570

1348.12
1173.06
761.28
448.71

1075.3s
974.O3

1996.98
1520.32
2230.19
1685.65
1293.34

0.1 89
0.1 70
0.1 69
0.1 80
0.1 70
o.177
0.1 73
0.1 80
0.1 76
0.1 92
0.1 93

6.88
7.66
6.1 I
9.87
6.58
7.82

10.58
9.12
7.76
7.79
8.6s

o.'17 4
0.1 68
0.1 70
0.1 75
0.1 65
0.1 78
0.1 75
0.1 76
0.1 79
0.191
0.1 73

o.182
0.1 69
0.1 70
0.1 78
0.1 68
0.1 78
0.17 4
0.1 78
0.1 78
0.1 92
0.1 83

0.459
0.333
0.200
0.255
0.330
0.23s
0.285
o.245
o.17 1

o.284
o.207

o.257
0.352
o.402

0.182
0.569
0.176
o.224
0.350
0.261
0.1 76

0.358
0.343
0.301
0.2s5
0.256
o.402
0.231
0.23s
0.261
o.273
0.1 92

Mean 1.29
+ se +0.07
n 11

1610
+10

11

131 8.82
!157.67

11

0.1 97
10.003
11

8.',t7
10.43
11

0.1 75
10.002
11

o.177
i0.002
11

o.273
lo.o24
11

0.295
r0.040
10

o.282
10.019
11

(contin ued.....)
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(...Table A4-1, cont'd)

Plot #18

qod

#

æ
ofto

on(¿)
( mm)

oR

( mm)

P6 Qp

(kgm'3) (kPa)
wo TS

(kgkgr) (kPa)
wr" tn

( kgkEr ) ( ksksr )

onlrno¡
( mm)

1

2
3
4
5
6

7
8
I
10
11

0.1 79
o.182
0.1 98
0.216
0.1 92
o.177
0.1 87
0.1 98
0.1 90
0.1 90
0.1 88

1.84
1.92
2.12
0.81
1.90
1.90
1.85
1.99
1.65
1.93
1.91

1 530
1 550
1s10
1510
1 570
1 570
1 570
1510
1510
1 540
1 550

1253.42
'1755.90

11s2.97
357.96

2837.50
2633.11

532.56
324s.78

978.03
97 4.91

1839.88

0.1 89
0.1 88
0.1 98
o.212
0.1 8s
o.182
0.1 89
0.1 97
0.1 87
0.1 97
o.187

8.08
s.85
9.90
5.64

10.4s
11 .67
9.54
6.29
s.37

10.86
1 1.49

0.1 84
0.1 85
0.1 98
o.214
0.1 89
0.1 80
0.'188
0.1 98
0.1 89
0.1 94
0.1 88

o.374
0.205
0.362
o.4s7
0.503
0.430
o.402
0.343
0.334
0.295
0.263

0.300

0.396

o.302

0.369

0.408

0.337
0.205
0.379
o.457
0.503
0.366
o.402
0.356
0.334
0.295
0.336

Mean 1.80
I se 10.10
n 'l 1

1 540
r10

1'l

1 s98.1 I
f 288.01

'11

0.1 92
r0.oo3
11

8.65
f 0.75
11

0.191
r0.003
11

0.1 92
r0.003
11

0.361
+0.026
11

0.355
i0.023

5

0.361
+o.o24
11

Plot #19

qod

#

æ
offo

on(¿)

( mm)

oR

( mr)
P6 Qp

(kgm-s) (kPa)

wo TS
(kgkgl) (kPa)

wrs w
( kgkgr ) ( kgkgr )

onlino¡
( mm)

1

2
3
4
5
6
7
I
I
10
11

0.353
0.299
0.1 7s
0.143
0.351
o.241
o.440
0.208
0.1 87
o.1 42
o.273

1.96
1.81
1.92
2.27
1.83
2.O7
2.O8
2.O1
1.92
1.88
2.33

1 550
1610
1 590
1 660
1 s70
1 550
1 550
1 520
1 680
1 590
1510

1984.38
1612.03
200s.34
11',t2.79
895.05

2256.77
1266.39
3680.01
1787.60
1s32.67
2319.66

o.187
0.1 92
0.206
0.1 88
0.1 87
0.205
0.200
0.'t 97
0.1 90
0.1 88
0.219

6.70
9.1 1

8.1 6
7.77
7.34

12.67
17.08
8.42

12.33
9.76
8.60

0.1 96
0.1 98
0.203
0.1 93
0.1 93
0.200
0.1 89
0.1 90
0.1 84
0.1 89
0.203

0.1 92
0.1 95
0.205
0.191
0.1 90
0.203
0.1 95
0.1 94
0.1 87
0.1 89
o.21',!

0.384
0.250
o.423
0.465
0.307
0.1 92
0.300
0.490
0.1 31
o.220
0.333

0.369
o.275
0.299
0.304
0.329
o.217
0.370
0.349
0.1 59
0.181
0.303

Mean 2.01
l se 10.12
n 11

1 580
+.20

11

1859.34
t228.30

11

0.1 96
r0.003
11

9.81
r0.92
11

0.1 94
i0.002
11

0.196
r0.002
't1

0.2s6
+0.029
11

0.318
r0.035
11

o.287
lo.o22
11

(cont inu ed.....)
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(...Table A4-1, cont'd)

Plot #2O

qod æ
# o/o

wo TS
(kgkgl) (kPa)

P6
( kgm-3 )

Qp

( kPa)

w TS
( kgkgl ) ( kgkgr )

oRlino¡ oR

( mm) ( mm)

w on(¿)

( rr)
1

2
3
4
5
6
7
8
I
10
11

2.06
2.14
1.94
2.28
1.80
1.86
2.25
1.99
2.O8
2.19
1.79

'1630

1 560
1610
1 530
1 s80
1 650
1 500
1 580
1 590
1 600
1 600

2398.27
3499.83
3295.O7
3530.90
2189.51
2000.35
1226.96
1870.7 0
2658.31
4005.56
2228.57

0.1 95
o.212
0.1 87
o.210
0.1 92
0.1 86
o.204
0.1 88
0.1 95
0.1 95
0.1 8s

9.62
8.83
7.37

1s.37
8.64
6. s4

13.46
10.59
5.59

0.1 96
o.212
0.1 84
0.1 87
o.226
0.20 1

o.20'l
0.1 97
0.1 95

0.'t 95
o.212
0.1 92
o.211
0.1 88
0.1 87
0.21 5
0.1 95
0.1 98
0.1 96
0.1 90

0.21s
0.3 57
o.249
0.283
o.218
0.298

o.210
o.231

0.'148

0.184

o.232
o.21',|

o.121

0.1 89
0.350
o.2s4
0.409

0.200
0.357
o.241
o.247
0.218
0.210

0.200
0.291
o.254
o.279

12.27 0.194

Mean 2.04
1ss +0.05
n 11

1 580
j10

11

2627.64
i256.80

't1

0.1 95
r0.003
11

9.83
r0.94
10

0.1 99
r0.004
10

0.1 98
r0.003
11

o.245
i0.020

9

o.244
r0.033
I

0.250
È0.0'16
10

Plot #29

qod

#

æ
ol/o

Qp

( kPa)

on(¿)

( mm)

oR

( mm)
P6

( kgm'3 )

wo TS
(kgksl) (kPa)

wrs ri,
( kgkgl ) ( kgkEr )

onlina¡
( mt)

1

2
3
4
5
6

7
I
I
10
11

2.71
2.31
1.94
1.94
2.58
1.64
3.20
2.12
2.s1
3.20
2.78

1 540
1 530
1470
1 550
1 430
1 580
1 450
1 570
1 4s0
1 400
1 540

4739.52
1621.52
3003.45
1854.36
1773.38
1877.O7
253s.78
3078.32
2789.21
1786.60
3513.80

