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Summary

The phenomenon called soil aggregate coalescence occurs at contact-points

between aggregates and causes soil strength to increase to values that can inhibit plant root

exploration and thus potential yield. During natural wetting and drying, soil aggregates

appear to 'weld' together with little or no increase in dry bulk density. The precise reasons

for this phenomenon are not understood, but it has been found to occur even in soils

comprised entirely of water stable aggregates. Soil aggregate coalescence has not been

widely observed and reported in soil science and yet may pose a significant risk for crops

preventing them from achieving their genetic and environmental yield potentials. This

project used soil penetrometer resistance and an indirect tensile-strength test to measure the

early stages of aggregate coalescence and to evaluate their effects on the early growth of

tomato plants. The early stages of aggregate coalescence were thought to be affected by a

number of factors including: the matric suction of water during application and subsequent

drainage, the overburden pressure on moist soil in the root zone, the initial size of soil

aggregates prior to wetting, and the degree of sodicity of the soil aggregates. Seven main

experiments \ /ere conducted to evaluate these factors.

The matric suction during wetting of a seedbed affects the degree of aggregate

slaking that occurs, and the strength of the wetted aggregates. The matric suction during

draining affects the magnitude of 'effective stresses' that operate to retain soil structural

integrity as the soil drains and dries out. An experiment was conducted to evaluate the

influence of matric suction (within a raîge of suctions experienced in the field) on

aggregate coalescence using soils of two different textures. Sieved aggregates (0.5 to 2 mm

diameter) from a coarse-textured and two fine-textured (swelling) soils were packed into

cylindrical lngs (4.77 cm i.d., 5 cm high) and subjected to different suctions on wetting

(near-saturation, and 1 kPa), and on draining (10 kPa on sintered-glass funnels, and 100

kPa on ceramic pressure plates). After one-week of drainage, penetrometer resistance was

measured as a function of depth to approximately 45 mm (penetrometer had a recessed-

shaft, cone diameler : 2 mm, advanced at a rate of 0.3 mm/min). Tensile strength of other

core-samples was measured after air-drying using an indirect "BrazTlian" crushing test. For

the coarse-textured soil, penetrometer resistance was significantly greater for samples wet

to near-safuration, despite there being no significant increase in dry bulk density; this was

not the case for the finer-textured soils, and it was diffrcult to distinguish the effects of
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variable bulk density upon drying from those of the imposed wetting treatments. In both

coarse- and fine-textured soils, the tensile strength was significantly greater for samples

wet to near-saturation. Thus wetting- and draining-suctions were both found to influence

the degree of soil aggregate coalescence as measured by penetrometer resistance and

tensile strength.

Aggregate coalescence in irrigated crops is known to develop as the growing season

progresses. It was therefore thought to be linked to the repeated occurTence of matric

suctions that enhance the phenomenon during cycles of wetting and draining. An

experiment was conducted to determine the extent of aggregate coalescence in a coarse-

textured and two fine-textured (swelling clay) soils during 8 successive cycles of wetting

and draining. Sieved aggregates (0.5 to 2 mm diameter) from each soil were packed into

cylindrical rings (4.71cm i.d., 5 cm high) and wetted to near saturation for 24 h. They were

then drained on ceramic pressure plates to a suction of 100 kPa for one week, after which

penetrometer resistance and tensile strength were measured as described above. The degree

ofexpression of aggregate coalescence depended on soil type. For the coarse-textured soil,

repeated wetting and draining significantly increased bulk density, penetrometer resistance

and tensile strength. For the fine-textured soil, penetrometer resistance and bulk density did

not vary significantly with repeated wetting and draining; on the contrary, there was

evidence in these swelling clay soils to suggest bulk density and penetrometer resistance

decreased. However, there was a progressive increase in tensile strength as cycles of

wetting and draining progressed. The expansive nature of the fine-textured soil appears to

have masked the development of aggregate coalescence as measured by penetrometer

resistance, but its expression was very clear in measurements of tensile strength despite the

reduction in bulk density with successive wetting and draining.

Field observations have indicated that aggregate coalescence is first expressed at

the bottom of the seedbed and that it develops progressively upward to the soil surface

during the growing season. This suggests that overburden pressures may enhance the onset

of the phenomenon by increasing the degree of inter-aggregate contact. Soils containing

large quantities of particulate organic matter were known to resist the onset of aggregate

coalescence to some extent. An experiment was conducted to evaluate the effects of soil

organic matter and overburden pressures, by placing brass cylinders of various weights

(equivalent to static load pressures of 0, 0.49, 1.47 and 2.41 kPa) on the top of dry soil
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aggregates (0.5 - 2 mm diameter) having widely different soil organic carbon contents

placed in steel rings 5 cm high and 5 cm i.d. With the weights in place, the aggregates were

wetted to near-saturation for 24 h and then drained on ceramic pressure plates to a suction

of 100 kPa for one week. Bulk density, penetrometer resistance and tensile strength were

measured when the samples were removed from the pressure plates and they all increased

significantly with increasing overburden pressure in the soil with low organic matter

content, but not in the soil with high organic matter content'

The amount of tillage used to prepare seedbeds influences the size distribution of

soil aggregates produced - that is, more tillage produces finer seedbeds. The size

distribution of soil aggregates affects the number of inter-ag gregate contact points and this

was thought to influence the degree of aggregate coalescence that develops in a seedbed'

Previous work has shown that soil organic matter reduces aggregate coalescence and so an

experiment was conducted to evaluate the effects of aggregate size and organic matter on

the phenomenon. For soils with high and low organic matter contents, aggtegate size

fractionsof <0.5,0.5-2,2-4,and<4mmwerepackedintosoilcores(asabove)and

wetted to near-saturation then drained to 100 kPa suction as described above. Penetrometer

resistance and tensile strength were measured and found to increase directly with the

amount of fine material present in the soil cores - being gteater in the < 0.5 mm and

< 4 mm fractions, and being less in the 0.5 - 2 mm and 2 - 4 mm fractions. In all cases,

penetrometer resistance and tensile strength were lower in the samples containing more

organic matter.

The rate at which soil aggregates are wetted in a seedbed affects the degree of

slaking and densification that occurs, and the extent to which aggregates are wetted

influences the overall strength of a seedbed. Both wetting rate and the extent of wetting

were believed to influence the onset of aggregate coalescence and were thought to be

affected by soil organic matter and irrigation technique. An experiment was therefore

designed to separate these effects so that improvements to management could be evaluated

for their greatest eff,rcacy - that is, to determine whether management should focus on

improving irrigation technique or increasing soil organic matter content, or both. The rate

of wetting was controlled by spraying (or not spraying) soil aggregates (0'5 - 2 mm

diameter) with polyvinyl alcohol (PVA). Samples of coarse- and fine-textured soils were

packed into steel rings (as above) and subjected to different application rates of water (1,
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10 and 100 mm/h) using a dripper system controlled by a peristaltic pump. Samples were

brought to either a near-saturated state or to a suction of 10 kPa for24 h, and then drained

on a pressure plate at a suction of 100 kPa for one week. Measurements of penetrometer

resistance and tensile strength were then made as described above. As expected,

penetrometer resistance was lower in samples treated with PVA before wetting (slower

wetting rates) and in samples held at a greater suction (10 kPa) after initial wetting (greater

inter-aggregate strength). The effects were more pronounced in the coarse-textured soil. In

both coarse- and fine-textured soils, tensile strengths increased with increasing wettingtate

(greatest for 100 mm/h) and extent of wetting (greater when held at near-saturated

conditions). The rate of wetting was found to be somewhat more important for promoting

aggregate coalescence than the extent of wetting.

Because aggregate coalescence often occurs with little or no increase in bulk

density, an explanation for the increase in penetrometer resistance and tensile strength is

unlikely to be explained by a large increase in the number of inter-aggregate contacts. An

increase in the strength of existing points of inter-aggregate contact was therefore

considered in this work. For inter-a ggregate bond strengths to increase, it was hypothesized

that small increases in the amount of mechanically (or spontaneously) dispersed clay

particles, and subsequent deposition at inter-aggregate contact points could increase

aggregate coalescence as measured by penetrometer resistance and tensile strength. An

experiment was devised to manipulate the amount of spontaneously dispersed clay in

coarse- and fine-textured soils of high and low organic matter content. The degree of

sodicity of each soil was manipulated by varying the exchangeable sodium percentage

(ESP) of soil aggregates (0.5 - 2mm) above and below a nominal threshold value of 6. Dry

aggregates were then packed into steel rings (as above) and subjected to wetting near

saturation, then draining to a suction of 100 kPa for one week as described above.

Measurements were then taken of penetrometer resistance and tensile strength, both of

which were affected by ESP in different ways. In the coarse-textured soil, sodicity

enhanced aggregate slaking and dispersion, which increased bulk density. V/hile

penetrometer resistance also increased, its effect on aggregate coalescence could not be

separated from a simple effect of increased bulk density. Similarly, the effect of sodicity on

aggregate coalescence in the fine-textured soil was confounded by the higher water

contents produced by greater swelling, which produced lower-than-expected penetrometer

resistance. Measurements of tensile strength were conducted on afu-dry samples, and so the
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confounding effects of bulk density and water content were eliminated and it was found

that tensile strength increased with sodicity in both coarse- and fine-textured soils. The

presence of dispersed clay was therefore implicated in the development of aggregate

coalescence in this work.

Finally, a preliminary evaluation of how the early stages of aggregate coalescence

might affect plant growth was attempted using tomatoes (Gross lisse) as a test plant. Seeds

were planted in aggregates (0.5 - 4 mm) of a coarse- or f,rne-textured soil packed in steel

rings. These were wetted aL a rate of 1 mm/h to either near-saturation (for maximum

coalescence) or to a suction of 10 kPa (for minimum coalescence) and held under these

conditions for 24 h. All samples were then transferred to a ceramic pressure plate for

drainage to 100 kPa suction for one week. Samples were then placed in a growth-cabinet

held at 20C with controlled exposure to 14 h light/day. Germination of the seeds, plant

height, and number and length of roots were observed. Germination of the seeds held at

near-saturation in both coarse- and fine-textured soils was delayed by 24 h compared with

seeds held at 10 kPa suction. Neither the number nor the length of tomato roots differed

significantly between the different treatments and soils. In the coarse-texfured soil,

however, the total root length over a period of 14 days was somewhat greatet in the un-

coalesced samples than in the coalesced samples, but this difference was not statistically

significant. These results suggest that aside from delaying germination, aggregate

coalescence may not have alarge effect on early growth of tomato plants. However, this is

not to say that detrimental effects may not be manifest aL later stages of plant growth, and

this certainly needs to be evaluated, pafücularly because aggregate coalescence increase

with repeated cycles of wetting and draining.

In conclusion, the primary findings of the work undertaken in this thesis were:

Rapid wetting of soil aggregates to near-saturation enhanced the onset of soil

aggregafe coalescence as measured by (in some cases) penetrometer resistance at a

soil water suction of 100 kPa, and (in most cases) tensile strength of soil cores in

the air-dry state. The rate of wetting appeared to be more important in bringing on

aggregate coalescence than how wet the soil eventually became during wetting'

This means reducing the rate at which irrigation water is applied to soils may

reduce the onset of aggregate coalescence more effectively than controlling the total

amount of water applied - though both are important.

a
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The literature reports that aggregate coalescence occurs in the field over periods of

up to several months, involving multiple wetting and draining cycles, but the work

here demonstrated that this can occur over much shorter time periods depending on

conditions imposed.

Aggregate coalescence occurred in coarse-textured soils regardless of whether the

bulk density increased during wetting and draining. In finer-textured soils, the

response to wetting conditions varied and was complicated by changes in bulk

density and water content due to swelling.

Small overburden pressures enhanced the onset ofaggregate coalescence, but these

effects were diminished in the presence of high soil organic matter contents.

Finer aggregate size distributions (which are often produced in the field by

excessive tillage during seedbed preparation) invariably led to greater aggtegate

coalescence than coarser aggregate size distributions. The effects of aggregate size

were mitigated to some extent by higher contents of soil organic matter.

Sodicity enhanced aggregate coalescence as measured by tensile strength, but when

penetrometer resistance was measured in the moist state, the effects were masked to

some extent by higher water contents generated by swelling and dispersion. This

work suggests that tensile strength (in the air dry state) may be a more effective

measure of aggregate coalescence than penetrometer resistance.

Early plant response to aggregate coalescence was not large, but the response may

become magnified during later stages of growth.
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Chapter ;L'Introduction, Literature Review and Aims

1.1. Introduction

Soil structural degradation that produces conditions less favourable for

crop production has become a global phenomenon in agricultural soils. The

extent of the degradation varies from soil to soil depending upon what causes

it. The causes can be classified into four categories including mechanical

compaction as a result of the use of heavy machinery (Hakansson and

Voorhees, L997; Brussard and van Faassen, 1994; Hakansson et al., 1988;

Jakobsen and Greacen, 1985), surface crusting due to raindrop impact (Sumner

and StewarI, 1992; Bresson and Cadot, 1992; Le Bissonnais et al., 1989; Levy

et al., 1986; Kemper and Miller, I974), hardsetting because of soil structure

collapse due to water unstable aggregates (Mullins et al., 1990; Gusli et al.,

!994a,b), and aggregate coalescence of relatively water stable aggregates

(Cockroft & Olsson, 2000, Ghezzehei and Or, 2000). Unlike the first three

categories which have been extensively studied, there has been little published

about coalescence. It is a soil condition in which aggregates become "welded"

at their contact points (Bresson and Moran, 1995; Ghezzehei and Or, 2000) and

this welding is thought to increase soil strength and restrict root growth in

irrigated soils (Cockroft and Olsson, 2000).