0.2't3
o.221
o.234
0.205
o.271
0.1 87
0.255
0.1 86
o.224
o.2s7
0.1 92

5.92
8.64
8.7 4
5.26
4.66

12.63
s.42
3.57
6.90
8.44

o.228
0.209
o.228
0.1 94
0.233
0.1 79
0.256
o.211
o.221
o.240
0.253

o.221
o.215
0.231
0.200
o.252
0.1 83
0.256
0.1 99
o.223
o.249
o.223

o.243
o.248
0.209
0.201
o.242
o.342
0.309
o.234
o.247
o.232
o.224

0.216
0.316
o.228
o.344
o.426
0.319
0.213
o.542
0.291
o.274
0.1 67

0.230
o.282
o.219
o.273
0.334
0.331
0.26 1

0.388
0.269
0.2s3
0.1 967811

Mean 2.45
+ se t0.15
n 11

1 540
t20

11

2597.55
1289.59

11

o.222
10.009
11

7.45
10.8 7
1.t

o.223
Í0.007
11

0.223
r0.007
11

o.248
10.013
11

0.303
r0.032
11

o.276
r0.01 7
11

(continued.....)
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(...Table A4-1, cont'd)

Plot #34

God æ
# o/o

P6 QP

(ksm-s) (kPa)

wo TS
(kgkgl) (kPa)

wr" ü'
( kgkSr ) ( kgkEl )

on(¿)

( mm)

onlino¡
( mm)

oR

( mm)

1

2
3
4
5
6
7
I
9
10

0.76
0.76
2.O7
0.80
0.86
0.95
0.75
0.96
0.92
0.94

1 700
1 640
1 600
1 s80
1 640
1 570
1 630
1 600
1 620
1610

664.58
1427 .73
1721 .71
671.32

11s7 .21
1044.16
1266.27
850.87

1425.61
1390.05

0.1 71
0.1 56
0.1 73
0.1 69
0.1 64
o.17 2
0.161
0.1 73
0.1 69
o.17 4

2.21
4.49
7.06
4.09
3.90
2.99
4.14
3.96
4.20
3.34

0.'l 62
0.1 48
0.1 79
0.1 65
0.1 60
0.1 67
0.1 70
0.1 73
0.1 70
0.1 78

0.1 67
0.1 52
0.1 76
0.1 67
0.1 62
o.170
0.1 66
0.1 73
0.1 70
0.1 76

o.275
0.325
0.280
0.397
0.266
0.3 57
0.3s2
0.4 00
0.2s3
o.297

o.237
0.1 91

0.230
0.250
0.1 66
0.281

o.294
o.297
0.384

0.25 6
0.2s8
o.255
o.324
0.216
0.319
0.352
o.347
o.27 5
0.34 1

Mean 0.98
t se tO.1 2

n10

1 620
r10

10

1161.95
+111.31

10

0.1 68
10.002
10

4.04
+0.40
10

0.1 67
10.003
10

0.1 68
10.002
10

0.320
r0.017
'10

0.259
+o.o22
I

o.294
+0.015
10

Plot #35

Ood æ
# o/o

P6 Qp

(kgm-g) (kPa)

wo TS

(kgkgl) (kPa)

wt" üv

( kgkgl ) ( kgkgl )

on(¿)

( mr)
onlino¡
( tt)

oR

( mm)

1

2
3
4
5
6

7
I
9

10

1.6s
1.46
0.87
0.69
o.87
0.86
0.81
0.83
0.94
0.73

1510
1 580
1 660
1 640
1610
1 6s0
1 680
1 690
1 700
1 700

2555.37
2622.88
2463.1 6
3684.s0

768.1s
2880.0s
3449.',t7

728.47
3038.39
3629.73

0.1 82
o.17 4
0.1 61
o.1 47
0.1 56
0.1 55
0.1 s7
0.1 59
0.1 57
o.142

9.1 1

7.O1
4.0s
7.46
3.75
3.66
6.1 4
7.72
6.1 6
6.34

0.1 78
0.1 66
0.1 57
0.1 46
0.1 s4
0.1 54
0.1 s3
0.1 50
0.1 56
0.1 43

0.1 80
0. 'l 70
0.159
o.1 47
0.155
0.1 55
0.155
0.1 55
0.1 57
0.1 43

0.430
0.1 66
0.1 99
0.263
o.264
o.264
o.240
0.1 76
0.201
o.224

0.1 65
o.1 54
o.312

0.293
0.358
0.199
0.1 45

o.17 4

0.298
0.1 60
0.256
0.263
o.279
0.31 1

o.220
0.161
0.20 1

0.1 99

Mean 0.97
l se 10.10
n 10

2s81 .99
Í335.07

10

0.1 59
+0.004
10

6.1 4
+0.58
10

0.1 56
+0.003
10

0.1 58
10.003
't0

o.243
lo.o24
10

o.225
+0.029
I

0.235
r0.017
10

1 640
!20

10

- ( Ð,¡D CF TABLE A4- 1 ) -
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Table 

^4-2
Plot #5

Disk

#

P6

(rgr-3)
w

(kg kg -

TS

(kPa)
onlina¡

(mm)t)

1

2
3
4
5
6
7
I
I
10

1 930
1 850
1890
1810
1 850
1 920
1 890
1 880
1880

0.1 58
0.1 57
0.1 67
0.1 60
0.170
0.159
0.167
0 .171
0.1 76

45.05
44.92
35.51
41 .96
3 2.65
39.01
37.16
3 0.31
28.12

o.210
0.1 85
0.351
0.1 66
0.177
o.214
0.1 95
0.1 67
0.322

Mean
(t se.)

n

1880
(1 1o)

I

0.1 65
(+ 0.002)

I

37.1 9

Ê. 2.o4)
9

0.221
(r 0.023)

I

Plot #6

Disk

#

P6

(rgr-3)
w

(rg kg -1)
TS

(kPa)
onlina¡

(mm)

1

2
3
4
5
6
7
I
9
10

1 970
1 870
1 870
1 870
1 970
1 870
1 850
1 880
1 780
1 800

0.161
67
68
69
64
61
64
63
74

0.177

40.41
37.69
43.66
34.21
45.37
46.7 4
3 7.59
4 0.91
27.64
27.75

0.1 35
0.228

58
06
59
97
86
63

0.224
0.1 98

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.2
0.2
0.1
0.1
0.1
0.1

Mean
(t se.)

n

1 870
(1 20)

10

0.167
(r 0.002)

10

38.20
(! 2.12)

10

0.195
(r 0.012)

10

(contin u ed.....)
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(...Table A4-2, cont'd)

Plot #7

Disk

#

P6

(rgr-3)
w

(rg rg -1)
TS

(kPa)
oR(¡n¿)

(mm)

1

2
3
4
5
6
7
I
9
10

1910
1880
1910
1950
1940
1850
1 980
1860
1800
1910

0.159
63
66
63
65
72
61
60
73

0 .171

33.81
43.84
40.07
44.99
41 .33
3 5.80
45.46
39.56
27.66
3 8.60

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.233
97
61
52
52
76
83
52
53

0.252

0.1
0.2
0.1
0.1
0.2
0.1
0.2
0.2

Mean
(t se.)

n

1 900
(r 20)

10

0.1 65
(r 0.002)

f0

39.1 1

(t 1.74)
10

0.221
(r 0.015)

10

Plot #17

Disk

#

P6

(kgm-
TS

(kPa)
on(¡no)

('nr)
w

t) (rgrg-1)

1

2
3
4
5
6
7
I
9
10

1810
1 680
1830
1750
1 790
1800
17 40
1760
1820
1 780

82
80
7B
72
72
B4

0.178

3 6.38
29.64
32.61
33.03
33.50
38.15
35.03
34.61
29.32
3 7.01

0
0
0
0
0
0
0
0
0

70
71
85

1

1

1

1

1

1

1

1

1

0.260
0.209
0.1 43
0.1 85
0.222
0.266
0.272
0.21 8
0.276
0.1 55

Mean
(t se.)

n

1780
(1 10)

10

0.177
(r 0.002)

10

33.9 3
(f o.e3)

10

0.221
(1 0.01s)

10

(continued.....)
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(...Table A4-2, cont'd)

Plot #18

Disk

#

P6

(kgm-
w

(rgkg-r)
TS

(kPa)

onlina¡

(mm)t)

1

2
3
4
5
6
7
I
9
10

1 700
1700
1 690
1700
1760
17 20
1710
1710
1750
1710

0.1 95
0.190
0.1 99
0.201
0.1 99
0.1 92
0.185
0.1 90
0.205
0.203

41.46
4 6.95
42.94
33.72
3 7.58
43.28

0.2
0.1
0.2
0.1
o.2
0.2
0.1
0.3
0.3

35
53
04
82
00
26
86
01
12

0.228

46.00
40.83
32.87
34.10

Mean
(t se.)

n

17 20
(1 10)

10

0.196
(r 0.002)

10

39.97
(r 1.62)

10

o.223
(r 0.016)

10

Plot #19

Disk

#

Pg

(Lg'n-3) (kgrg-1)
w TS

(kPa)

oR(¡no)

(m'n)

0.1
0.1
0.1
0.2
0.2
0.1
0.2
0.1
o.2

1

2
3
4
5
6
7
I
9
10

1 730
17 20
1 700
1 670
1 730
1710
1670
1750
127 0
1720

0.201
0.197
0.204
0.206
0.209
0.208
0.192
0.1 96
0.208
0.204

41.97
41.28
41 .39
34.51
34.7 4
40.26
44.44
45.24
29.48
4 4.83

12
62
89
07
16
57
14
78
42

0.342

Mean
(t se.)

n

1 670
(r 40)

10

0.203
(r 0.002)

10

39.82
(r 1.6s)

10

0.202
(r 0.01e)

10

(co ntin u ed.....)
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(...Table A4-2, cont'd)

Pf ot #2O

Disk

#
P6

(rgr-3)
w

(¡<gLg-1)

TS

(kPa)
oRlina¡

(mm)

74
18
72
55
41
23
35
67
79

0.189

0.1
0.2
0.1
0.1
o.2
0.2
0.2
0.1
0.1

40.14
41.16
34.69
37.88
29.42
37.47
43.51
43.40
34.49
3 6.67

1 700
1690
1 630
17 40
1 670
1 680
1710
1 730
1 670
1 700

02
99
07
05
15
15
00
99

0.213
0.202

0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.1

1

2
3
4
5
6
7
I
9
10

Mean
(t se.)

n

1690
(1 1o)

10

0.206
(r 0.002)

10

37.88
(t 1.3e)

10

0.195
(r 0.010)

10

Plot #29

Disk

#
P5

(rg m'3)

w
(rg rg -1)

TS

(kPa)
on(¡n¿)

(mm)

1

2
3
4
5
6
7
I
9
10

1 560
1610
1 570
1 670
1 560
1 630
1 580
1610
1 650
1 640

0.218
0.226
0.237
0.233
0.235
0.238
0.228
0.225
0.227
0.227

33.01
34.66
3 2.03
26.94
29.66
35.73
40.75
32.22
32.81
34.7 4

0.233
0.177
0.245
0.1 73
0.230
0.17 4
0.256
0.29 9
0.210
0.147

Mean
(t se.)

n

1610
(r 10)

10

0.229
(f 0.002)

10

33.25
(1 1.17)

10

0.214
(r 0.015)

10

(continued.....)
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(...Table A4-2, cont'd)

Plot #34

D¡ sk

#

P6

(kgm-
TS

(kPa)
onqina¡

(--)
w

t) (rgrg-1)

1

2
3
4
5
6
7
8
9
10

1 920
1 850
1880
1 880
17 40
1 860
1 830
1810
1 750
1 840

0.1 15
0.1 56
0.1 60
0.1 67
0.166
0.167
0.1 55
0.159
0.183
0.1 59

2 9.39
34.14
29.17
30.25
25.71
28.03
29.40
24.59
29.96
28.97

0.286
0.159
0.231
o.228
0.250
0.1 83
0.1 87
0.118
0.1 23
0.237

Mean
(t se.)

n

1840
(r 20)

10

0.1 63
(1 0.003)

10

28.96
(r 0.82)

10

0.200
(r 0.018)

10

Plot #35

Disk

#

P6

(rgr-3)
w

(kg kg'
TS

(kPa)
onlino¡

(mm)t)

0.1
0.3
0.1
0.1
0.1
0.2
o.2
0.1

1

2
3
4
5
6
7
I
I
10

1810
1820
1 840
1790
1860
1890
1890
1780
1930
1800

0.1 60
0.1 59
0.1 67
0.1 64
0.172
0.1 66
0.1 60
0.1 63
0.164
0.172

33.20
3 0.76
32.02
37.90
31.72
3 8.30
39.89
37.35
26.00
26.61

97
15
64
80
83
52
14
84

0.219
0.276

Mean
(r se.)

n

1840
(t 20)

10

0.1 65
(r 0.001)

10

33.37
(1 1.s4)

10

0.21 I
(1 0.01s)

10

- ( El,lD CF TABLE M- 2) -



Suction = 0.1 kPa
Plot #Æ_

Disk

#

P6

(kgm-
Qp

(kPa)

TS

(kPa)

onlino¡

(mr)
w

t) (kgrg-1)

1

2
3
4
5
6
7
I
I
10

1640
1 630
1 630
1660
1 700
1 650
1 670
1 670
1 700
1 640

o.27 3
0.273
0.27 8
0.27 5
0.28 3
0.273
0.28 0
0.271
0.27 4
0.28 0

118.60
1 14.61
120.41
168.20
116.36
157.72
110.37
144.50
137.51
125.28

o.220
0.252
0.227
0.221
0.138
0.207
0.477
0.1 81
0.1 07
0.203

Mean
(1 se)

n

1 660
(r 1o)

10

0.27 6
(1 0.001)

10

131.36
(r 6.26)

10

o.223
(10.031)

10

Suction = 0.'l kPa
Plot #35

Disk

#

P6

(t<gr-3)
w

(kgkg-
Qp

(kPa)

TS

(kPa)

on(¡no)

(mm)t)

1

2
3
4
5
6
7
8
I
10

1 830
1860
1 830
1 830
l BBO
1820
1 890
1 850
1 850
1 830

99
01
00
07
06
03
00
00
96

0.201

.92

.92

.73

.46

28.51

80
70
13
24
86
32
78
23

0.221
0.201

0.0
0.3
0.2
0.1
0.2
0.2
0.1
0.4

23
83
04
89
71

I
9

12
21
14
24
14
27
60

0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.1

Mean
(1 se)

n

1 850
(r 1o)

10

0.201
(r 0.001)

10

22.32
(t 4.821

10

0.233
(r0.033)

10

(co nt in u ed..... )
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[...Table A4-3 cont'd)

Suction = 1.0 kPa
Plot #29

Disk

#

P6

(kgm-
Qp

(kPa)

TS

(kPa)
onlino¡

(mm)
w

t) (rgrg-1)

1

2
3
4
5
6
7
8
I
10

1 640
1610
1 660
1 680
1 680
1670
1660
1650
1 620
1 600

0.267
0.272
0.257
0.26 0
0.25 9
0.26 0
0.27 0
0.262
0.26I
0.27 9

358.24
358
341
345
423
317
232
246
287.62
277.89

.62

.40

0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.2
0.1

45
BB
19
09
B2

B1
40
80
82
73
53
81
97
72

0.197

Mean
(f se)

n

1 650
(f 1o)