This chapter will review soil structure and strength and the factors

controlling them, the significance of soil strength for root growth and

processes of structural degradation including the rather limited literature about

aggregate coalescence. In the subsequent chapters, a number of experiments

will be described which were designed to investigate factors affecting

aggregate coalescence and its effect on the early growth of tomato plants. At

the end of the thesis the results of these experiments are discussed and general

conclusions are drawn.
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1.2. Literature Review

1.2.I. Soil Structure

Definitions of soil structure have mainly focused on the arrangement of

soil particles and the spaces surrounding them. This was expressed by

Marshall and Holmes (1978) as "the arrangement of the solid phase of the soil

and of the pore space located between its constituent particles". This includes

the size, shape and arrangement of the aggregates formed where primary

particles are clustered together into larger separate units (Marshall et al-,

1996). However, Dexter (1988) defines soil structure as "the spatial

heterogeneity of different components or properties of soil". Thus, this

definition appears to encompass all aspects of soil structure that affect root

growth including soil strength.

c

D

D

À

I

Figure 1.1. A model of a soil crumb: A:quartz-organic matter-quartzl $:quartz-organic matter-clay

domain; C=Ctay domain-organic matter-clay domain (Cr=face-face; C2=edge-face; C3:edge-edge);

D:ctay domain-clay domain (From Emerson, 1959)'

Soil structure encompasses a very wide scale ranging from 10-e to 100 m

(Kay, 1990; Oades, 1993). This broad range of scales has lead some authors to

consider various hierarchies within soil structure. Tisdall and Oades (1982)

initiated a conceptual model of soil hierarchy which was later developed by

Hadas (1987). This concept describes how the material of a lower hierarchical

z
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level may act as cementing or binding agents between soil materials of a

higher order. A model of soil crumbs (Figure 1.1.) proposed by Emerson

(1959) is still relevant to this concept. The model clearly shows the presence

of hierarchy in a soil crumb (aggregate). At the lowest level of the hierarchy,

single particles cluster together (Dexter, 1988) into a separate unit known as a

domain of oriented clays or organic matter (Emerson, 1959). In the next level

the clay domains link quartz partrcles while organic matter links the clay

domains with the qtartz or directly links the qtartz particles. These linkages

form microaggregates and further macroaggregates through combination and

fragmentation processes (Dexter, 1988).

Table 1.1. Soil structural organisation and the mechanisms causing instability of structural units in

water (From Rengasamy, 1984a)

Structural units Average
stze
(um)

Pore size

(pm)

Pore function Mechanism causing
aggregate instability

Platelets

(unit layer)

Clay crystals
and quasi
crystals

Domains

Micro-
aggregates

Macro-
aggregates

Clods

<0.002

(inter layer)

0.005

(inter-crystalline)

0.1

(inter-domain)

50

1000

(inter-aggregates)

Cracks and fissure

(undefined)

Bound water

(inter-layer)

Bound water

Bound water

Available water

Micro-organisms

Aeration
(limited)

Available water

Aeration

Root growth

Slow drainage

Micro-organisms

Fast drainage

Earth worms

Root growth

Fast drainage

Swelling (adsorption of
water)

Crystalline swelling
(limited)

Dispersion of platelets

Very limited swelling

Dispersion of clay
crystals and quasi
crystals

0.002

0.05

r-2

2-250

250-2000

Slaking due to

-breaking of organic
bonding in loamy soils

-differential swelling
pressure

Dispersion of domains

Swelling and shrinking

Dispersion within clod
matrix

>2000

The hierarchy is also embodied in a classification of soil structural

organisation involving clay particles discussed by Rengasamy et al. (198aa).

This structural organisation is classified into different structural units

according to their sizes (Table 1.1). Various sizes of pores exist within these

a
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structural units performing different functions of agricultural importance, and

involving different mechanisms in destabilising these various structural units.

t.2.2. Factors controll¡ng soil structural stability and strength

Soil structure is a transient property, which can be altered by different

processes including wetting/drying, freezinglthawing, shrinking/swelling,

physical disturbances associated with equipment, animals, roots and organic

matter (Aluko and Koolen, 2000). As soil structural stability is strongly

related to the stability of aggregates that form the soil, the following text will

review the effect of the different processes on aggregate stability.

Wetting and Drying

Wetting and dryin g are two of the most important natural processes that

may cause substantial disruption of soil aggregates. However, as most changes

occur during wetting, the following review deals mainly with wetting. V/etting

leads to a process called slaking. It refers to the breakdown of large

aggregates into smaller ones as the aggregates are suddenly immersed in water

(Chan and Mullins, l9g4). It occurs when disruptive forces such as

differential swelling, compression of trapped air and heat of wetting are

stronger than the forces of aggregate stabilisation as dry aggregates are wetted

rapidly (Emerson, 1967; Emerson, 1977; Collis -George and Lal, l97l: chan

and Mullins, lgg4). Slaking causes the collapse of large pores and denser

packing of soil aggregates (Mullins e/ al., 1990) leading to poof soil

permeability and aeration (Agassi et al., 19S1) and high strength (Mullins øl

al.,1990).

Initial water content may affect the extent to which soil aggregates

slake. Using different soils from Australia and Britain, Chan and Mullins

(lgg4) found that after wetting, the proportion of aggregates >250 ¡'rm tended

to be higher when the initial matric suction was less than 10 kPa which

indicated that the soils slaked more if the initial suction was greater than

10 kPa. This result was consistent with an earlier study by Panabokke and

euirk (1957) in which they found that with initial matric suctions between 1 and
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10 kPa, soils tended to be more stable than at initial matric suctions of more than

10 kPa. The effect of wetting may be different between different sizes of

aggregates. Using seedbeds in a laboratory based experiment, Bresson and

Moran (1995) found that in seedbeds having coarse aggregate size distribution (no

aggregates < 500 prm), coalescence occurs at the bottom of the seedbeds where

rapid wetting occurs, while in fine seedbeds aggtegates of <500 pm

agglomerated throughout the samples.

The way soils are wetted also plays an important role in the breakdown

of aggregates. In laboratory experiments, Gusli et al. (1994a) found that

flood-wetting of aggregate beds leads to greater structural collapse compared

to tension wetting. The greatest impact of these methods of wetting is

probably via their greatly different rates of wetting of soil aggtegates which

lead to vastly different degrees of air entrapment. In flood wetting, the

collapse was associated with the following processes: (i) aggregate

comminution controlled by water suction and aggregate stability and (ii)

comminuted aggregates consolidated on draining which was controlled by

effective stress. These processes eventually caused shrinkage in bed volume

(Gusli et al.,I994a).

The effect of wetting and drying on aggregate stability has been widely

studied although inconsistent results have been observed. Utomo and Dexter

(1982) found that wetting and drying could both increase and decrease

aggregate stability in the same soils. To explain this phenomenon, they

introduced the concept of equilibrium proportion or range of proportions of

water stable aggregates. For a given composition and environment history,

soil which has less than the appropriate equilibrium value will increase its

proportion, and soil which has more than the appropriate value will decrease

its proportion. Later studies showed that clay types appear to affect aggregate

stability after wetting and drying. Singer et al. (1992) found that sand-

kaolinite aggregates were more stable than sand-i11ite/smectite. In another

study, Piccolo et al. (1991) observed that aggregates dominated by kaolinite

were more stable than those dominated by illite or smectite after several

wetting and drying cycles.
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Freezing and Thawing

Other natural processes that have a major impact on soil structure and

its stabilisation are freezing and thawing. According to Nagasa\rya and Umeda,

(1985), the size of ice crystals controls the size and stability of aggregates.

Some large crystals created by slow freezing may form large stable aggregates

while rapid freezing forms small ice crystals and smaller aggtegates (Harris el

al., 1966). The redistribution of water as a result of freezing processes may

cause porosity to disappear in some zones and new pores to be formed in

others (Kay, 1990). Furthermore, Kay (1990) stated that a large increase in

porosity could occur in the frozen zone where water is accumulated.

Swelling and Shrinking

Swelling and shrinking is one of the major factors affecting soil

structure. Soil shrinkage, used to reflect this property, is defined as the

specific volume change of soil relative to its water content in which two stages

of shrinkage can be recognized, normal shrinkage in which the volume change

is equal to the change in water content and residual shrinkage in which the

volume change is less than the change in water content (Haines, 1923).

Swelling and shrinking greatly affect soil hydraulic properties.

Swelling during wetting reduces soil pore size and may decrease hydraulic

conductivity, especially when accompanied by dispersion (Frenkel et ql.,

197S). Shrinking during drying generates cracks delineating aggregates and

creating zones of preferential water flow. In a recurring crack pattern the water

will continue to infiltrate into specific areas of the soil via the cracks thus

bypassing much of the soil matrix. In an alternating crack pattern the water

will not bypass nearly as much of the soil matrix and the overall wetting with

time will be more uniform. (Wells et al., 2003). Swelling also promotes

incipient failure of dry aggregates during wetting under suction (Quirk and

Panabokke, 1962) or slaking during rapid wetting (Emerson and Greenland,

1 ee 1).
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Tillage

The obvious example of physical disturbance caused by human activities

is tillage. During tillage, the use of various types of equipment causes

shearing, compression or tension leading to changes in both porosity and pore

size distribution. The largest pores disappear first as the distance

aggregates decreases resulting in the aggregates flattening at their

points (Kay, 1990; Kataou et a\.,1987 and Braunack et al', 1979)'

between

contact

Organic Matter and Soil Structural Stability

Organic matter only comprises a small proportion (1-5%) of mineral

soil, but it plays a very important role in the stabilisation of soil aggregates.

Soil organic matter is defined as 'the total of all biologically derived organic

matter residing within the soil matrix and directly on the soil surface including

thermally altered materials' (Baldock and Skjemstad, 2000; Baldock and

Nelson, Iggg). Table 1.2 presents the various components of soil organic

matter.

Table 1.2. The various components of soil organic matter (From Baldock and Skjemstad, 2000)

Component Definition

Living components

Non living components

Dissolved organic matter

Particulate organic matter

Humus

Organic materials associated with the tissues and

cells of living plants, soil microorganisms and soil

fauna

Water soluble organic materials that are <0.45 ¡rm

Organic fragments with a recognisable cellular

structure derived from any source but usually

dominated by plant derived materials

A mixture of amorphous organic materials

containing identifiable biomolecules

(polysaccharides, protein, lipids, etc) and non

identifiable molecules (e.g. humic substances)

Highly carbonised organic materials including

charcoal, charred plant residues, graphite, and coal
Inert organic matter
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At a large scale, plant roots and fungi protect macroaggregates from

breaking down. Roots modify soil structure by pressing, ramifying, separating,

compressing, and incorporating within soil particles or aggregates (Marshall

and Holmes, 1988). Growing roots release various kinds of compounds such as

mucilages containing polysaccharides that can bind microaggregates through

different mechanisms (Oades, 1978; Tisdall and Oades, 1982). Fungi through

their hyphae caî form stable macro aggregates (Tisdall,1991) as a result of the

reorganisation of mineral particles into aggregates (i.e. aggregate initiation)

and the stabilisation of these aggregates by physical and chemical processes

through cementation by extracellular polysaccharides (Chenu, 1 989).

The important role of microorganisms is due either to their ability to

mechanically hold soil particles together (Lynch and Brag, 1985) or to produce

exudates of polysaccharides that are able to stabilise micro aggregates (Tisdall,

1991). The stability of these micro aggregates arises from the fact that the

polysaccharide acts as a glue binding the aggregates together (Chesire, 1979;

Martin l97I).

The effect of organic matter on aggregate stability may last for only a

few weeks to several years. Tisdall and Oades (19S2) classified the effect of

organic binding agents into three categories: (i) transient; only

polysaccharides, (ii) temporary; roots and fungal hyphae, and (iii) persistent;

resistant aromatic components associated with polyvalent metal cations and

strongly sorbed polymers.

In general, increasing organic matter content in soil may also increase

the water holding capacity as a result of the porous characteristic of organic

matter in influencing the distribution of pore size and water retention

characteristic (Nelson, 1997).

Chemical agents

Chemical factors affect soil structure by controlling processes related to

clay particle activities such as swelling and dispersion. Swelling takes place

during the adsorption of water by hydrated cations involved in electrostatic

8



bonding between clay particles. With increasing water content, the distance

between the particles progressively increases to more than 7 nm resulting in

clay particles becoming independent of each other (Rengasamy and Olsson,

1991). This process leads to dispersion in which clay particles are individually

released from aggregates causing adverse soil conditions for root growth such

as low permeability, poor aeration, high bulk density and strength as the soil

dries. The factors controlling swelling and dispersion are basically the same

(Rengasamy et al., 1984b) including the amount, size, mineralogy and surface

charge characteristics of the clay fractions, exchangeable cations, the

concentration and composition of electrolytes in soil solution, soil pH, organic

matter and poorly soluble inorganic salts (Emerson, l9l1; Quirk and Schofield,

1955; Rengasamy et a\.,1984b; Shainberg and Letey, 1984).

The dispersibility of clay with sodium as the major adsorbed cation can

be controlled by maintaining the appropriate electrolyte level in irrigation

water (Quirk and Schofield, 1955). According to Rengasamy and Olsson

(1991) soil with an exchangeable sodium percentage (ESP) >6 and electrolyte

concentration (EC) below the threshold electrolyte concentration (TEC)

disperse spontaneously. The value of TEC, however, varies from soil to soil

and could only be predicted with empirical tests, even for soils with similar

clay type and content. The TEC necessary to prevent clay dispersion can be

changed by factors affecting the negative charge in soil. Using Figure 1.2,

Rengasamy and Olsson (1991) illustrated how the negative charge in soil

changes the activity of clays. For a given sodium adsorption ratio (SAR), the

line A-B represents the TEC needed to prevent spontaneous clay dispersion.

However, with increasing negative charge, the slope and intercept of the line

A-B relating SAR and EC increase to become the line C-D (Figurel'2)'

Factors affecting negative charge for a given soil include pH, broken bonds of

organic and bio-polymers, adsorbed organic molecules and exposure of particle

surfaces due to fragmentation of aggregates (Rengasamy and Olsson, 1991)'
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Flocculated

.Increase in pH

.Broken bonds of
organic and bio-
polymers
.Adsorption oforganic
molecules

.Exposure ofsu¡face
due to breakdown of
aggregates

Dispersed

Sodium Adsorption Ratio (SAR)

Figure 1.2. Factors influencing threshold electrolyte concentration (From Rengasamy and Olsson'

1991)

The dominant type of clay mineral in soil determines the effect of

exchangeable cations and electrolyte in increasing swelling and dispersion in

aggregates. Illite is more sensitive to dispersion than smectite or

montmorillonite clay minerals due to its different size and shape and lower

strength of edge-face attraction (Greene et al., 1978; Oster et al., 1980).