10

0.265
(r 0.002)

10

318.92
(1 18.4e)

10

0.196
(10.013)

'10

Suction = 1.0 kPa
Plot #35-

Disk

#

P6

(rgr-3) (rgrg-1)
w Qp

(kPa)

TS

(kPa)

onlino¡

(mm)

1

2
3
4
5
6
7
I
I
10

1 870
1 850
1 850
1810
1 800
1 790
1810
1790
1 780
1 850

89
88
86

0.189

53.16
55.47
24.27
44.24
35.56

100.51
36.50
50.35
49.48
39.24

0
0
0
0
0
0
0
0
0

86
92

1

1

1

1

1

1

1

1

1

0.212
63
63
95
3B
56
20
93
16

0.285

0.1
0.1
0.1
0.2
0.2
0.3
0.1
0.1

93
92
92
85

Mean
(1 se)

n

1 820
(r 1o)

10

0.189
(r 0.001)

10

48.88
(r 6.48)

10

0.214
(10.020)

'10

(co nt in u ed..... )



-284-
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Suction = 5.0 kPa
Plot #æ_

Disk

#

P5

(Lg.-3)
w

(kg kg -

Qp

(kPa)

TS

(kPa)

oRlinu¡

(mm)t)

0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1

9-2
8.6
3.3
6.7

1

2
3
4
5
b
7
I
9
10

1610
1 630
1 680
1 650
1 650
1 620
1 690
1 680
1 630
1 680

0.251
o.254
o.249
0.25 0
0.252
0.255
0.244
0.249
0.249
0.249

61 6.41
54
42
53
55
659.28
593.89
576.17
518.84
549.59

37
20
87
18
91
6B
97
73
22

0.246

I
2
7
7

Mean
(r se)

n

1 650
(+ 1o)

10

0.250
(r 0.001)

10

558.22
(r 1e.53)

10

0.1 76
(+0.018)

10

Suction = 5.0 kPa
Plot #3,1

Disk

#

Pg

(kgm-
Qp

(kPa)

TS

(kPa)

onlrno¡

(mm)
w

t) (kgrg-1)

0.1
0.1
o.2
0.3
0.2
0.1
0.1
0.1

1

2
3
4
5
6
7
I
9
10

1790
1 820
1 830
1 840
1 800
1 830
1 750
1 800
1 760
1780

0.188
0.1 B5
0.181
0.184
0.1 85
0.184
0.193
0.1 78
0.186
0.183

61.08
92.40
94.40
77.49

147 .93
158.47
104.19
218.05
126.90
219.24

21
64
82
30
13
26
67
90

0.226
o.242

Mean
(r sè)

n

1800
(1 1o)

10

0.185
(t 0.001)

10

130.02
(1 17.ss)

10

0.206
(ro.021)

10

(cont in ued...)
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Suction = 10.0 kPa
Plot #29

Disk

#

P6

(rgr-3) (rgkg-1)
w QP

(kPa)

TS

(kPa)
onlina¡

(,nm)

0.1
o.2
0.1
0.1
0.2
o.2
0.1
0.2

1

2
3
4
5
b
7
I
9
10

1 660
1 660
1610
1 590
1610
1 680
1 680
1 600
1 690
1610

0.241
0.234
0.244
0.248
0.248
0.241
0.245
0.243
0.241
0.249

684.92
1005.17

7 40.20
771.33
591.77
884.94
438.42

1237.51
608.0s
661.58

65
o4
45
37
30
25
63
21

0.23 9

Mean
(t se)

n

1 640
(1 10)

10

0.243
(+ 0.001)

10

762.39
(r 72.60)

10

0.192
(ro.o13)

I

Suction = 10.0 kPa
Plot #35_

Disk

#

Psw
(kg rn-3) (kg kg-r )

Qp

(kPa)

TS

(kPa)

oRlino¡

(mm)

1

2
3
4
5
6
7
I
9
10

1 830
1800
1 860
1 820
1800
1 860
1 860
1 800
1 860
1 860

0_175
0.175
0.1 76
0.177
0.17 4
0.180
0.1 76
0.175
0.1 76
0.1 79

99.83
157 .34
95.39

137.94
208.07

86.72
65.01

128.77
69.00

165.52

0.1 98
0.1 51
0.1 60
o.221
0.219
0.163
0.1 63
o.234
o.152
0.150

Mean
(t se)

n

1 840
(1 1o)

10

0.1 76
(r 0.001)

10

121.36
(r 14.66)

10

0.181
(to.o1 1)

10

(c ontin ued...)
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(...Table A4-3 cont'd)

Suction = 50.0 kPa
Plot #æ_

Disk

#

P6

(rgr-3) (kgrg-1)
w QP

(kPa)

TS

(kPa)

oR(¡no)

(mm)

0.1
0.2
0.1
0.1
0.1
0.1
0.1
0.1
0.1

1

2
3
4
5
6
7
I
9
10

1 600
1 670
1 660
17 20
1 650
1600
1 630
1 680
1 650
1 650

0.1 91
0.1 87
0.186
0.184
0.1 87
0.1 87
0.186
0.186
0.1 84
0.1 84

47 49.00
4629.84
487 4.28
5960. 1 2
5779.19
4632.77
4155.92
5159.78
5326.23
5019.28

35.52
37.21
40.59
36.08
40.03

77
54
53
95
76
33
61
61
BO

0.143

Mean
(t se)

n

1 650
(r 1o)

10

0.186
(r 0.001)

10

5028.64
(1 173.73)

10

37.89
(11.03)

5

0.1 73
(r0.01 1)

10

Suction = 50.0 kPa
Plot #3å

Disk

#

P6

(r g r'3) (kgrg-1)
w Qp

(kPa)

TS

(kPa)

onlina¡

(mm)

0.1
0.1
0.1
0.1
0.2
0.1
0.1
o.2

55
90
04

1

2
3
4
5
6
7
I
9
10

1 820
1 800
1810
1 820
1 800
1 830
1810
1 840
1 870
1 870

0.150
0.1 52
0.1 49
0.1 50
0.1 49
0.147
0.147
0.1 46
0.148
o.1 47

221 1

4299
2325
3098
2962
3600
2993
3216
4038

.48

.40

.47

.16

.52

.63

32.70
43.97
38.34
46.79
37 .77

98
31
92
66
34
34
46
02

0.1 61
0.1444279.02

Mean
(t se)

n

1 830
(r 1o)

10

0.149
(r 0.001)

10

3302.52
(r 23s.30)

10

39.92
(!2.48)

5

0 .171
(i0.011)

10

(continued...)
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SUCI¡ON = AIR DRY
Plot #29

Disk

#

P6

(kg m

oP

(kPa)

TS

(kPa)

onlino¡

(mm)
w

-3) (rg rg -1 
)

0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

1

2
3
4
5
6
7
I
9
10

1 600
1610
1 630
'1560
1 620
1640
1 590
1 650
1 600
1 620

016 261.30
209.29
253.83
226.90
297.08
273.51
241 .60
248.24
265.1 9
250 .7 4

0.176
o.127
0.112
0.183
o.177
0.143
0.110
0.139
0.156
0.090

7
7
8
6
7
7
7
7
6

1

1

1

1

1

1

1

1

10.0

Mean
(l se)

n

1610
(r 1o)

10

0.017
(l 0.0002)

10

252.77
(t7.7o)

10

0.1 41
(r0.o1o)

10

Suction = AIR DRY
Plot #3å

Disk

#
P6

(kgr-3) (rgrg-1)
w Qp

(kPa)

TS

(kPa)
oRlina¡

(mm)