However, under conditions where salinity is negligible, the dispersion at a

given ESP has been observed to be montmorillonite>halloysite>mica (Velasco-

Molina et al., l97l; Frenkel et a|.,1978)

The extent of clay dispersion may be minimised by the presence of

binding agents such as aluminium/iron oxides, calcium or soil conditioners.

The role of aluminium and iron oxides was found to be important as binding

agents in prairie soils and lateritic soils (Oades, 1963; Deshpande et al-, 1968)'

Calcium in the form of gypsum and phosphogypsum has been widely used to

mitigate clay dispersion in sodic soils (Marshall and Holmes, 1988;Kazman et

al., 19S3). Polyvinyl alcohol (PVA) is one of the many soil conditioners that

has been extensively used to improve aggregate stability (Emerson and

Raupach, 1964; Oades, I976; Stefanson,1974; Cruse and Larsoî, 1977; Sojka

andLentz, 1994).
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Effective Stress

The term "soil strength" refers to the capacity of a soil body to

withstand forces applied to it without experiencing deformation, whether by

rupture, fragmentation, or flow (Hillel, 1998). The magnitude of soil strength

derives from inter-aggregate bonds and íntra-aggregate bonds (Aluko and

Koolen, 2000) produced by cohesive forces between particles/aggregates and

internal friction generated by particles/ aggregates (Marshall and Holmes,

1e88).

A number of factors have been related to soil strength including water

content, texture, bulk density and organic matter. It is difficult to separate

these effects as they can interact with each other in a way that one factor may

prevail over the others. However, the following discussion will attempt to

treat them separately.

In general, soil strength is largely dependent upon water content or

matric suction; soil strength increases with decreasing water content or

increasing matric suction. Water contributes to soil strength through its ability

to influence forces of cohesion and surface tension producing additional

intergranular pressures which is called effective stress (Jennings, 1961).

Under unsaturated conditions the effective stress within a soil progressively

increases along with increasing water suction reaching a maximum at a certain

suction beyond that of air entry and causing a reduction in the shear plane

fraction (Marshall and Holmes, 1988) in which water no longer contributes to

increase in soil strength.

The development of effective stress in unsaturated soil is described by

Mullins and Panayiotopolous (19sa) with the following equation

o':o+IV (2)

where o' is the effective stress, o is the normal stress,l¿ is the matric

suction and y is a function of the degree of saturation having values between

0 (dry soil) and 1 (saturated soil) (Mitchell, 1993). Using a blend of coarse
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and fine sand and kaolin, Mullins and Panayiotopoulos (1984) found that

increasing matric suction from 100 to 1000 kPa could dramatically increase

soil strength. In another study, Kemper and Rosenau (1984) observed that soil

with a large amount of silt had higher strength at intermediate water content

predominantly because of greater effective stress at this water content whereas

soil with a low amount of silt but a large quantity of clay had strength not only

generated by the effective stress but also by other mechanisms such as

selective precipitation of silica, CaCO3, and other slightly soluble solutes

acting as binding agents (Kemper and Rosenau, 1984).

Texture

The role of texture in soil strength may be via its effect on either

frictional or cohesive forces. Soil consisting of coarse particles has its

strength primarily associated with frictional rather than cohesive forces

whereas in fine-textured soil, strength mainly arises from cohesive forces.

Soil with a high content of sand particles tends to have higher penetration

resistances than clay soil. Smith et al. (1997) found that sandy soil might have

a penetrometer resistance value of 0.64 MPa compared to 0.49 MPa for clay

soils when those soils were compacted to a bulk density of 1.39 and 1-37 g cffi-3,

respectively, using a proctor cylinder. This result was consistent with Spivey

(19S6) who studied soil resistance in a wide variety of soil textures. At a bulk

density of 1.6 g cffi-3, soils containing >70o/o sand particles had probe

resistances higher than 4.5 MPa while those containing >30 o/o clay tended to

have probe resistances less than 1 MPa.

Bulk Density

However, at constant bulk density, increasing clay content may lncrease

soil strength as a result of larger contact areas. Smith et al. (1997) found that

at constant water potential (-1500 kPa), soil penetrometer resistance increased

with increasing clay content, reaching its maximum when the clay content was

approximately 45%. Greacen (1981) found that a much higher clay content in

the B horizon caused this horizon to have higher soil penetrometer resistance
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(2.2 Mpa) than A horizon (1 MPa) although the bulk densities of the two

horizons were very similar (1.5 g cm-3).

Increasing bulk density tends to increase soil strength due to higher

contact area between particles/aggregates. Using cone penetrometer resistance

as an index for soil strength measurement of a silt loam, Wells and Treesuwan

(197S) found that at moisture contents of approximately 20yo, soil strength

increased from 5 to 8 MPa when bulk density increased from 1.15 to 1.23 g 
"m-'.

A similar result was also shown by Ley et al. (1995), who found that bulk

densities increasing from | .17 to 1 .63 g cm-3 resulted in soil strengths

increasing from 0.73 to 7 .52 MPa. Various bulk densities created by applying

different degrees of compaction to a sandy loam soil were found to result in a

significant relationship between bulk density and soil strength (Smith et al.,

IggT). However, the relationship between bulk density and soil strength might

be very poor as bulk density values are merely a ratio of soil mass to total soil

volume and do not take into consideration the arrangement/bonds of

particles/aggregates within a given soil volume (Horn et al., 1994)

Organic Matter and Soil Strength

The impact of organic matter on soil strength may vaty depending on

soil texture and organic matter type. Organic matter tends to increase the

strength of sandy soils but not of clay soils. Sojka et al. (1991) studied the

effect of organic matter on soil strength in sandy loams and found that soil

resistance increased with a gradual increase in organic matter in soil that had a

history of conservation tillage. Using a similar soil texture, Ekwue (1990) also

found that grass addition could result in soil resistance increase from 19 to 24kPa

but that soil resistance was reduced to 12 kPa when peat was added. Zang et al.

(lggl) found that soil resistance of a sandy soil increased from 0.64 to 1.08 MPa

when this soil was added with slightly humified peat and compacted to bulk

density of 1.6 g cm-3 but with clay soils the resistance was reduced from 0.49

to 0.30 MPa. These differing observations of soil resistance in relation to

texture may arise from the different roles of organic matter in soil of different

textures. The main effect of organic matter on reducing soil strength may be

related to its ability to disrupt surface tension forces (Causarano, 1993).
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t.2.3. Requirements for plant growth

The importance of soil structure in relation to plant growth can be

viewed from the ability of the plant roots to explore the soil for water and

nutrients with relative ease. For plants to grow successfully good soil

structure may vary from one species to another and different stages of root

growth may also need different soil structure. However, in general an open

soil structure is considered to be a favourable rooting medium for plants since

it provides large pores, favours high infiltration rates, better aeration, and

offers less resistance to rupture (Kemper and Rosenau, 1984). Good soil

structure should have sufficient pores for water storage available to plants as

well as pores for transmission of water and air and pores in which roots can

grow (Oades, 1984).

Letey (19S5) introduced the concept of non-limiting water raÍrge

(NLWR) for assessing soil structural quality based on the relationship between

water content, aeration and mechanical impedance in soil. Figure 1'3

illustrates the availability of water for plant growth is restricted by poor

oxygen diffusion rate at the wet end (field capacity) and by mechanical

resistance at the dry end (permanent wilting point). The concept of NLWR

was later developed into least limiting water range (LLWR) by da Silva et al.

(1994). The LLWR is defined as the range in soil water content after rapid

drainage has stopped within which limitations to plant growth associated with

water potential, aeration, and mechanical impedance to root penetration are

minimal (da Silva and Kay, 1997). Plant growth in soils with a narrow LLWR

is more susceptible to drought and high precipitation than that in a wide LLV/R

(Kay, 1989).

On the one hand, to maintain the "ideal" soil structlure, aggregates that

form macropores have to be stable and sufficiently strong against any

deformation forces (such as wetting and drying, rainfall impact or tillage)

otherwise, these macropores may collapse. On the other hand, the strength of

these aggregates should not be too high in order to allow roots to grow

relatively unobstructed. Penetration values of less than 0.75 MPa are

considered to offer relatively unimpeded root growth (Mullins et a|.,1990).
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Figure 1.3. Schematic representation of the relationships between soil water' aeration and mechanical

resistance in soils with inìreasing bulk density and increasing structural degradation in going from

case a to c (From LeteY' 1985).

The relative absence of slaking and dispersion (Cockroft and Olsson,

2000) and minimal bulk density changes (Grant et a1.,2001) in soil with

coalesced aggregates to some extent indicates good soil structure.

Furthermore, according to Cockroft and Olsson (2000) in this kind of soil

structure large pores may be maintained. Therefore, the only limitation for

root growth associated with low crop yield in such soils would appear to be

high soil strength. However, the contrast in physical chatacteristics between

coalesced and uncoalesced soil was very large. Bulk density and penetration

resistance of the coalesced soil was found to be !.4 g cm-3 ar:rd 2.3 MPa,

respectively, compared to only 0.8 g cm-3 and 0.8 MPa, respectively, for the

uncoalesced soil (Cockroft and Olsson, 2000) indicating that slaking or

dispersion might have taken place.

1.2.4. Significance of so¡l strength for root growth

Most studies of the effect of soil strength on root growth have been

conducted on soils that had unstable aggfegates where compaction, slaking and
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dispersion are the common processes (e.g. Boone et al., 197S). But there is a

lack of information available on how plant roots might respond to a condition

where all other soil physi cal characteristics seem to favour root growth except

soil strength. This phenomenon known as coalescence seems to have

detrimental impact on plant yield (Cockroft and Olsson, 2000) and it is widely

known that plant roots have the capability to sense mechanical impedance in

soils without causing restrictions to their growth but send a signal to the above

ground part of the plant that may induce stomatal closure (Masle, 1999). This

situation may lead to a reduction in the rate of photosynthesis and as a

consequence, plant yield is reduced. The following text, therefore, only

reviews the effect of soil strength on roots resulting from other processes of

structural degradation.

Roots grow in a soil either by entering soil macropores equal to or Iatget

than their diameter or by deforming the surrounding soil. In the latter case,

the soil mechanical resistance directly influences root growth in which the

roots must exert a growth pressure exceeding the soil resistance in order to

displace soil particles, overcome friction and elongate through the soil. The

relationship between the rate of root elongation and the soil resistaÍrce, when

water is not a limiting factor, has been described by Greacen and Oh (1972) as:

R:mIP-W"-o]

Where R is the elongation rate, m is the extensibility coefficient of the cell

wall, p is the turgor pressure, W" is the cell wall yield threshold and o is the

soil resistance (or growth pressure).

Due to experimental difficulties in directly measuring root resistance,

most studies on root growth resistance have been indirect ones (Bengough and

Mullins, 1990) and the best indirect method of estimating resistance to root

growth through soil involves measuring soil resistance to penetration. Most

penetrometers consist of a conical head on a cylindrical shaft, which is pushed

through the soil at a slow constant rate. The following equation can be used to

calculate root growth pressure (o):
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o:epl(l+pcotu),

where qn is the penetrometer resistance, p is the coefficient of soil-metal

friction and ü, is the penetrometer cone semi-angle (Clark et al-, 2003)'

Bengough and Mullins (1991) reported that the above equation gave estimates

of o that were similar to their direct measurements obtained by growing roots

into cores of soil on a balance.

The external morphology of roots can be used to diagnose the high soil

resistances that roots are encountering (Bennie, 1991). Root thickening is a

common feature of high soil resistance (".S.Materechera et al. 1991,

Bengough and Mullins, 1991). Such increase in root diameter may reduce the

resistance at the root tip, and by this mechanism roots are able to further

elongate (Abdalla et al., 1969).

The rate of root elongation has been found to decrease approximately

exponentially with increase in soil strength irrespective of plant types (e.g.

Bengough and Mullins, 1990; Goss and Russel, 1980; Taylor and Gardner,

Ig63).In a calcareous soil with coarse loamy texture, artificial compaction,

achieved by driving a heavy tractor over an entire experimental atea leading to

cone penetration resistance of approximately 2.9 MPa, gteatly restricted root

growth to less than 60 cm depth compared to 80 cm when there rù/as no

compaction (Boone et al., 1978). A tap root length of soybean decreased from

more than 4.5 cm to less than 2 cm when compaction caused cone penetration

resistance to increase from 0.4 MPa to 2 MPa (Khalilian et al., 1990)' However,

in coarser textures, much lower cone penetration resistance was observed to

reduce root length. Bengough and Mullins (1990) found that in cores of two

sandy loams with cone penetration resistances of 0.39 and 0.48 MPa, the rates

of maíze root elongation were reduced to between 50 and 90 yo, respectively,

of that of control plants grown in soil of relatively low cone penetration

resistance.

Greater lateral root formation is also another sign of restriction (Goss

and Russel, 1980; Goss, 1977). In a fine sandy loam, a reduction of root

numbers ranging from 40 to 68 o/o was found when roots of six different species
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encountered a compacted layer with a penetrometer resistance of 3.0 MPa

(Materechera et al., 1992).

The maximum soil penetration resistances that roots can cope with

before any signs of soil impedance appear, vary with plant type and growing

stage. Despite this Mulliîs et al., (1990) have assigned a rarlge of penetration

values for the ease of root penetration in hardsetting soil. Penetration

resistances (MPa) of less than 0.75 were considered relatively unimpeded;

0.75-1.5 posed significant impedance; 1.5-3 posed substantial/serious

impedanc e; 3-6 allowed little or no growth and more than 6 was impenetrable.

These values were not determined in correspondence with root growth

observations.

I.2.5. Soil coalescence: another process of soil structural degradation?

A number of processes have been associated with structural degradation

which causes restriction to root growth. These include compaction, crusting,

and aggregate coalescence. Apart from aggtegate coalescence, all other

processes of structural degradation involve compaction, slaking or dispersion

causing high soil strength accompanied with a significant increase in bulk

density. The soil structural problem in aggregate coalescence, however,

appears to be different since the increases in soil strength may not necessarily

be accompanied by significant increases in bulk density as slaking and

dispersion are relatively absent (Cockroft and Olsson, 2000; Grant et al.,

2001). As the other forms of structural degradation have been discussed

elsewhere, the following text is only related to aggregate coalescence obtained

from the limited published literature.