1

2
3
4
5
6
7
I
9
10

1810
1760
1790
1 760
1 780
1760
17 40
1 760
1 750
17 40

0.012
0.012
0.012

293.50
298.75
347 .15
270.49
279.29
256.1 I
305.42
291 .26
27 8.02
31 5.52

b

33
08
47
16
38

.1 04

.217
0.1 08

0
0
0
0
0
0
0
0
0

1

27
1

1

1

1

1

1

1

0.013
0.013
0.012
0.013
0.012
0.013
0.013

Mean
(t se)

n

177 0
(r 10)

10

0.013
(r 0.0002)

10

293.56
(18.1 0)

10

0.131
(ro.o1 1)

10

(contin u ed...)
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(...Table A4-3 cont'd)

Suction = OVEN DRY
Plot #29

Disk

#
P6

(kg m

w
(kg kg -

QP

(kPa)

TS

(kPa)
onlrno¡

(mm)-3) t)

1

2
3
4
5
6
7
I
9
10

1 590
1 600
1610
1610
1610
1 620
1 600
1 620
1610
1 590

0
Í
f

Í
n

lt

ll

il

tl

n

344.48
297 -27
348.55
346.73
322.19
297.13
298.56
340.22
356.7 4
292.56

0.139
0.086
0.1 31
0_165
0_100
0.117
0.1 31
0.128
0.139
0.094

Mean
(t se)

n

1610
(r 3)
10

324.44
(r8.13)

10

0.123
(r0.008)

10

0

10

Suction = OVEN DRY
Plot #3å

Disk

#

P6

(kg m

w
(kg kg -

Qp

(kPa)
TS

(kPa)
onlina¡

(,nr)-3 t)
)

1

2
3
4
5
6
7
I
9
10

1780
1 760
1 780
17 40
17 40
1 780
1 760
1 800
1710
17 20

0
(
It

il

I

tr

Í
Í
(
il

350.23
380.20
430.49
356.21
375.98
400.63
361.08
453.56
403.31
360.09

78
72
00
52
38
75
68
87
35

0.144

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1

Mean
(+ se)

n

1 760
(È 1o)

10

387.1 I
(r10.87)

10

0.1 45
(r0.010)

10

0

10

- ( E'¡D CF TABLE A4- 3) -
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Table M- 4
Suction = AIR DRY

Plot #5

Clod

#

Pg

(rgr-3)
TS

(kPa)
onlinu¡

(m-)
w

(rgrg-1)

1

2
3
4
5
6
7
I
9

1560
1 750
1710
1 540
1 550
1 670
1 550
1710
1710

09
09
08
10
17
12
13
11

0.010

83.73
26.40
5 7.59
31 .58
71 .87
33.80
35.70
54.27
60.02

o.252
0.248
0.206
0.301
0.177
0.28 6
o.223
0.281
0.222

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Mean
(t se.)

n

1 640
(1 30)

I

0.011
(r 0.001)

I

50.55
(r 6.62)

9

o.244
(r 0.014)

9

Suction - AIR DRY
Plot #6

Clod

#

P6

(kgr-3)
TS

(kPa)
onlina¡

(mm)
w

(rg rg -r )

1

2
3
4
5
6
7
I
9
10
11
12

1690
1700
1 650
1920
1620
1 640
1850
1 800
1600
1660
1 650
1 550

0.010 75.27
50.07

1 0 6.41
82.77
51.75
58.61
92.32
86.35
69.26
87.45
71.30
61 .21

26
01
55
50
97
94
56
93
36
19

0.214
0.168

0.01
0.01
0.01
0.01

0
4
1

1

1

3
5
5
1

2
2

0.2
0.2
0.1
0.2
0.1
0.1
0.1
0.1
o.2
o.2

0.01

0.01
0.01

0.01
0.01
0.01
0.01

Mean
(t se.)

n

1 690
(r 30)

12

0.01 2
(1 0.001)

12

7 4.90
(l 4.80)

12

0.201
(1 0.00e)

12

Values of bulk density were estimated from the measured geometric mean diameter and oven dry mass

of each dod, assuming that the clods were roughly spherical in shape.

(continued.....)
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Suction = AIR DRY
Plot #7

Clod

#

Po*
(rgr-3)

TS

(kPa)
onlino¡

(mm)
W

(rgkg-1)

1

2
3
4
5
6
7
I
9

1640
1690
1 550
1560
1900
177 0
1 880
1 760
1550

63.7
61 .0

93.70.01 1

0.010
0.012
0.011
0.01 0
0.010

55.84 o.207
52
75
40
11

o.zoa
0.329
0 .171

2
0
I
I
4
9
3

o.2
0.1
0.2
0.1

5 7.9
9 0.3

146.7
79.7

0.011
0.010

0.010 42.78

Mean
(t se.)

n

1700
(r s0)

9

0.011
(l 0.0002)

I

76.88
(r 10.37)

I

0.219
(r 0.024)

I

Suction = AIR DRY
Plot #17

Clod

#

Po*
(kgm-

TS

(kPa)
onlino¡

(mm)
w

t) (rgkg-r)

1830

1

2
3
4
5
6
7
I
I
10
11
12
13
14
15
16
17

1490
147 0
1 670

1 570
1 590
17 40
1 750
1510
1790
1530
1680
1 760
1600
1770
1610
1810

0.01 5
0.013
0.011
0.01 1

0.01 4
0.014
0.013
0.01 0
0.01 3
0.013
0.013
0.01 4
0.01 7
0.01 1

0.013
0.010
0.013

97 .94
27.37
37.21
81.18
1 9.68
56.72
82.88
30.1 0
46.23
46.37
43.7 4
57.54
91 .30
68.87
67.54
55.84

108.53

0.122

o.rgs
0.222
0.242
0.243
0.289
0.226
0.251
0.236
0.111
0.1 99
0.162
0.1 29
o .167
0.231

Mean
(t se.)

n

1660
(r 30)

17

0.013
(1 0.0004)

17

59.94
(l 6.26)

17

o.202
(1 0.014)

15

*
Values of bulk density were estimated from the measured geometric mean d¡ameter and oven dry mass

of each clod, assuming that the clods were roughly spherical in shape.

(contin u ed.....)
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Suction = AIR DRY
Plot #18

Clod

#

P6

(rgr-3)
TS

(kPa)
oRlino¡

(r'n )

w
(kgrg-1)

1

2
3
4
5
6
7
I

17 40
1610
1620
1 570
1470
1570
1 790
1590

0.015
0.01 7

0.01 B

0.017

0.014
0.018
0.01 7
0.017

BB.1B
76.06
41.22
65.93
34.97
81.10

133.53
66.70

.157

.129

.243

.329

.137
0.208
0.244

;
0
0
0
0

Mean
(t sa.)

n

1620
(r 40)

I

0.01 7
(r 0.0005)

8

73.46
(t 10.79)

I

0.207
(! o.o27)

7

SUCI¡ON = AIR DRY
Plot #19

Clod

#

P6

(rgr-3)
TS

(kPa)
onlino¡

(rm)
w

(rgrg-1)

24
't4
17
16
17

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

1

2
3
4
5
6
7
I
9
10
11
12
13
14
15
16
17

1730
1590
1710
17 20
1650
1 330
1690
1 420
1920
1 370
1530
1560
1470
1630
1 420
1460
1480

.017

.020

.017

.018

.016

.016

.017

.017

.01 I

.017

.01 5

.020
0
0
0
0

0.0

37.68
82.05
69.09
69.84
5B.07
43.24
67.39

.237

.122

.129

.1 51

.344

.306

.240

.224

.140

.255
0.210

33.38
115.19

67.19
57.49
65.61
42.29
79.90
71 .20

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0

164
193
244
167
123

54.78
61 .24

Mean
(t s¿.)

n

1 570
(1 40)

17

0.017
(r 0.001)

17

63.27
(! 4.71)

17

0.203
(r 0.017)

16

*
Values of bulk density were eslimated from the measured geometric mean diameter and oven dry mass

of each clod, assuming that lhe clods were roughly spherical in shape.