The term coalescence has been used in several studies to describe a soil

structural condition such that the soil aggregates are joined at their points of

contacts due to their plastic behaviour (Bresson and Moran, 1995; Ghezzehei

and Or, 2000). Deformation occurs when the applied stress is larger than the

shear strength of the soil causing large localised stresses which induces

flattening at the contact points of the aggregates (Day and Holmgren, 1952).

This flattening causes the soil aggregates to coalesce. Cockroft and Olsen
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(2000) described the term coalescence as a distinct form of soil structure

degradation that is not due to compaction, slaking, or dispersion. Their field

observations indicated that water-stable and non-trafficked soil became hard.

Even though some biopores still exist that might maintain good hydraulic

conductivity and drainage, the hard matrix caused the root growth and activity

to be substantially reduced compared with roots in loose soil and this reduces

crop yield. They suggested that this phenomenon is one of the reasons for low

productivity in zero and minimum tillage soil management regimes'

The dynamic process of coalescence is analogous to the glass sintering

process. Or (1996) proposed the analogy based on: (i) the similarity of the

high temperature effect on glass powder with wetting in soils which decrease

soil strength and (ii) the major driving forces in both systems are the capillary

forces. Furthermore, Ghezzehei and Or (2000) developed a geometrical model

for soil aggregate coalescence (Figure 1.4) based on the physical process that

requires no formal analogy with liquid-phase sintering.

The progress of aggregate coalescence can be viewed from soil strain-

based conditions. Using non-swelling soil, Ghezzehei and Or (2000) defined

the onset and termination of aggregate coalescence in term of positive strain

rate given by:

oôsALV > 4J-2¡ra'
ôh

where o is surface tension of liquid water at 20C (0.07294 N--t), SAw is

surface area of liquid-vapor interface 1m2¡, h is axial strain (m), a is the

aggregate radius and r, is the bulk shear strength of the soil (Pa). During

drying of initially wet soil, aggregate deformation (coalescence) commences

when the capillary forces (left-hand side) exceed the yield stress (soil strength,

right-hand side). The deformation ceases at a certain matric potential when

soil strength exceeds the available capillary energy.

Using a unit cell of soil consisting of equal-sized spherical aggregates in

cubic packing as a basic element to illustrate the application of the geometrical

L
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model (Figure 1.4), Ghezzehei and Or (2000) stated that the matric potential

range that can support the capillary liquid for aggregate coalescence to occur is

bound by lower and upper limits. The lower limit corresponds to a condition

where the liquid-vapour interface with radius of the liquid neck (r) equal to

that of the solid neck þ). The upper limit is associated with the largest liquid-

neck radius (r) before the liquid-vapour interfaces touch its neighbour. Two

scenarios were considered in relation to this rarLge of matric potential

supporting aggregate coalescence; (i) under constant matric potential

conditions and (ii) for a linear drying tate (wetting and drying cycles)

(Ghezzehei and Or, 2000).

0% strain 5% strain

Central
Pore

(c)
(d)

z

p

(b)(a)

Figure. 1.4. The basic geometrical model for aggregate coalescence: (a) a pair of equal-sized aggregates

in a 3D Cartesian coorãinate system, and tensile forces acting along the contact area; (b) definition of

basic geometric variables in a ôross-section. Cubic packing (c) before and (d) after coalescence (From

Or and Ghezzehei, 2002).

Soiltnnrpertcd

Llquld

by
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According to Ghezzehei and Or (2000) the range of matric potentials

that supports capillary menisci in the interaggregate pore space for aggregate

coalescence is dependent upon the size of aggregates. The range of matric

potential for smaller aggregates is lower than that for larger aggregates, thus,

during a given drying process smaller aggregates coalesce later than larger

ones.

As the model of aggregate coalescence presented by Ghezzehei and Or

(2000) only uses strain to denote the changes in soil structure, it is not obvious

how soil bulk density and soil strength develop as aggtegate coalescence

progresses with time. These two properties are very important from the point

of view of root growth.

1.3. Aims

From the literature review, a number of factors appear to affect

aggregate coalescence. A low matric suction during wetting can cause

structural changes of water stable aggregates due to their plastic behaviour.

Repeated wetting and draining processes may increase the impact of aggregate

coalescence on soil strength as these processes could strengthen the bonds

between aggregates possibly through age hardening. Soil at lower depth

consolidates more due to the effect of overburden suggesting that the same

effect may also occur for aggregate coalescence. Aggregate size affects

coalescence because it determines the number of contacts between aggregates

per unit volume of soil. Wetting rate is an important factor for aggregate

coalescence as it can have an effect on the rate of material exchanges at the

point of contacts betweeî aggregates that cause aggtegates to coalesce. The

use of soil conditioner such as polyvinyl alcohol (PVA) may provide either

more stability to soil aggregates or coatings aggregate exteriors thus

minimising material exchanges at the point of contact between them. Sodicity

may affect aggregate coalescence as it controls the extent of dispersion,

creating more or stronger contact areas for aggregates to coalesce. As

aggregate coalescence may result in high soil resistance, root growth in such

soil may be restricted.
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Based on these factors thought to affect aggregate coalescence, the

present study had the following two objectives: (i) to identify the effects of

matric suction, repeated wetting and draining cycles, overburden, aggregate

size, wetting rate and PVA, and sodicity on aggregate coalescence and (ii) to

determine the effect of aggregate coalescence on the early stages of tomato

growth.

22



Chapter 2: Materials and General Methods

2.1. Soil samples

Six surface soil samples (0-10 cm) were used in this project. Shepparton

fine sandy loam (Skene and Poutsma, 1962) is a red-brown earth from the

Goulburn Valley of south-eastern Australia (Rengasamy, 1983). Red- brown

earths are widespread in Southern Australia and are extensively irrigated for

pasture and for horticultural and viticultural production, particularly in New

South'Wales, Victoria and South Australia. Williams (1981) and Cockroft and

Martin (1931) have identified them as the most important irrigated soil in

Australia. The cultivated Shepparton soil sample came from aî irrigated

orchard with no tillage and the virgin soil sample was taken from an adjacent,

grassed area beneath a 50-year-old fence (Cockroft and Olsson, 2000).

Cornella clay is a self-mulching, heavy grey clay taken from Rochester in

south-eastern Australia (Skene and Harford, L964; Grant et al., 2001). The

cultivated Cornella soil had been used for intensive cropping (cereal, maize

and tomato) for more than 50 years whereas the virgin Cornella soil was under

native vegetation (Grant et al., 2001). 'Wiesenboden soil is a virgin, self-

mulching black earth collected from the Waite Agricultural Research Institute

(Barzegar et al., 1995; Schafer and Singer, 1976). Rhynie soil is a cultivated,

self-mulching black earth from the mid-North region of South Australia (Grant

and Blackmore, 1991). Rhynie and 'Wiesenboden soils were included in this

research in order to investigate how variations in soil mineralogy may affect

aggregale coalescence. However, because of time constraints and the

availability of sufficient sample, use of the Rhynie soil was confined it to the

sodicity experiment described in Chapter 8.
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Some properties of the soils are presented in Table 2'1'

Table 2.1. Selected properties of soils

OC

%

CEC

cmol(+)kg-r

0.** PHr,s

% clay silt sand

ECt's

dS/m

Particle size (%") MineralogY

Soil

Shepparton (c)

Shepparton (v)

Cornella (c)

Cornella (v)

Rhynie

Wiesenboden

1.5

2.8

1.2

3.7

0.9

3.5

24.2

27.0

57.4

48.8

82.8

40.7

3.4

2.9

7.5

5.8

8.2

10.4

6.5

6.1

6.7

6.5

6.6

6.9

0.06

0.05

0.3'7

0.25

0.15

0.13

17.s

1 1.3

s7.5

36.3

6l

55

15

17.2

1 1.3

15

10

26

67.5

77.5

3t.2

48.7

29

t9

M*, K*, S

Mt*, RIM*

S*, RIM*

RIM*, I#

K:Kaolinite; M:Mica; Mt- Mo ntmorillonite S - Smectite ; N M: Randomly int er s t r at ifi ed mine r als ; I - il I it e
* and# -major and minor mineral
**gravimetric air-dried water content under laboratory conditions

The soils were air dried and sieved to retrieve various aggregate size

fractions ranging from <0.5 to 4 mm. For soil physical measurements,

aggregates were packed by pouring them through a funnel moving in a circular

fashion into cylindrical rings 4.17 cm i.d. and 5 cm high ("soil cores") with a

thin mesh at the base, and the rings then gently tapped until the soil aggregates

settled before experiments were conducted.

2.2. Wetting and draining of soil cores

Initial wetting near saturation was chosen as the most practical approach

in most of the experiments in this project partly because of the latge number of

soil cores involved. Although slow wetting is more effective in minimising

slaking and dispersion and their consequent interference with the process of

aggregate coalescence, conventional wetting under suction was extremely

slow. Under suction, the wetting process was limited to points of inter-

ùggtegate contact, usually in the absence of fine material and the use of thin

mesh at the base of the soil cores also contributed to the wetting being even

slower. At 1 kPa suction at least 12 and 48 hrs, respectively were needed to

wet the cultivated Shepparton and Cornella soil cores while the virgin

Shepparton soil failed to wet even after one month (Chapter 3). As a

consequence of rapid wetting, measurements of penetration resistances a few

millimetres from the base of the soil cores were not included due to severe

structural damage and edge effects.
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Near Saturation wetting

In general, wetting near saturation was conducted by placing the soil

cores in a beaker containing free water at a level 10 mm above the base of the

soil cores. This provided a matric potential ranging from *0.1 kPa at the base of

the core to -0.4 kPa at the top and allowed the soil to wet by caplllary rise in

which relatively faster wetting occurred at the bottom than at the top (Figure

2.1). Wetting was allowed to continue for either 24 or 48 h before the cores were

drained.

Suction wetting

V/etting under suction was conducted by placing soil cores on sintered

glass funnels (porosity 4; l0 cm i.d., 6 cm depth from funnel rim to sintered

plate) with a hanging column of water below the base of the funnels (Figure

2.r).

Wetting near saturation Wetting at -l kPa

-0.4kPa -1

5cm

level

+ 0.lkPa

l0 cm
Sintered glass funnel

water

soil core

5cm

soil core

Figure 2.1. Wetting of soil cores at matric potentiats near saturation and at -l kPa (10 cm suction)
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Draining

Draining at 10 kPa suction was conducted on either a sintered glass

funnel or a ceramic plate (Figure 2.1)by adjusting the water column to 100 cm

below the bottom of the sample. Draining at 100 kPa suction was conducted

on a ceramic pressure plate in a pressure plate extractor for one week.

2.3. Soil physical measurements

Penetrometer res¡sta nce

A penetrometer is a diagnostic tool that is largely used to assess soil

resistance; this is characterized as the force needed to drive a cone of specific

size into the soil (Bengough e/. a1.,2001). It is often used to estimate the

resistance experienced by growing roots. In a structured soil, measured

penetrometer resistance is mainly an expression of interaggregate strength

(Bradford, 1986).

Many studies have shown that bulk density and water content have major

influences on penetrometer resistance both in the laboratory and the field (e.g.

Taylor and Gardner, 1963; Mirreh and Ketcheson, L972; Ayers and Perumpal'

1982; Simmons and Cassel, 1989; Busscher et' al., 1997). Penetrometer

resistance, when measured at a standard reference water content, increases

with increasing bulk density (Bennie and Burger, 1988). The relationship

between penetration resistance and water content was found to be exponential

as a result of water molecules reducing the cohesion between soil particles and

also behaving as a lubricant between them (Vanags et. a|.,2004).

Soil resistance was measured by recording the force exerted by a cone

penetrometer of 2 mm diameter with a recessed shaft and a total cone angle of

600 moving at 0.3 mm/minute as it entered the soil core resting on a digital

top-loading balance. This was conducted at 5 positions in each core. At each

position the load (g) was recorded at 10 second increments. Balance readings

were converted to force (N) and then penetration resistance was calculated as

the force divided by the area of the cone-base (zhang et a|.,2001).

In all experiments, increases in penetration resistance near the bottom of

the soil cores were due to the inevitably greater structural damage which
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occurs near the bottom of the soil cores as a result of the wetting process

rather than due to proximity to the bottom of the core.

Tensile strength

Soil tensile strength was measured according to the indirect method

known as the Brazllian core test (Dexter &, Kroesbergen, 1985). The

tensile strength, Y, (kPa) was calculated from:

Y = 2Fl ndL,

Where F is the load applied at the point of failure; d is the diameter of the

soil core; L is the length of the soil core. Prior to tensile strength

measurements, cores were air-dried slowly at room temperature (20C) until

their weights rwere relatively constant

Bu lk density

Bulk density was obtained prior to penetrometer measurements as the

ratio of the soil oven dry weight to its volume at 100 kPa suction.

Water content

The gravimetric water content was obtained by oven drying the soil

at 105C for 48 h. The volumetric water content was calculated based on the

volume of the soil measured at 100 kPa suction.

Tu rbid ity

Turbidity measurements were determined using a Hach turbidimeter

on soil:water (1:5) suspensions after appropriate dilution with reverse

osmosis deionised (R.O.) water. For spontaneous dispersion, a 4 g sample

was weighed into a 50 mL tube and 20 mL R.O. water was slowly added

down the side of the tube and it was left for one hour. The tube was then

gently inverted once and the suspension was left for a time appropriate for

settling of 2 pm particles. The same procedure as for spontaneous

dispersion was also applied for mechanical dispersion except this time the

tubes were shaken more vigorously in an end-over-end shaker for t h with

30 revolutions per minute.
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Particle size distribution

Particle size distribution was measured using dispersion, sedimentation

sampling method (modified method of Day, 1965). Air-dried soil samples (<2

mm) were dispersed using 10% sodium hexametaphosphate solution, 0.6 M

NaOH and R.O. water. The samples were mixed in an end-over-end shaker for

up to 24 h and allowed to settle according to Stoke's Law. At an appropriate

time the sllt (2-20 ¡rm) and clay (<2 ¡rm) fractions were determined using a

hydrometer, then the sand fraction was calculated by difference.

2.4, Soil chemical measurements

Organic carbon

Organic carbon content was determined on soil samples of <2 mm using

the V/alkley and Black rapid titration method (Nelson and Sommers, 1982).

Exchangeable cat¡ons and cation exchange capac¡ty (cEC)

Exchangeable cations were extracted using method 1581 of Rayment

and Higginson (1992). Method 15Cl (Rayment and Higginson, 1992) was

used to determine the exchangeable cations; using flame photometry for Na*

and K*, and atomic absorption spectrophotometry for Ca2* and Mg'*. The CEC

was determined by displacement of NH+* from soil samples leaching with K-Ca

solution (15% KNo: and 6%o ca(No¡)z .4H20) and the NH+* was estimated by

method l5I2 of Rayment and Higginson, (1992) and an auto-analyser.

Exchangeable sodium percentage was calculated based on the measured CEC

and the exchangeable sodium concentrations.

Electrical conduct¡vitY and PH

Electrical conductivity and pH were determined on soil:water (1:5)

suspension after shaking for t h.
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Chapter 3 
=

Influence of matric suction on soil aggregate
coalescence

3,1. Introduction

A low matric suction applied during wetting has been known to cause

structural collapse during drainage of unstable soils (Mamedov et al., 2001)

especially those which are hardsetting due to slaking and dispersion (Gusli e/

al.,l994a). This structural damage results in increased soil bulk density and

strength. In soils with water stable aggregates, however, the effect of low

matric suction on bulk density is generally less severe because slaking and

dispersion are minimised. However, even soils with water stable aggregates

and low bulk density which aÍe subjected to wetting at low suction may

coalesce. In particular, there is little understanding of the extent to which

coalescence occurs during wetting or draining and, apatt from the work of

Ghezzehei and Or (2000), there is little in the published literature about

coalescence of soils considered to be water stable and of good structure.

The purpose of this experiment was to investigate the

magnitude of matric suction on coalescence of relatively

aggregates.

effect

water

of the

stable

3.2. Materials and methods

Five soils were used; these \ryere cultivated and virgin Shepparton fine

sandy loam, cultivated and virgin Cornella clay and Wiesenboden (see Chapter

2). The aggregate size fraction 0.5_2 mm was used and packed into

cylindrical rings of 5 cm and high 4.17 cm i.d. Four different wetting and

draining treatments (summarised in Table 3.1) were imposed on these soil

cores including: (i) wetting near saturation (see Chapter 2) with 10 kPa

suction applied on draining, (ii) wetting near saturation with 100 kPa

suction applied on draining, (iii) wetting at I kPa suction with 10 kPa suction

applied on draining, and (iv) wetting at 1 kPa suction with 100 kPa suction

applied on draining. These treatments were imposed so that evidence of

coalescence might be identified at both field capacity (10 kPa suction) and at
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100 kPa suction after preliminary wetting of the soil to near saturation (ca.

0.1 kPa) or to about 1 kPa suction.

Tabte 3.1. Summary of soil treatments

Treatment
Matric potential applied (kPa)

Wetting from dry state Draining from wet state
(i.e. during measurements)(range from bottom to top of soil core)

name

0.1/10

0.1/100

1/ 10

1/1 00

+0.1 to -0.4
+0.1 to -0.4

-1 to -1.5
-1 to -1.5

-10

- 100

-10

- 100

'Wetting at îeat saturation was conducted by placing soil cores into a

beaker containing a free water level of 10 mm whereas wetting at l kPa

suction was achieved by placing the soil cores on sintered glass funnels with a

hanging water column of 100 mm below the base of the soil cores (see Chapter

2). These conditions resulted in matric potentials in the soil cores ranging

from + 0.1 kPa to -0.4 kPa for the near-saturation (i.e.0.1 kPa) treatment and

from -1 kPa to -1.5 kPa for the 1 kPa treatment. The soil cores were left to

reach equilibrium for 48 h after the soil surface appeared wet.

Except for the Cornella samples, drainage to 100 kPa suction was

conducted on a ceramic pressure plate in a pressure plate extractor at 20C.

Drainage to 10 kPa suction was carried out on a sintered glass funnel by

adjusting the hanging water column to 100 cm below the base of the soil cores

(Figure 2.1). All measurements were conducted on the soil cores after they

had drained for either 6 d (at 100 kPa suction) and for 2 d (at 10 kPa suction).

For Cornella samples, drying to 100 and 10 kPa suctions was achieved by slow

air-drying until the water content, by mass, corresponded to these potentials

(as determined independently from water retention curves).

The methods used for penetrometer resistance, bulk density, water

content and tensile strength measurements are presented in Chapter 2.

For each soil, a completely randomised design was used with three

replicates. The treatments were the suctions imposed during wetting and
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draining. Data was analysed using a Genstat 5 program (Genstat 5 Committee,

1 e87).

3.3. Results

3.3. 1. Soíl penetrometer resistance

Figure 3.1 shows the penetration resistance of the soils studied as a

function of depth at different matric potentials applied during wetting and

draining. The curves for the virgin Shepparton soil wetting at 1 kPa suction

cannot be presented as the soil cores failed to fully wet even after 8 weeks,

therefore this part of the experiment was aborted. The failure to wet might be

attributed to the effect of air-drying of this soil with its low clay content and

high organic matter content (2.8% C). According to Emerson (1959) air-

drying of soil with high organic matter content increases the contact angle of

water on soil particles so that the soil is not easily rewetted. In the

Shepparton soils, at 100 kPa suction during drainage, the cultivated samples

that were wetted at 1 kPa suction (i.". 1/100) had significantly lower

penetration resistance than those wetted to near saturation (i.e. 0.1/100). The

trend was the same for samples drained at 10 kPa suction, though this was not

statistically significant (P<0.05). As the drainage increased from 10 to 100 kPa

suction the soil penetrometer resistance consistently increased as expected in

both the cultivated and virgin soils. The relative increase was more

pronounced in the cultivated (I20%) than in the virgin soil (30%). At the

same wetting (e.5. 0.1 kPa) and draining (e.5. 100 kPa) suctions, the

penetrometer resistance of the virgin soil was only about one third that of the

cultivated soil.

In the Cornella soil, a lower suction during wetting (0'1/10,0'1/100)

increased the soil resistance significantly. The effects appeared to be more

pronounced in the cultivated than in the virgin soil, particularly at 100 kPa

suction where the increase in the cultivated soil was 93Yo at 25 mm depth

versus only 10o/o in the virgin soil.
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Figure 3.1. The effect of pre-wetting and matric

suction on penetration resistance
Horizontal bars indicate leasl signiJicant differences at P<0.05

35

There is no significant difference in the penetration resistance of

Wiesenboden wetted near saturation and 1 kPa suction when the soils were

drained at 10 kPa suction. HoweveÍ, when soils were drained at 100 kPa

suction, the differences became significant (P<0.05) and as high as 45%.

Vírgin
Shepparton

Cultivated 14ryin
Comella
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3.3.2. Bulk density

Figure 3.2 shows the changes in bulk density for the soils studied. The

virgin soils (Shepparton and Cornella) had lower bulk densities than their

cultivated counterparts.

1.00 i.00

0.90 0.90

0.80 0.80

0.70 0.70

0.60 0.60

cultivated vlrgln cultivated vlrgln

0.16

0.15

0.74

0.73

E 0.1/10

r 1/10

tr 0.1/100

r 1/100

0.72
Flgure 3,2. The effect of pre-wetting and matric suction on bulk

density
Different letters above the bars indicate signiJìcant diferences at P<0'05

The effect of wetting and draining suctions was not significant for the

cultivated and virgin Shepparton soils or for the virgin Cornella soil.

However, for the cultivated Cornella soil, increasing the wetting-suction from

near saturation to 1 kPa decreased the bulk density significanfly at both drainage

suctions of 10 and 100 kPa. The bulk density of Wiesenboden showed a similar

trend to the cultivated Cornella soil.
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3.3.3. Water content

Table 3.2 shows the influence of different suctions applied on wetting

and draining on the water content of the soils studied. Regardless of the

wetting pathway, all soils showed lower water contents when drained at 100 kPa

suction. The water content was found to decrease significantly as the pre-

wetting increased from near saturation to 1 kPa suction for the cultivated

Shepparton soil, cultivated Cornella soil and 'Wiesenboden when these soils

were subsequently drained at 10 kPa suction.

Table 3.2. \Mater contents (g g-t) of soils drained to 10 and 100 kPa suctions as

affected by various matric suctions on wetting.

Shepparton Cornella Wiesenboden
Treatment

Cultivated Virgin Cultivated Virgin Virgin

0.1/10

t lr0

0.1/100

1/100

0.17 5^

0. 15 5b

0.122"

0. 1 30"

0.233^

n.a.

0.204b

n.a.

0.477^

0.429b

0.373"

0.3 7 8"

0.468"

0.444"

0 346b

0 32gb

0.460^

0.420b

0.392"

0.3 8 5"

LSD 0.011 0.023 0.020 0.032 0.007

In each column, different letters indicate significan t differences at P<0.05
n,a., not assessed

3.3.4. Tensile strength

Figure 3.3 shows that apart from the virgin Shepparton soil, which had

zero tensile strength, all soils displayed significantly greater tensile strengths

when wetted to near-saturation (0.1 kPa suction). The tensile strength of the

cultivated Shepparton soil increased from zero, when wetted at 1 kPa suction,

to 3 kpa, when wetted at 0.1 kPa suction. The cultivated soils of higher clay

content generally had higher strengths. The strengths of the cultivated

Cornella soil increased from only 6 to 20 kPa and for 'Wiesenboden from 2 to

10 kPa
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Figure 3.3. The effect of matric suction during pre-wetting on

tensile strength of the air-dried soils
Different letlers indicate significant dffirences at P<0.05

3.4. Discuss¡on

The trends in soil penetration resistance and 'ù/ater content as affected

by various suctions applied during wetting and draining were similar for all

soils studied even though they varied in texture and mineralogy. In general,

at a drainage suction of 10 kPa, all soils showed increased penetration

resistance and water content when pre-wet to near saturation rathü than to

only 1 kPa suction. For pre-wetting to near saturation, rapid wetting caused

some soil structure to collapse due to slaking and dispersion with a

consequent increase in the amount of fine pores and this caused more water to

be retained. Although the water contents of the 0.1/10 soils were higher than

those in the 1/10 soils, the penetration resistances of the 0.1/10 soils were also

higher. The higher bulk densities of the 0.lll0 soils may account for this.

At a drainage suction of 100 kPa suction, the 0.1/100 soils showed

larger penetration resistance than the 1/100 soils, and this was with similar

water contents for both soils. This suggests on the one hand, that water

contents are a good indicator of soil structural damage only at lower suctions

(10 kPa). On the other hand, however, the structural damage indicated by

measured penetration resistances may only be evident at higher matric

suctions (100 kPa). The insignificant differences in bulk densities between

the 1/ 1 0 and 0. 1/ I 0 cultivated Shepparton soils might indicate that the

structural change in the 0.1/10 soils was due to aggregate coalescence. Thus,
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the impact of rapid wetting on aggregate coalescence will not be apparent

until the water suction is sufficiently high (e.g. 100 kPa). The role of water in

contributing to soil strength when matric suction increases arises from the fact

that it affects the state of effective stress within the soil. The effective stress

progressively increases with increasing water suction reaching a maximum at

a certain suction (Marshall and Holmes, 1988). Thus, at lower matric suctions

(10 kPa), the effective stress is minimal and it becomes larger at higher matric

suctions (100 kPa).

In the absence of a change in bulk density or water content at a given

suction, any increase in strength may have resulted from coalescence of soil

aggregates- the welding together of aggregates at contact points.

Nevertheless, the increase in the water content of the cultivated Shepparton at

a drainage suction of 10 kPa after pre-wetting near saturation suggests that

structural damage of the kind associated with incipient failure (Quirk &'

Panabokke, 1962) might occur in this soil. This damage seems not to be

obvious in the bulk density measurements as they were very similar for both

pre-wetting suctions; however, the results from penetrometer resistance

appeared to confirm the damage.

Generally, both the virgin Shepparton and Cornella soils had lower

penetration resistances and bulk densities than their cultivated counterparts.

The organic matter contents in the virgin soils were much higher than in the

cultivated soils. The carbon contents were found to be 2.8% in the virgin

Shepparton soil and 3 .7o/o in the virgin Cornella, whereas in the cultivated

Shepparton and Cornella soils they were only 1.5 and l.2yo, respectively.

Apart from the lower bulk densities, organic matter may protect soil structure

from damage in various ways. Apart from its effect on aggregate stability,

organic matter in particulate forms may either slow water uptake rates due to

its hydrophobic behavior (e.g. Franco et a\.,2000), or else act as physical

barriers between aggregates preventing them from coalescing (Grant et al.,

2001). According to Quirk and Panabokke (1962), organic matter strengthens

coarse soil pores against failure. These coarse pores usually experience more

rapid wetting than the fine ones. Therefore, organic matter facilitates water
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management in that soils can be worked over a wider range of water potentials

with a relatively lower risk of structural damage.

The penetrometer resistance of the virgin Shepparton soil was generally

lower than that of the virgin Cornella soil, although the organic matter content

was higher in the latter. This seems to indicate that the influence of organic

matter on soil strength may be more effective in the coarser-textured than in

finer-textured soils where the clay content is 3-4 times higher. In this regard

it is worth noting that Smith et al. (1997) included organic matter content as

an independent variable in their penetration resistance model for soils with

less than 30o/o clay but excluded it from the model when the clay content was

more than 30o/o. They argued that the levels of organic carbon contents in the

high clay content soils ( l-I5%) were not sufficiently high to have a latge

effect on penetration resistance.

The significant increase in tensile strength resulted from decreased

matric suction on pre-,wetting for all soils (except virgin Shepparton), and this

confirmed the soil structural decline suggested by the penetration resistances.