(contin ued.....)
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Suction = AIR DRY
Plot #2O

Clod

#

P6

(rgr-3)
TS

(kPa)
on(¡n¿)

(mm)
w

(rgrg-1)

1

2
3
4
5
6
7
I

1 480
1510
1 570
1 580
1810
1 560
1 690
1840

77
44
04

0.140
0.199

0.013

0.116
0.01 3
0.013

0.01 2
0.013

0.016
0.013
0.016

46.37
45
60
69
81 .89
7 4.91
5 2.93
86.85

0.204

0.128

0.265

Mean
(t se.)

n

1630
(1 so)

I

0.014
(r 0.0005)

8

64.78
(1 5.61)

I

0.1 75
(r 0.023)

6

Suction = AIR DRY
Plot #29

Clod

#

P6

(rgr-3)
TS

(kPa)

onlino¡

(mm)
w

(rgrg-1)

1

2
3
4
5
6
7
I
9
10
11
12
13
14
15

1600
1 590
1710
1 550
1 670
1470
1510
1350
'1300

1500
1 440
1630
1 400
1 590
1 420

.01 I

.017

.018

.017

.021

.021

.01 6

.021

.018

.020

.0

.0

.0

.0

83.1 2
48.49

132.04
53.35
86.94
44.58
71.33
61.93
55.47
54.42
54.85
44.63
44.84
48.40
41.03

0.1 78

.138

.270

.182

.39 9

.204

.294

.25 0

.187

.235

.280

.307

0
0
0
0
0
0
0
0
0
0
0
0
0
0

7
6
6
I
I

1

1

1

1

1

0
0
0
0
0
0
0
0
0

0
0

0.0

Mean
(t se.)

n

1 520
(r 30)

15

0.01 I
(t 0.0005)

15

61 .69
(1 6.17)

15

o.244
(1 0.021)

12

*
Values of bulk density were estimated from the measured geometric mean diameter and oven dry mass

of each clod, assuming that the clods were roughly spherical in shape.

(continued.....)
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Suction = AIR DRY
Plot #34

CIod

#

P6

(rgr-3)
TS

(kPa)

oRlino¡

(mm)
w

(kgrg-1)

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1

2
3
4
5
6
7
I
I
10

1 540
1 650
1 800
1 640
1 620
17 30
1 650
1 750
1 560
1 920

09
10
09
10
10
09
09
10
09

0.01 1

65.66
33.86
38.38
52.59
53.93
41 .83
22.48
71 .17
30.12
83.56

0.1 91
0.159
0.1 37
0.287
0.1 31

0.325

o.rzg
0.1 29

Mean
(t se.)

n

1 680
(r 40)

10

0.010
(r 0.0002)

10

49.36
(r 6.1e)

10

0.1 92
(l 0.026)

8

Suction = AIR DRY
Plot #35

Clod

#

Po*
(rgr-3)

TS

(kPa)

onlinu¡

(mm)
w

(rgrg-1)

0.191
0.196

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1

2
3
4
5
6
7
I
I
10
11
12
13
14
15
16

1810
1 670
1 660
1 340
1 500
1650
1 860
1 670
1510

1 850
1860
1810
1750
177 0
1 890

11
10
13
18
17
11
10
13
17
17
16
14
10
14
14

0.014

49.26
71.94
68.63
73.36

132.87
46.12
89.03
77.94

1 00.93
1 81 .23
1 35.38
159.67

90.71
38.60

1 1 0.78
1 55.23

0.206

0.305
0.30 0
0.198

0.146
0.293

0.186

0.1 35

Mean
(t se.)

n

1710
(r 40)

15

0.01 4
(r 0.001)

16

9 8.85
(r 10.81)

'1 6

0.216
(t o.02o)

10

Values of bulk density were estimated from the measured geometric mean diameter and oven dry mass

of each clod, assuming that the clods were roughly spherical in shape.
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(...Table A4-4 cont'd)

SUCI¡ON = OVEN DRY
Plot #5

Clod

#

w TS

(kPa)
onlino¡

(mm)(rgrg-1)

1

2
3
4
5
6
7
I
I

0
I

lt

ll

Í
tr

I

tr

50.71
130.72

73.67
63.02
48.87
79 .61
53.88
45.41
58.22

1

1

2
2

0
0

0
0

0
0

80
60

82
14

236
141

0.283

Mean
(t se.)

n

0

I

67.12
(r 8.81)

I

0.214
(+ 0.021)

I

SUCI¡ON = OVEN DRY
Plot #6

Clod

#

w TS

(kPa)
oRlinu¡

(mm)(rg rg -1)

0.217
0.231

44.74
90.44

0.1 71
0.341

108.20
84.94

0.152
0.181

100.78

0.23439.78
64.41
90.01

76.55

118.05
110.51

0
Í
I

tr

lt

Í
il

n

Í
tl

I

it

1

2
3
4
5
6
7
I
9
10
11
12 133.46

0.157
0.154

Mean
(t se.)

n

0 88.49
(r 8.23)

't2

0.204
(r o.o2o)

I12

(co ntin u ed.....)
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(...Table A4-4 cont'd)

SUCI¡ON = OVEN DRY
Plot #7

Clod

#

w
(rgkg-1)

TS

(kPa)
on¡ino¡

(mm)

1

2
3
4
5
6
7
I
9

0

{
{
tr

tr

Í
it

80.42
61 .32
80.25

.224

.164

.1 99

.1 06

.171

.141

.290

.295

43.49
54.85

67.35
7 4.43

143.55
135.18

0
0
0
0
0
0
0
0

Mean
(t se.)

n

0

I

82.32
(r 1 1.51)

9

0.1 99
(+ o.o24)

8

SUCI¡ON = OVEN DRY
Plot #17

Glod

#

w
(kg kg -

TS

(kPa)
onlino¡

(rr)t)

31
17
85
54
94
40

1

2
3
4
5
6
7
I
o

10
11
12
13
14
15
16
17

74.20
85.8 8
46.45
77.73
47.60
97.02

0.145
0.263
0.135

0.340
0.1 96
0.184

1

1

.82

.91

.82

.07

.27

.99
72.63
71.24
96.39
88.07
37.39

0.110
0.342

16
44

0.28 1

0.287
0.1 94

40
18

01
01

01
01

Mean
(t se.)

n

0 77.62
(r 6.44)

17

0.200
(1 0.021)

1517

(co nt in u ed.....)
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(...Table A4-4 cont'd)

Suction = OVEN DRY
Plot #18

Clod

#

w TS

(kPa)
onlino¡

(rr)(kg rg -1)

1

2
3
4
5
6
7
8

0
lt

tl

I

n

Ú

I

tr

B9.34
81.92
66.43
76.42
71.76
77.85
69.47
90.74

0.1 64
0.185
0.247
0.234
0.261
0.133

0.166

Mean
(t se.)

n

0

I

77.99
(r 3.1s)

I

0.1 99
(r 0.018)

7

SUCI¡ON = OVEN DRY
Plot #19

Clod

# (rgkg-r)
TS

(kPa)
onlrno¡

(mm)
w

1

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

74.57
90.37

107.42
33.88
56.32
60.85
31.94
66.38
60.56
55.45
39.22
83.31

129.10
94.87
56.37
79.25
41 .15

0.1
0.2
0.0
0.2
0.3

o.l
0.1
0.1

06
40
98
83
26

0.306

0.340

o.sr o
0.221

42
71
59

0.309

Mean
(t se.)

n

0 68.29
(t 6.4e)

17

0.232
(t 0.024)

1317

(co nt in u ed.....)
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(...Table A4-4 cont'd)