3.5, Conclusions

Regardless of soil texture and mineralogy, fast wetting (near saturation)

seems to cause aggregate coalescence. The effects of rapid wetting on

aggregate coalescence are manifest in higher water contents when the soil is

drained to near field capacity (10 kPa suction), greater penetration resistance

as the soils drains further (100 kPa suction), and greater tensile strength when

the soil is air dried. Organic matter moderates the effect of fast wetting on

aggregate coalescence by stabilising the aggregate, reducing wetting rate, or

acting as physical barriers between aggregates.
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Chapter 4 z Influence of repeated wetti ngldraining on
ag g reg ate coalescence

4.1. Introduction

V/etting and draining cycles may increase soil strength either due to age

hardening processes (Utomo and Dexter, 1981) or to bulk density increase

(Gusli et al., I994a) or a combination of both. These processes may occur in

both water stable and unstable aggregates. In unstable aggregates, an increase

in bulk density is always accompanied by soil strength increase, while in soils

with relatively water stable aggregates increased soil strength may not

necessarily be accompanied by a large increase in bulk density (aggtegate

coalescence). Grant et al. (2001) attempted to make a distinction between an

increase in soil strength simply due to bulk density accompanied by the age

hardening process, or that merely due to the age hardening process alone, by

introducing a measure, X, that could possibly be used to separate these

phenomena:

x = LY lLpu,

where Y can be either tensile strength or penetrometer resistance, and pt is the

soil bulk density. It was found that a constant X over time could indicate

either increasing soil strength as a result of densification without necessarily

involving age hardening, or no change at all. On the contrary, increasing

l with time can be due to age hardening. However, as X is an index that has no

indicative value, its values only show trends.

The experiment described here aimed to determine the effect of wetting

and draining cycles on aggregate coalescence of relatively water stable

aggregates, as measured by y and its components.

4.2. Mater¡als and methods

Aggregates of 0.5 - 2 mm from five soils were used: cultivated and

virgin Shepparton, cultivated and virgin Cornella and virgin Wiesenboden

(Chapter 2). These aggregates were packed into stainless steel rings (5 cm
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high, 4.77 cm i.d.). The soil cores were subjected to I,2,5 and 8 cycles of

wetting to near saturation followed by draining at 100 kPa suction (Chapter 2).

Each cycle consisted of I period of wetting(24 h) and 1 period of draining (6 d

on pressure plates). After each cycle, the cores were re-wetted to near

saturation and returned to the pressure plates until the required number of

cycles had occurred.

Measurements of bulk density, soil penetration resistance, and

gravimetric water content were conducted on samples directly after they were

taken off the 100 kPa pressure plates. Tensile strength of air-dried soil cores

was measured.

For each soil, a completely randomised design

replicates. The treatments were the number of cycles

using a Genstat 5 program (Genstat 5 Committee, 1987).

was used with three

Data was analysed

4.3. Results

4.3.t. Penetrometer resistance

Figure 4.2 shows the penetration resistance of the soils studied as a

function of soil depth and as affected by the number of wettingldtaining

cycles. Penetration resistance invariably increased with depth in the soil,

regardless of organic matter status (i.e. virgin or cultivated). Trends in soil

resistance were more pronounced in the cultivated than in the virgin soils. In

the Shepparton soil, repeated wetting (near saturation) and draining (100 kPa

suction) gradually increased soil resistance. The increase was significant for

the cultivated soil but not for the virgin soil.

Wetting and draining cycles had no significant effect on soil resistance

of the cultivated and virgin Cornella soils nor on the Wiesenboden. The soil

resistance increased to a maximum after the 5th cycle of wettingldraining, and

then decreased with subsequent wetting and draining.
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4.3.2. Bulk Density

Figure 4.2 shows the bulk densities of the soils studied as affected by

repeated wetting and draining. The first bars (at the left-hand side of each

graph) indicate the initial bulk density when the air-dried aggregates were

packed, and when wetting had not yet commenced. The bulk densities of the

cultivated Shepparton soil at the l't and 2"d cycles of wetting and draining

14rgin

Shepparton
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were similar to the initial bulk density and then increased significantly after

the 5th cycle, while in the virgin soil, the increase was significant after just the

2"d cycle. The bulk densities of the cultivated soil were generally low

(<1.06 g cm-3), but were always greater than those of the virgin soil (-0.66 g cm-3).
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Figure 4,2.The effect of repeatedwetting and draining on bulk

density at 100 kPa suction
Different lellers above the bars indicate significant differences at P<0'05

vlrgln

For the Cornella soil, the bulk density of the cultivated soil increased

(from 0.83 to 0.90 g cm-3) with repeated wetting and draining cycles until the

5th cycle, after which it declined modestly to 0.88 g cm-' by the 8th cycle. The

bulk density of the virgin soil was at least 30% lower than that of the

cultivated soil (only -0.64 g cm-3), and changed significantly only by the 8th

cycle.

Wiesenboden showed a gradval reduction in the bulk density with

repeated wetting and draining, although the changes were not significant.
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4.3.3. Water content

Table 3.1 shows the water content of the soils studied as affected by

repeated wetting and draining. The cultivated Shepparton soil generally had

lower water content (-0.12 e g\ than the virgin soil (-0.2 g g-1), and these

increased slightly with repeated wetting and draining up to the 5th cycle, then

decreased. The increases were significant for the cultivated soil but not for the

virgin soil.

The water content of the cultivated and virgin Cornella soils increased

steadily from 0.35 to 0.37 g g-tthroughout all wetting and draining cycles but

the changes were not significant. A trend similar to that of the Cornella soil

was also found for Wiesenboden.

Tabte 4.1. Soit Water contents (g g-t) at 100 kPa suction as affected by wetting and

draining cycles

Shepparton Cornella Wiesenboden
Treatment

Cultivated Virgin Cultivated Virgin Virgin

Cycle 1

CycIe 2

Cycle 5

Cycle 8

0.1 09"

0.t22b

0.126b

0. 1 10"

0.224^

0.231^

0.246^

0.230^

0.3 5 1"

0.3 60"

0.3 66"

0.369^

0.346^

0.3 5 9"

0.381"

0.37 5^

0.392"

0.3 8 6'

0.412^

0.404^

LSD 0.012 na. na na na

In each column, different letters indicate significant differences at P<0.05
na., not applicable

4.3.4. Tensile strength

Figure 4.3 shows the tensile strength of the soils studied as affected by

repeated wetting and draining. The tensile strength of the cultivated

Shepparton soil progressively increased with time whereas the virgin soil had

effectively zero strength.
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The tensile strengths of the cultivated and virgin Cornella soils were

found to show a similar trend, again with the values for the virgin soil much

smaller than its cultivated counterpart. The tensile strength of the cultivated

soil was similar between the 1't and 2"d cycles, but then increased sharply by

the 5th cycle and again by the 8th cycle, while in the case of the virgin soil, no

increase was seen until the 8th cycle. In the Wiesenboden, the tensile strength

increased significantly with repeated wetting and draining.

4.4. Discuss¡on

The strongest trends in soil resistance were seen in the cultivated

Shepparton soil. Repeated wetting and draining in soil might weaken the soil

aggregates by various processes working in concert during wetting causing the

soil to slake. The processes known to be responsible for slaking include

differential swelling (Emerson, 1977), air entrapment (Panabokke and Quirk,
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1957) and the heat of wetting (Collis-George and Greene' 1979)- This

condition might lead to the creation of more contact points as the aggregates

become smaller and their packing arrangement denser; increasing bulk density

partly confirms this (Figure 4.3). The increase in water content by the 2"d and

5th cycles and then a decrease may indicate that at first a collapse of the

aggregates created more fine pores at the expense of large ones but that pore

collapse may have continued so that water content decreased again. The

significantly higher water content by the 2"d and 5th cycles could also indicate

that the soil penetration resistances at these points might be somewhat higher

if they had been measured at water contents similar to those in cycles I and 8.

Although the increase in the bulk density appeared to be minimal, its impact on

frictional resistance between the penetrometer and the soil may be significant

as indicated by Bengough and Mullins (1990). Another explanation for this

increased resistance may be found in the strength of the bonds between

aggregates which may increase due to age hardening as shown by increasing

tensile strength values (Figure 4.2) although the values appeared to be small.

The virgin Cornella soil resistances declined slightly after the 1't cycle,

although the changes were not significant, whereas this took up to five wetting

and draining cycles to occur in the cultivated soil. It would apper that the

high organic matter might have played an important role in this process.

Nevertheless, the self-mulching nature of the Cornella soil may have

contributed to the decline after the 5'h cycle. Although the cultivated Cornella

clay shows no particular trend in soil penetrometer resistance as affected by

repeated wetting and draining, tensile strength may show how aggregate

coalescence develops in this soil. The tensile strength progressively increased

with repeated wetting and draining, particularly after the 2"d cycle, indicating

that aggregate coalescence actually develops as time progresses. The same

trend is also found in Wiesenboden. According to Utomo and Dexter (1981)

bonds between aggregates may become stronger due to the age hardening

process as time progress. As tensile strength actually measures the cohesive

force between aggregates, its measurement may be more relevant in identifying

the development of aggregate coalescence than the penetrometer resistance

measurement.
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A significant increase in tensile strength by the 8th cycle observed for

the virgin Cornella indicates that aggregate coalescence also develops in this

soil but at a slower rate due to its high organic matter content. Organic matter

may act in two ways to retard strength development. In particulate form, it

may act as a physical barrier between aggregates and, in this and other forms,

it may improve the stability of individual aggregates to slaking and dispersion'

4.4.t. Coalescence measurements

This section attempts to quantify soil aggregate coalescence following

Grant et al. (2001). The ratio, X1, was used as a measure of coalescence as

discussed in 4.I. which is:

T LQolLpt,

where 8, is soil penetration resistance and Pr is soil bulk density.

penetrometer resistance values used were those taken aI" a depth of 25

Figure 4.4 shows the values of 1r with repeated wetting and draining'

average 1 values vary considerably from large and negative (-28 MPa/g cm-3)

in the virgin Cornella soil to large and positive (7 MPa/g cm-3) in the cultivated

Shepparton soil. These negative values arise from the fact that either the soil

penetration resistance decreased with time or the bulk density decreased with

time.

The effect of wetting and draining cycle on Xt was not significant for all

soils studied. Almost every soil shows that the avera1e Xt appeared to be

relatively constant with repeated wetting and draining, suggesting lhat any

increases in soil strength (penetration resistance) were merely due to bulk

density.
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Based on tensile strenght, aggregate coalescence was quantified using

the following equation:

Iz: ÂSr lLpu,

Where S is soil tensile strength and Pt is soil bulk density. In this

measurement, soil bulk density were taken from the soil cores used for the

penetrometer resistance measurements as there were no bulk density
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measurements for the soil cores used for tensile strength measurements. This

was due to the measurements of tensile strength were conducted on air-dried

soil cores where the cores sometimes needed to be reshaped because some

aggregates were detached from the cores, so only the core diameter and high

were taken for the calculation of the tensile strengths. Therefore t Xz wùs

calculated based on an average value of tensile strengths to an average value of

bulk densities taken from the soil cores of penetrometer measurements. Figure

4.5 shows the value of y,zwith repeated wetting and draining cycles. As the

virgin Shepparton and Cornella soils had zero tensile strength for almost any

cycle Figure 4.5 only presents their cultivated counterpart soils and

'Wiesenboden.
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Figure 4.5. Aggregate coalescence index, Xz, zs a function of time

All soils show similar trend in which the 1z increase with repeated

wetting and draining cycles. This suggests that aggregate coalescence actually

develop as time progresses in which the bond between aggregates might have

become stronger with time possibly due to age hardening.

4.5. Conclusions

In the non-swelling soil, Shepparton, repeated wetting and draining

gradually increased soil penetrometer resistance and bulk density, but water

content increased by the 2"d and 5'h cycles and decreased by the 8th cycle. For

the two swelling soils (Cornella and 'Wiesenboden), both exhibited
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insignificant changes in soil resistance, bulk density and water content with

wetting/draining, though after several cycles of wetting/draining, there

appeared to be some reduction in soil resistance and bulk density and an

increase in water content. Organic matter in soil from the virgin sites tended

to reduce the magnitude of the effects on bulk density, soil resistance and

water content with repeated wetting and draining. The virgin soil always had

lower bulk densities and soil resistances, and higher water contents.

The different water content at 100 kPa suction in a given soil tend to

undermine the use of penetrometer resistance as a means of detecting

aggregate coalescence, and suggests that it might be less reliable than the

tensile strength of the air-dried soil. The relatively constant values of 1 which

were based on changes in penetrometer resistance and bulk density also

suggested that there were no significant development of aggtegate coalescence

with repeated wetting and draining cycles in the soils studied in these

experiments. The increases in 1 values based on changes in tensile strength

and bulk density may indicate that tensile strength is more reliable in detecting

the development of aggregate coalescence with wetting and draining cycles.
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Chapter 5 = 
Influence of overburden on soil aggregate coalescence

5.1. Introduction

An open soil structure inevitably consolidates after tillage due to

overburden pressure (Koolen and Kuipers, 1989) and its bulk density increases

once irrigation commences (Ghavami et al., 1974). Even in un-tilled soils,

bulk densities consistently increase with depth (Cannel, 1985). Field

observations have indicated that aggregate coalescence is first expressed at the

bottom of the seedbed and develops progressively upward to the soil surface

during the growing season (e.g. B. Cockroft and C.D. Grant pers. Comm.)

This suggests that overburden pressures may enhance aggtegate coalescence by

increasing the degree of inter-aggregate contact.

The purpose of this experiment was to determine the effects of

overburden on coalescence of water stable soil aggregates.

5.2, Mater¡als and methods

Five soils including cultivated and virgin Shepparton soils, cultivated

and virgin Cornella soils and virgin Wiesenboden were used in this

experiment. Aggregate fractions of 0.5-2 mm were packed into cylindrical

rings (5 cm high and 4.77 cm i.d.) with thin mesh at the base. Perforated brass

cylinders of 4.5 cm diameter and of 4 various weights (0, 80, 240, and 400 g)

were set on top of the soil cores. Based on assumptions of a dry bulk density

of 1.2 g cm-3 and of a volumetric water content of 0.3 crn cm-t, these weights

simulated reasonable static load pressures of 0,0.49,I.47 and 2.47 kPa in the

root zone which are equivalent to depths of 0, 3.4, lO.1 and 16'8 cm. The soil

cores were subjected to wetting near saturation for 24 hours and then drained

at 100 kPa suction (Chapter 2). In the following text, the overburden pressures

will be referred as 0, 0.5, 1.5 and 2.5 kPa

The methods used for measuring penetrometer resistance, bulk density,

water content and tensile strength are presented in Chapler 2.

49



For each soil, a completely randomised

replicates. The treatments were overburdens'

Genstat 5 program (Genstat 5 Committee, 1987).

design

Data

was

was

used with three

analysed using a

5.3. Results

5.3, 1. Penetrometer res¡stance

Figure 5.1 shows penetrometer resistance of the soils studied as a

function of soil depth with various overburden pressures.