Suction = OVEN DRY
Plot #20

1

2
3
4
5
6
7
I

0
ú

I

il

tr

tr

I

I

Clod

#

w TS

(kPa)
onlino¡

(m'n )(rgrg-1)

62.09
78.98
40.91
41 .13
46.77

142.O8
56.1 2
83.31

0.171
82
55
80
13
57
87

0.220

0.1
0.2
0.3
0.1
0.2
0.1

Mean
(t se.)

n

0

I

68.92
(1 1 1.8e)

I

0.221
(r 0.028)

I

SUCI¡ON = OVEN DRY
Plot #29

Clod

#

w
(rgkg-1)

TS

(kPa)
onlino¡

(mm)

1

2
3
4
5
6
7
I
9
10
11
12
13
14
15

68.78
33.79
57.49
84.16
40.91
35.60
94.92
51.26
85.48
78.04

116.89
93.24
94.00
61.37
47.31

0.214
0.221
0.23 0
0.202
0.178

0.1 58
0.296

0.226

o.rsg
0.319
0.339

Mean
(t se.)

n

0 69.55
(r 6.so)

15

0.231
(r 0.01e)

1115

(co ntin u ed.....)
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(...Table A4-4 cont'd)

SUCI¡ON = OVEN DRY
Plot #34

Clod

#

w
(kg kg -

TS

(kPa)
onlino¡

(mm)t)

1

2
3
4
5
b
7
I
o

10

0
tr

Í
(
I

lt

tr

I

il

tr

85.07
51.97

113.82
58.48
52.66
58.44
61.03
87.93
52.66
96.72

0.220
0.172
0.163
0.344
0.144

0.100
0.233

Mean
(t se.)

n

0

10

71.88
(1 7.01)

10

0.1 97
(l 0.030)

7

SUCI¡ON = OVEN DRY
Plot #35

Clod

#

w
(kg kg -

TS

(k Pa)

onlina¡

(mm)t)

1

2
3
4
5
6
7
I
9
10
11
12
13
14
15
16

79.59
160.18
134.58

68.55

0.1

0.2
0.1

0.1
0.2
0.1
0.1
0.1
0.1

69

23
52

41
43
88
60
93
44

139.73
121.32
112.69

52.11
67.51

128.84
55.67

1 15.15
96.1 I

148.33
190.91
192.38

0 127

0.202
0.203

Mean
(t se.)

n

0 116.48
(l 1 1.10)

16

0.179
(1 0.010)

1216

- ( EtD CF TABLE M- 4l -



-299-

Appendix 5. Raw Data For SECTION 7

Appendix 5 consists of several Tables, each of which conlains the raw data

needed for the calculation of mean values listed in SECTION 7.3. For the rapid

wetting experiments data are tabulated on bulk densitY, Pb, tensile strength, TS,

fracture surface rugosity, or, from the single-transect (ST) method, and mean

fracture surface rugosity, d, , resulting from the multiple-transect (MT) method,

using laser scanning.



Soil: Wiesenboden
Treatment: Rapidly Wetted

Disk
#

Po*
(kg kg-3)

TS

(kPa)
o"-ST
(mm)

ör- tvt t
(mm)

(t s.e.)

(mm)
laser
scans

1

2
3
4
5
6
7
I
I
10
11
12
13
14
15
16

1 500
1 520
1 530
1 480
1 530
1 530
1 460
1 500
1 520
1 480
1 520
1510
1 540
1 460
1 500
1 530

185.89
205.78
203.67
153.73
235.00
189.65
142.75
167.50
179.74
173.45
188.83
175.62
193.36
1 15.30
150.56
193.36

0.104
0.243
0.244
0.1 38

o.240
0.1 61
0.170
0.183
0.260
0.220
0.181
0.176
0.204
0.1 94
0.276

0.154
0.155
0.168
0.161
0.192
0.191
0.169
0.176
0.195
0.237
0.1 B3
0.182
0.208
0.1 97
0.176
0.211

(+ o.oo3e)
(t o.oos1)
(r o.oo41)
(+ o.oo36)
(t o.oo27)
(t o.oo4o)
(r o.oo6o)
(t o.oo2s)
(t o.oo4o)
(t o.oos4)
(t o.oo41)
(+ o.oo88)
(r o.oo75)
(t o.oo78)
(t o.ooso)
(t o.oo6o)

76
81
81
81
81
76
81
81
81
81
81
81
71
66
81
76

Mean 1510 178.39 0.200
(r ".".) (t t o) (t z.t ) (r o.ot z)
n 16 16 15
*calculated after wetted disks were oven dried

0.185
(t o.ooe)

16

Soil: Wiesenboden
Treatment: Non-Wetted Control

Disk
#

Pu
(ks rs-o¡

TS

(kPa)
or-ST
(mm)

ör-ur
(mm)

(t s.e.)

(mm)
laser
scans

17
18
19
20
21
22
23
24
25
26
27
2B
29
30
31
32

1690
1 670
1 660
1 660
1 690
1710
1 690
1 650
1 690
1 680
1 680
1 660
1 670
1 700
17 20
1640

825.32
926.59
920.58

1041.84
978.70
836.53
956.88
713.24
908.22
928.79
847.41
712.03
962.95
984.42

1050.80
756.89

66
39
19
05
04
43
07
17
00
76
72
34
28
91
64

0.133

03
40
23
40
26
21
24
16
12
30
41
94
15
32
95

0.148

(+ o.oo3o)
(r o.oo6e)
(t o.oo42)
(t o.oo33)
(r o.oo6o)
(+ o.oo26)
(t o.oo2o)
(t o.oo37)
(r o.oo16)
(+ o.oo4o)
(t o.oo33)
(t o.oo13)
(t o.oo4o)
(t o.oo33)
(t o.oozs)
(t o.oo42)

0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.0
0.1
0.1
0.1

0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.2
0.1
0.1
0.1
0.1
0.0
0.1

71
76
66
76
71
76
71
76
71
81
76
76
76
71
71
76

Mean 1680
(t s.e.) (t I o)
n 16

9 03.2 0
(t zs.az)

16

o.144
(t o.ooa)

16

0.129
(t o.ooe)

16 (co nt in ued.....)
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(...Table A5-1 cont'd.)

Soil: U rrbrae
Treatment: Non-Aged Control

Disk pu w TS

# (kgkg-t)(rgrg-3) (kPa)

(t s.e.) laser q w
(mm) scans (kPa)(kgrg'3)

or-ST
(mm)

ör-ur
(mm)

33
34
35
36
37
38
39
40
I

lt
t¡t
IV
V

1 680
1610
1610
1 680
1 670
1 700
1 700
1 730

0
0
0
0
0
0
0

:

-

149
147
150
146
146
141
142
146

282.20
193.86
160.16
201.78
248.30
212.57
314.50
342.84

o.lsg
0.147
0.1 50
o.124
0.1 13
0.1 03
0.094

11
12
14
12
11
10
11

0
0
0
0
0
0
0

2
0
5
0
I
1

4

(+ o.o027)
(r o.oo22)
(t o.oo34)
(r o.oo22l
(r o.oo26)
(r o.oo15)
(t o.oo41)
(t o.oo24)

81
81
76
76
81
81
71
81081

;
1

1

1

2189.27 0.
3264.25 0.

2146.97 0.
2619.13 0.