As might be expected, the penetration resistance of the Shepparton soil

increased in approximate proportion to the applied overburden, particularly for

the cultivated soil. At 25 mm depth, the resistance increased from 253 to 586 kPa

when the overburden pressure increased from zero to 2.5 kPa. For the virgin

sample, soil resistance also increased with applied overburden, but much less

so than in the cultivated soil. For example, the profile of soil resistance for

the un-burdened cultivated soil was similar to that of the virgin soil with the

largest overburden pressure (2.5 kPa).

For the Cornella soil, the effects of overburden were enhanced with

depth, particularly in the cultivated soil, where the soil resistance (under

2.5 kPa pressure) tripled from -300 kPa at the top of the core to over 1000 kPa

at the bottom. By contrast, the virgin soil showed very little change with

depth in the soil core, such that under an overburden pressure of 2.5 kPa the

soil resistance ranged from -200 kPa at the top of the core to only -400 kPa at

the bottom. That is, the profiles of penetration resistance in the virgin soil

were generally more uniform than in the cultivated soil.

The penetration resistance of 'Wiesenboden consistently increased with

soil depth as well as overburden. Soil resistance increased in approximate

proportion to the overburden applied. At 25 mm, the penetration resistance

increased from 238 to 417 kPa when the overburden pressure increased from

zero Io 2.5 kPa.
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5.3.2. Bulk density

Figure 5.2 shows the bulk density of the soils studied. Increasing

overburden pressures significantly (P<0.05) affected the bulk density of the

cultivated Shepparton soil although the increase appeared to be small. It

increased from -1.01 g 
"m-3 

op to -1 .I4 g "m-'. The effect of overburden on
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the bulk density of the virgin soil was not statistically significant at P<0.05

(from -0.67 g cm-3 up to -0.69 g cm-3).

The effect of overburden on the bulk density of the Cornella soils was

statistically significant at P<0.05. Bulk densities generally increased with

increasing overburden and the rates of the increase were approximately the

same for both virgin and cultivated soils (-0.89 up to 0.94 g cm-3 for

cultivated, and -0.61 up to 0.65 g 
"m-'for 

virgin) as the overburden pressures

increased from 0 to 2.5 kPa.

The bulk densities of Wiesenboden increased significantly with

increasing overburden (from 0.73 g cm-' to 0.79 g cm-3)
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5.3.3. Water content

Table 5.1 shows water contents for the various overburden pressures.

The effect of overburden on the water contents of the two Shepparton soils

(cultivated and virgin), the virgin Cornella and the V/iesenboden was not
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statistically significant. The water contents increased significantly with

increasing overburden only in the cultivated Cornella soil.

Tabte 5.1. Soit Water contents (g g-t) at 100 kPa suction as affected by overburden

Overburden

(kPa)

Shepparton Cornella
'Wiesenboden

Cultivated Virgin Cultivated Virgin Virgin

0

0.5

1.5

2.5

0. 1 09"

0.112^

0. 1 06"

0. 1 07"

0.205^

0.209^

0. 1 96"

0.204^

0.3 1 1"

0.331b

0.3 3 0b

0 331b

0.298'

0.317^

0.325'

0.3 2 8"

0.392^

0.396^

0.3gg^

0.3 8 1^

LSD na îa îana 0.013

In each column, different letters indicate sign ificant differences at P<0.05
na, not applicable

5.3.4. Tensile strength

Figure 5 .3 presents the tensile strength as affected by overburden.

Overburden did not affect the tensile strength of the virgin Shepparton which

had zero tensile strength at all levels of overburden. The effect, however, was

found to be significant in the cultivated soil. The tensile strength was

relatively constant at overburden pressures less than 1.5 kPa but then increased

considerably at 2.5 kPa.

Overburden significantly affected the tensile strength of both the

cultivated and virgin Cornella soils, although the absolute magnitude of tensile

strength was smaller for the virgin soil than for its cultivated counterpart. In

the cultivated soil, the tensile strength increased markedly from 19 to 46 kPa

as the overburden pressure increased from 0 to 2.5 kPa while in the virgin soil,

the increase was from 0.2 to 2 kPa.

The tensile strength of Wiesenboden was also significantly affected by

the overburden. The tensile strength consistently increased with overburden in

which the largest increase occurred when the overburden increased from 1.5 to

2.5 kPa.
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5.4. Discussion

All soils showed significant increases in penetration resistance and bulk

density as a result of increasing overburden pressures, while for the water

content, only the cultivated Cornella clay showed a significant increase' The

effects of overburden on penetration resistance appeared to be much greater

than on bulk density. Penetration resistance increased in the range 19 - I25%

for the Shepparton cultivated soil, ll - 39% for the cultivated Cornella soil

and 1 9 - 7 5% for the Wiesenboden with increasing overburden. Bulk density

by contrast increased by only 6 - I3o/o, 2 - 5o/o, and 2 - 5yo, respectively'

Greacen (1981) found that a red brown earth (similar to Shepparton soil) had

increases in bulk density of 31 - 55% which corresponded to increases in

penetration resistance of 300 - 350%.

The rate of increase in soil resistance with depth was greater for the

cultivated than for the virgin soils suggesting that organic matter has some

protective role. For example, the effect of a 0.5 kPa overburden pressure on
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the penetration resistance profile for virgin Shepparton soil was relatively

small, possibly suggesting that there may be a critical overburden pressure

below which no effects on penetration resistance (soil structure) may occur in

this soil.

In the (swelling) cultivated Cornella the increase in the bulk density was

associated with an increase in water content. It seems that more fine pores

were created by increased overburden so that the degree of saturation in this

soil increased.

The relative increases in the tensile strength appeared to be different for

each soil. The increase in tensile strength of the cultivated Shepparton soil

was significant only for the largest overburden pressve (2.5 kPa), suggesting

that the low clay content of this soil lead to reduced aggregate coalescence

until substantial pressures were reached. Furthermore, when this soil had

higher organic matter content (virgin Shepparton), aggregate coalescence

appeared to be completely preventable as zero tensile strength was evident at

all overburden pressures. In the fine-textured soil (Cornella), even the virgin

soil showed development of aggregate coalescence with increasing overburden,

although the values were smaller than that of its cultivated counterpart.

5.5. Conclusions

Soil bulk density and soil resistance increased with increasing

overburden for most of the soils examined in this work. The virgin soils

exhibited greater resistance to structural changes under overburden than did

the cultivated soils regardless of whether the soil was swelling or non-

swelling. Where densification occurred under increasing loads, the degree of

saturation increased, but when densification was resisted (in virgin soils), very

little change in water content occurred. Organic matter provided considerable

resilience under applied overburdens. The implications appeared from this

work for soil management in the field is that maintaining relatively high

organic matter content in soil into larger depths could reduce the risk of

aggregate coalescence development due to overburden pressure.
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Chapter 6 = 
Influence of aggregate size on soil aggregate
coalescence

6.1. Introduction

Aggregate size is a factor that would seem to affect the development of soil

aggregate coalescence. Aggregate coalescence is expected to be influenced by

soil strength and by the way soil aggregates behave at their points of contact. The

higher the number of contact points per unit volume, the greater the soil strength

(Barzegar et al., 1995). Other things being equal, the distribution of aggregate

sizes within the soil determines the number of contact points between aggregates

(Bresson and Cadot, 1992). Bresson and Moran (1995) found that a repacked

seedbed of fine aggregates produced higher strength than that of coarse

aggregates, a finding similar to that of Chartres et al. (1990). According to

Barzegar (1995) the strength of soil is also controlled by the nature of the

bonding at the contact points between aggregates as well as by the number of such

contacts

This experiment was conducted to investigate the effect of aggregate size

on the coalescence of relatively water-stable aggregates.

6.2. Mater¡als and methods

Three soils including cultivated and virgin Shepparton, cultivated and

virgin Cornella, and Wiesenboden were used in this experiment (Chaptet 2).

Aggregate fractions used were of <0.5, 0.5-2,2-4 and <4 mm. The aggregates

were packed into rings 5 cm high and 4.77 cm i.d. with thin mesh at the base and

subjected to wetting near saturation and draining at 100 kPa suction (Chapter 2).

Measurements of penetrometer resistance, bulk density, water content and tensile

strength were then conducted as described in Chapter 2.

For

replicates

each soil, a completely randomised

The treatments were aggregate size

design was used with three

Data was analysed using a
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Genstat 5 program (Genstat 5 Committee, 1987). If there was a significant effect

at P<0.05, the analysis was continued with Least Significant Difference (LSD).

6,3. Results

6.3. 1 , Penetrometer res¡sta nce

Figure 6.1 shows the penetration resistance of a function of depth and as

affected by aggregate size. Both cultivated and virgin Shepparton soils show

similar trends in resistance for the various aggregate sizes. The values for the

virgin soil aggre gate fractions were significantly smaller than their cultivated

counterparts. In each soil the resistance of aggregate sizes <0.5 and <4 mm

appear to be similar in magnitude. The same can be said for the two aggtegale

sizes 0.5-2 and 2-4 mm. The two fractions containing significant quantities of

<0.5 mm aggregates (i.e. <0.5 and <4 mm) exhibited the greatest penetrometer

resistance.

The soil resistance appeared to be relatively constant below a depth of

about 5 mm for the cultivated soil and below about 10 mm for the virgin.

However, in the cultivated soil, resistance dramatically increased at about 40 mm

depth (i.e. l0 mm above the base of the soil cores).

For the Cornella soils, penetration resistance increased with depth, the

virgin samples tended to reach a maximum value (smaller than those of the

cultivated soil) and then increase only slightly with depth. Soil resistance was

again generally greater in the samples containing fine material (i.e. <4 mm and

<0.5mm) than in those containing coarser material (i.e. 0.5-2 and 2-4 mm); but

this difference was generally less pronounced than for the Shepparton soil. As

with the Shepparton soil, the soil-resistance profile for the virgin Cornella soil

fell into two distinct groups, one for coarse and one for fine aggregates. By

contrast, the soil-resistance profiles for the cultivated soil were rather distinct for

each aggregate size.

57



Cultivateil
Shepparton

0 500

Soil penetration resistance, kPa

1000 1500 0 500 1000 1500

5

15

25

35

45

5

Els
-d
IÈ25
G)

IJ

35

Viryín
Cornells

45

+-<0.5 rrrn

0.5-2rnrn

+2-4ttrrtt
+<4n¡rn

Flgure 6.1. The effect of aggregate size on

penetration resistance at 100 kPa suction

Horizontøl bars indicate least significanl diferences al P<0.05

The soil resistance profiles for the Wiesenboden showed the finer aggregate

size fractions having somewhat greater soil resistances than the coarser ones; that

5

15

25

35

45

Wryin
Sheppaflon

Cuhivated
Cornella

Wryin
lViesenboden

58



is, the <0.5 mm and<4 mm fractions clustered together with higher strengths, and

the 0.5-2 mm and 2-4 mm fractions clustered together with lower strengths.

6.3.2. Bulk density

Fig.6.2 shows the bulk densities of the soils and all values fell below

I.25 gcm-'. The bulk densities of the cultivated Shepparton and Cornella soils

were significantly greater than that of the virgin counterparts for aIl aggregate

sizes. The bulk densities for aggregate sizes of <0.5 mm and <4 mm were not

significantly different from each other for either soil. Similarly, there was no

significant difference between bulk densities for aggregate sizes of 0.5-2 mm and 2-4

mm, although there was a general trend for the 0.5 mm to be denser than the 2-4 mm

fraction
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The bulk density of Wiesenboden for the various aggregate size fractions

followed the same pattern as for the Cornella clay.

6.3.3. Water content

Table 6.1 shows water contents of the soils studied as affected by various

aggregate size aI" 100 kPa suction. The virgin Shepparton soil invariably had

higher water contents than the cultivated soil and the larger aggregate sizes

tended to have higher water contents. For the other three soils, aggregate size had

no significant impact on water contents at 100 kPa suction.

Table 6.1. Soil Water contents (g g-t) 
"t 

100 kPa suction affected by aggregate size

Aggregate

size (mm)

Shepparton Cornella

Cultivated Virgin Cultivated Virgin Virgin

Wiesenboden

<0.5

0.5-2

2-4

<4

0.rrl^

0.109"

0.13lb

0.116"

0.154^

0.1 95b

0.203b

0.15 1"

0.313'

0.300"

0.302'

0.315"

0.304"

0.299^

0.294^

0.307"

0.401"

0.392"

0.390"

0.396^

LSD 0.009 0.015 0.014 0.025 0.037

In each column dffirent letters indicate sìgnificant dffirences at P<0.05

6.3.4. Tensile strength

Fig. 6.3 shows the tensile strengths of the soils studied as affected by

aggregate size. The aggregate size significantly affected tensile strength in both

the cultivated and virgin Shepparton soils. The virgin soil had zero tensile

strength at aggregate sizes of 0.5-2 and 2-4 mm as did the cultivated soil at

aggregate size 2-4 mm.

The tensile strengths of all aggregate sizes of the cultivated Cornella soil

were significantly greater than their virgin counterparts'

For Wiesenboden, aggregate size significantly affected the tensile strength.

The value ranged from zero when the aggregate size was 2-4 mm up to 15 kPa

when the aggregate size was <0.5 mm.
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6.4. Discuss¡on

Aggregate size could be expected to influence coalescence as the smaller the

aggregate, the higher the exposed surface area for inter-aggregate contact. For all

soils, regardless of clay content and mineralogy, the soil resistance was invariably

greater for soil fractions containing finer aggregates. However, soil resistances

were also consistent with the bulk densities in that the higher the bulk density, the

higher the soil resistance. Increasing bulk density causes the angle of internal

friction to increase (Barzegar, 1995; Bresson and Moran, 1995), resulting in

higher soil cohesion (Horn, 1993) and so soil resistance. Similarly, bulk densities

were always greater in soils containing less organic matter; thus the cultivated

samples were always denser than the virgin samples, and the effect on the

magnitude of soil resistance was usually quite large. Figure 6.4 shows the

relationship between tensile strength and bulk density. All soils show strong
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relationships between tensile strength and bulk density. The role of organic

matter in resisting structural collapse is once again implicated - it reduces the

quantity of fine material and the extent of densification that occurs upon

wetting/draining. The inability to separate the effects of this densification on soil

strength from those of aggregate coalescence alone (i.". without significant

densification) underlines a major experimental challenge in this sort of project.
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A large increase in the soil resistance toward the base of soil cores,

particularly in the Shepparton soil, indic ated that structural damage might have

occurred in this zone as a result of rapid wetting. The structural damage to the

soil aggregates at the base might protect the aggregates in the upper part of the

soil cores from further damage by reducing the hydraulic conductivity and thus

the wetting rate.