44
42
44
44

2028.80 0.144

Mean1670 0.146
s.e. (120) (t0.001)
n88

244.53 0. 1 23 0. 1 1 4
(!22.s7)(+.0.008) (r0.006)

878

2449.68 0.144
(1226.81 ) (ro.oo04)

55

Soil: U rrbrae
Treatment: Aged 7 Days

Disk p¡ w TS

# (kgkg-t)(rgrg-3) (kPa)

(+ s.e.) laser Op w
(mm) scans (kPa)(kgkg

o*-ST
(mm)

ör- ur t
(mm) t)

41
42
43
44
45
46
47
48
49
50
I

il
ilt
IV
V

1 730
1 670
17 40
1 690
1 730
1720
1 640
177 0
1 660
1710

0.1 49
0.147
0.148
0.146
0.148
0.152
0.152
0.147
0.1 40
0.144

325.87
371.11
294.7 4
298.45
322.96
397.95
279.51
298.25
293.35
228.91

28
77
13
93
93
87
15
88
17

0.1 20

0.118
0.1 00
0.087
0.106
0.096
0.1 49
0.092
0.094
0.097
0.1 14

(t o.o03o)
(r o.o02e)
(t o.ooo7)
(r o.oo12)
(t o.o02s)
(r o.oo4e)
(+ o.oo17)
(t o.oo1e)
(t o.oo21)
(+ o.oo16)

81
61
81
51
81

0.1
0.0
0.1
0.0
0.0
0.1
0.1
0.0
0.1

81
76
81
81
81

3167.04
3112.76
3370.06
2987.61

o.
0.
0.
0.

i
1

1

1

42
43
42
42

3319.40 0.142

Mean 1 71 0
s.e. (110)
n 10

311.11 0.113
(t14.e7)(ro.o1o)
10 10

0.147
(ro.oo1)

10

0.105
(10.006)

10

3191.37 0.142
(16s.50)

55
(contin u ed.....)
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(...Table A5-1 cont'd.)
Soil: U rrbrae
Treatment: Aged 14 Days

Disk pu w

# (kg kg-t)(rg rg-3)
TS

(kPa)
or-ST
(mm)

ör- tvt t
(mm)

(t s.e.) laser q w
(mm) scans (kPa)(kgkg t)

51
52
53
54
55
56
57
58
59

1 790
1710
1 680
1 790
17 40
177 0
1 680
17 40
1 730
1 780

147
151
153
147
145
156
150
146
147
153

310.17
34e.37
316.03
334.06
400.51
423.54
361.81
345.27
413.40
399.8 1

13
85
62
80
19
23
44
29

0.089

0.090
95
B4
97
9B
89
48
96
90

0.089

0.o032)
o.oo20)
0.0010)
o.o021)
o.oo16)
o.oo1o)
o.oo3s)
o.o02e)
o.oo17)
o.o02o)

0
0
0
0
0
0
0
0
0
0

81.
81
71
81
81
81
81
B1
81
76

(t
(t
(r
(t
(t
(t
(t
(r
(t
(r

0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0

o.r
0.0
0.1
0.0
0.1
0.1
0.1
0.1

60
I

il
ill
IV
V

1548.27
321 4.71
2588.19
2512.45

0
0
0
0

ì
1

1

1

46
44
43
42

3162.18 0.143

Mean1740 0.150
s.e. (t10) (+0.001)
n 10 10

365.40 0.1 16
(r13.02)(+o.o09)
10 9

0.098
(r0.006)

10

2605.1 6 0.144
(r300.64)(to.o01 )

55

Soil: Portneuf
Treatment: Non-Aged Control

Disk pu w
# (kg kg -t)(rg rg'3)

TS

(kPa)
or-ST
(mm)

ör- tvt t
(mm)

(t s.e.) laser Qp w
(mm) scans (kPa)(kgkg 3

)

91 1

92 1

93 1

94 1

95 1

96 1

97 1

98 1

99 1

100 1

t-
il
il1
IV
V

580
600
620
600
610
610
610
560
590
640

0.147
0.1 49
0.150
0.152
0.164
0.156
0.1 50
0.153
0.151

9 1u.1

213.77
255.94
155.63
234.60
213.62
292.29
300.31
271.57
154.95
150.64

0.1 91
0.096
0.119
0.147
0.144
0 .112
0.100
0.087
0.149

9: il?

0.111
0.1 08
0.098
0.1 13
0.110
0.113
0.097
0.112
0.1 16
0.103

o.oo2o)
o.oo25)
0.0021)
o.oozs)
o.oo21)
o.oo4o)
o.oo12)
o.oo34)
o.oo23)
o.oo23)

81
81
81
81
76
81
81
81
81
76

(t
(t
(t
(t
(r
(+
(r
(+
(r
(r

4546.61 0
4866.42 0
4225.55 0
4105.51 0

48
44
40

.149
4073.O7 0.147

1

1

1

Mean1600
s.e. (t7 )

n 10

0.1 53 224.33 0.1 25
(r0.002) (117.e3) (10.010)
10 10 10

0.1 0B
(10.002)

10

4363.43 0. 1 46
(r1 s1.06) (1 0.002)

55

(conti n ued.....)
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(...Table A5-1 cont'd.)
Soil: Portneuf
Treatment: Aged 7 Days

Disk pu w
# (kgkg-t)(rg rg'3)

TS

(kPa)
or.ST
(mr)

or-MT
(r'n)

(+ s.e.) laser Qp w
(mrn ) scans (kPa)(kg¡.S'3)

1

1

1

1

1

1

1

1

1

1

1 620
1 600
1 620
1550
1650
1 590
1610

0B - - - -

09 1640
10 1620

01
02
03
04
05
06
07

I

lt
ilr
IV
V

0
0
0
0
0
0
0

:

0
0
0
0
0
0
0

0
0

179
126
124
116
129
139
135

0
0
0
0
0
0
0

0
0

142
149
152
139
151
131
140

138

ir-r-

254.88
315.04
214.33
312.39
312.38
316.21
330.71

292.34
182.31

0.134
0.-09 6

104
124

0.0028
0.0014
o.oo24
0.0029
0.0023
0.0021
0.0017
0.0019
0.0020
0.001 9

t
I
f
t
t

1

1

1

1

1

1

1

1

1

1

B

I
I
I
7
B

I
B

B

:
095
119

(+
(t
(+
(r
(r

091
117
115
105
100
107

4487.09
6322.60
6803.01
6751.85

0
0
0
0

139
139
142
140

6443.64 0.1 35

Mean 1 61 0
s.s. (t10)
n9

0.142
(r0.002)

I

281 .18 0.129
(!17 .41) (r0.0 08)

99
0.1 09

(f 0.004)
10

6161.64 0.139
(1428.33)(r0.001)

55

Soil: Portneuf
Treatment: Aqed 14 Davs

Disk pu w
# (kgkg-t)(Lgkg-3)

TS

(kPa)
or-ST
(mm)

öo- tvt t
(mm)

(t s.e.) laser Qp w
(mm) scans (kPa)(ksks'3)

111
112
113
114
115
116
117
118
119

1560
1600
1510
1 550
1 670
1550
1570
1550
1600

.144

.147

.146

.146

.152

.142

.140

.139

.146

.'...'-

323.45
26
17
19
32
28
24
22
32
3620 1590

(r o.oo1o)
(+ o.oo16)
(r o.oo18)
(t o.oo26)
(r o.oo18)
(t o.ooso)
(t o.oo13)
(t o.oozo)
(t o.oo1B)
(t o.ooo6)

0
0
0
0
0
0
0
0
0

?

-

0.1 37 0
0
0
0
0
0
0
0
0

I

101
114
120
135
093
101
101
107
102
095

71
B1
B1

4
7
9
6
6
2
I
0

9

0.147
0.175

2B
03
66 0.1 13

0 .127
0.127

0 .121
0.1 35

76
8136

18
59
10
B4
94

0.127
81
81
81
81
B11

I

il
ilt
IV
V

5264.47
509 8.51
7537.96
671 4.41
51 08.49

0.
0.
0.
0.
0.

144
144
142
136
143

Mean1580
s.e. (t10)
n 10

0 .144 273.54 0. 1 34
(+0.001) (t1e.s2) (10.006)
10 10 9

0.1 07
(r0.004)

10

5944.77 0.142
(rso0.45)(r 0.001)

55
-(END OF TABLE A5-1)-