The differences in penetration resistances between the various aggregate

sizes may reflect differences in the aggregate size distributions in the soil core

samples. For example, in the cultivated and virgin Shepparton soils, the size

distribution of aggregates in the <0.5 mm and <4 mm fractions was very likely

indistinguishable (i.e. mostly <0.5 mm in both fractions). In the aggregate-size

fractions 0.5-2 mm and 2-4 ffiñ, there may have been a concentration of

1.3 0.5 0.7 0.9 0.7

Bulk densitY, gcm3

Figure 6.4, Relationship between tensile shength andbulk density
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aggregates around 2 mm indicating that this size may be the most stable

aggregates compared to other size in the range 0.5-4 mm'

The gravimetric water contents of different aggregate size fractions,

however, depended on both clay mineralogy and organic matter content to varying

degrees. For example, in the non-swelling Shepparton soil, water contents at

100 kPa suctions were greater for the virgin soils and the larger aggregate sizes,

which may reflect the importance of organic matter in binding aggtegates together

in this soil. By contrast, for the swelling soils (e.g. Cornella), water contents

were always greater in the cultivated soils and the size fractions containing finer

aggregates. The differences between the swelling and non-swelling soils may

reflect the relative importance of organic matter in controlling pore size

distributions - being more important in non-swelling soils. The differences in

water content, thus, might confound the penetrometer resistance results. Smith e/

at. (1997) developed relationships between penetrometer resistance, bulk density

and water content of soils differing in textures and found that some soils,

particularly those with medium and coarse textutes, were more sensitive to water

content.

For all soils, tensile strength was consistently related to aggregate stze.

The greatest value was always found for the aggregate size fuacLion <0.5 mm

followed by that <4 mm, 0.5-2 mm and 2-4 mm. However, the relation between

tensile strength and bulk density confounded any conclusions about effects of

aggregate size (Figure 6.5).

The use of penetrometer resistance to distinguish the degree of aggregate

coalescence may be an unreliable diagnostic tool as it is confounded by other,

unavoidable experimental variables such as water content and bulk density. For

example, the virgin Shepparton soil had a profoundly lower resistance but also

had a lower bulk density and a much higher water content. While tensile strength

of air dry soils goes part way toward addressing this problem (because it removes

water content as variable), the interpretation of tensile strength data is also

confounded where bulk density is a variable.
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6.5. Conclusions

Aggregate size influences coalescence by exposing more surface area to

coalescence when aggregates are smaller as indicated by the bulk densities being

higher in the fine aggregates than in the coarse aggregates (<0'5 and <4 mm v,s.

0.5-2 and 2-4 mm). The similarity in the penetration resistances between

aggregate size <0.5 and <4 mm, and between 0.5-2 and 2-4 mm might reflect a

concentration of certain aggregate sizes in those aggregale ranges. The relative

importance of organic matter in controlling pore size distributions was indicatcd

in the differences in the gravimetric water contents between the swelling and non-

swelling soils - being more important in non-swelling soils. The wide range of

bulk densities and water contents among the aggregate sizes confounded the use

of either tensile strength or penetration resistance as effective indicators of

aggregate coalescence in these experiments. Using a narrower raîge of aggregate

sizes (i.e. 0.5-1.5 mm vs. 1-2 mm) may enable the soils to be packed into initially

similar bulk density, therefore it could overcome the problem of bulk density as a

variable in penetration or tensile strength measurement.
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Chapter 7t Influence of wetting rate and polyvinyl alcohol (PVA)
on aggregate coalescence

7.1. Introduction

Cultivation that leaves soil loose with random aggregate orientation and

large pores between aggregales is prone to structural breakdown once the soil

is wetted. Wettin g rate is known to be one external factor that affects the

degree of aggregate breakdown. Keller (1970) investigated the effect of

wetting rate on loosely packed columns of unstable and relatively stable

aggregates. He found that in both unstable and stable soils, increased bulk

density was the result of increasing wetting rate. Wetting causes the

aggregates to be weakened and allows forces such as gravity and surface

tension to actively thrust the aggregates into more intimate contact forming a

new structure (Kemper et al., 1975). Soil conditioners such as polyvinyl

alcohol (PVA) have long been used to stabilise aggregates. Many studies have

shown increased aggregate stability along with improved shear strength,

permeability, infiltration rate, aeration and resistance to crust formation

(Allison and Moore, 1956; Stefanson, 1974; Oades, I976; Barry et al', 1991).

However, little is known about the effect of wetting rate and soil conditioner,

particularly PVA, on the coalescence of relatively stable aggregates. Results

from previous experiments in this work showed that rapid wetting of relatively

stable aggregates increases soil resistance.

The purpose of this experiment was to determine the relative effect of

wetting rate, wetting extent and PVA on the coalescence of relatively water

stable aggregates.

7.2. Materials and Methods

Aggregate fractions (0.5-4 mm) of two cultivated soils, Shepparton and

Cornella (Chapter 2) were used in this experiment. The aggregates \ryere

divided into two samples; one sample was treated by spraying the aggregates

with PVA (molecular weight : 22,000; diluted into the amount of R.O. water

equal to water content at field capacity at a rate of 1.5 g/kg soil). The other

sample \À/as sprayed with R.O. water (untreated). In this way both untreated
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and treated soils were slowly wetted to field capacity (10 kPa suction) and then

left overnight to allow the PVA to be uniformly distributed into the aggregates.

The aggregates were then air dried and sieved again prior to use to obtain the

same aggregate size fractions for both treatments'

The soil aggregates were packed into cylindrical rings (5 cm high and

4.77 cm i.d.) and wetted from the soil surface at different rates using a

peristaltic pump. Three wetting rates were used: (i) 1 mm h t (slow), (ii) 10 mm

h-l (medium), and (iii) 100 mm ht (fast). All wetting events were conducted

until a volume of water equivalent to field capacity (10 kPa suction) had been

applied. At the end of the wetting process one group of the soil cores was left

overnight at saturation (ChapLer 2) and the other at field capacity by placing

them on a ceramic pressure plate with a 100 cm hanging water column (Figure

2.1). The cores were then drained to 100 kPa suction (Chapter 2) for one

week.

The methods used for measuring penetrometer resistance, bulk density,

water content and tensile strength are presented in Chaptet 2.

For each soil, a factorial design was used with PVA and wetting rate as

factors and three replicates were used. Data was analysed using a Genstat 5

program (Genstat 5 Committee, 1987). If there was a significant effect at

P<0.05, the analysis was continued with Least Significant Difference (LSD).

7.3. Results

7.3.t, Shepparton soil

Pe n etra tion res ista n ce

Slow application of water tended to reduce soil resistance but the effects

were not statistically significant at P<0.05 (Figure 7.1).
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Bulk density

Figure 7.3 shows the bulk densities of Shepparton soil as affected by

wetting rate, and PVA. There was no significant effect of different wetting

rates or wetting extents but the effect was significant for PVA application. For

the soil that had been kept at field capacity after either slow or fast wetting,

PVA decreased the bulk densities significantly, whereas for the soil that had

been kept at saturation the only significant difference was found in medium

wetting.
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Water content

Table 7.1 shows the gravimetric water contents of the Shepparton soil as

affected by wetting rate, wetting extent and PVA. There were no significant

effects of the treatments.

Table 7.1. The effect of wetting rate, PVA and wetting extent on gravimetric water content
(g g-t) at 100 kPa suction of Shepparton soil

Wetting rate Non-PVA PVA

Field capacity Saturation Field capacity Saturation

Slow

Medium

Fast

0.125

0.tr7

0.tr1

0.126

0.122

0.118

0.1 28

0.122

0.r24

0.r25

0.t22

0.r24

Tensile strength

Different wetting rates and wetting extents had significant effects on the

tensile strength of Shepparton soil while the effect of PVA was not significant.

Figure 7.4 shows the tensile strength of Shepparton soil as affected by wetting

rate, wetting extent and PVA. As the wetting rate increased from slow to fast,

the tensile strength of untreated PVA soil increased from zero to 1.7 kPa and

from 0.55 to 3.4 kPa when the soil had been kept at field capacity and

saturation, respectively (Figure 7 .4a). The effects of wetting rates were

mediated to some extent by the application of PVA. Increasing the extent of

wetting from field capacity (10 kPa suction) to saturation increased tensile

strength (Figure 7 .4b), but mainly at the fast wetting rate. The application of

PVA tended to reduce tensile strength but not in any significant way (Figure

7.4c).

70



r
b

b

c

4

aJ

2

lield capacíy

NON.PVA PVA

I slow I medium I fast wetting rates

non-PVA

slow medium

I field capacity r saturation

Fíeld capøcíty

slow medium

Inon-PVA f PVA

fast

Salumtion

NON-PVA PVA

I slow I medium I fast wettingrates (a)

PVA

slow medium fast

(b)

Saturatìon

1

0

4CÛ

ô-
J¿

j

Þ0

o
¡i

Ø

C)

Ø
Ê
C)

t-r

3

2

I

0

I

0

fast

4

J

2

slow rnedium

I non-PVA I PVA

åst
(c)

Figure 7 .4.'Ihe effect of (a) wetting rate, (b) wetting extent and (c) PVA on tensile strength of the air-
dried Shepparton soil
Different letters above the bars indicate significant differences at P<0.05
Field capacity and saturation refer to the extent ofwetting prior to draining to I 00 kPa suction

a

r
b

b
c

b

ã

à

b

b

a

ã

^
^

L

a

a

ã

a

a
r

a

a

7l



7.3.2. Cornella soil

Pe n e tra tio n res ista n ce

Again, for the Cornella soil, there was no significant effect of different

wetting rates, wetting extents or PVA on penetration resistance. For this soil,

only the effect of wetting rate (Figure 7.5) is presented as this is the only

treatment that showed a relatively clear trends in the penetration resistance.

The soil resistance increased slightly with increasing wetting rate from slow to

fast. This result was more pronounced when the soil was not ttealed with PVA

and the wetting extent was at field capacity.
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Bulk Density

Figure 7.6 shows the bulk densities of Cornella soil as affected by

wetting rate, and PVA. Although the effects were not generally statistically

significant at P<0.05, increased wetting rates tended to increase bulk density

slightly while soil treated with PVA appeared to have higher bulk density than

untreated soil at all wetting rates and extents.
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Water content

Table 7.2 shows the gravimetric water content of the Cornella soil as

affected by wettingrate, wetting extent and PVA.

"Iable 7.2.The effect of wetting rate, wetting extent and PVA on gravimetric water content (g g-t) ut

100 kPa suction, for Cornella soil.

Wetting rate Non-PVA PVA

Field capacity Saturation Field capacity Saturation

Slow

Medium

Fast

0.320

0.326

0.3t7

0.309

0.320

0.319

0.310

0.3t2

0.318

0.300

0.308

0.298

Although the effects were not significant, soil treated with PVA

generally had lower water contents.

Tensile strength

Figure 7.7 shows the effect of wetting rate, wetting extent and PVA on

tensile strength of Cornella soil. Increasing wetting rate increased the tensile

strength significantly in either untreated or treated PVA soil. Soil treated with

PVA tended to have significantly lower tensile strength than untreated soil.
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7.4. Discussion

The effect of wetting rate, extent of wetting and PVA was more

pronounced in the Shepparton than the Cornella soil in terms of soil resistance

and bulk density. According to Kemper et al. (1975) the degree to which

aggregates break down is determined by the bonding strength within the

aggregates and the rate of soil wetting. The increase in penetrometer

resistance in Shepparton soil as a result of increased wetting rate was often

accompanied by a small increase in bulk density indicating that rapid wetting

may have caused some disintegration of the aggregates due to incipient failure

(Quirk and Panabokke, 1962). This phenomenon in the Cornella soil was not

as obvious as in the Shepparton soil as the penetration resistances were very

similar between wetting rates.

Application of PVA always reduced the soil resistance in the Shepparton

soil but produced little change in the Cornella soil. It appeared that the use of

PVA is more effective in coarse-textured soil (Shepparton) than clay soil

(Cornella). However, PVA may only affect the soil resistance in the

Shepparton soil indirectly as the bulk densities also decreased accordingly.

When PVA solution is added to a soil, the PVA molecules will diffuse into the

pores according to the suction under which it is applied. Quirk and 'Williams

(1974) showed that the application of PVA to the soil will stabilise the pores

occupied by the PVA upon drying; in their experiment the stabilised pores

were of 30 ¡rm diameter or less as the PVA was added at field capacity (10 kPa

suction). This in turn might reduce the effect of incipient failure (Quirk and

Panabokke, 1962) of the aggregates when they are wetted rapidly.

Both the Cornella and Shepparton soils showed similar results in terms

of tensile strength, although the magnitude was lower in the Shepparton soil

due to its lower clay content. The tensile strength increased with increasing

wetting rate and wetting extent but decreased with the addition of PVA. The

increase in tensile strength indicated that aggregate coalescence had

progressively developed as a result of increased wetting rate and extent of

wetting while PVA retarded this development.
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7.5. Conclusions

The effect of PVA and wetting rate on soil penetrometer resistance was

more pronounced in coarse-textured soil (cultivated Shepparton fine sandy

loam) than in a clay soil (cultivated Cornella clay). PVA may have affected

the penetration resistance of the Shepparton soil indirectly by reducing its bulk

density. Both Shepparton and Cornella soils showed similar trends in tensile

strength in which it increased with increasing wetting rate and wetting extent

but decreased with the addition of PVA. Increasing rate of wetting might

increase the rate and amount of soil materials exchange between aggregate at

their point of contacts while PVA might coat the exterior part of aggregates

minimising the development of aggregate coalescence by limiting materials

exchanged between the aggregates
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Chapter I : The effect of sodicity on soil aggregate
coalescence

8.1. Introduction

Sodicity is well known as a major problem in agricultural lands in semi-

arid and arid regions of the world. It affects the relationships of soil-water-air

to such an extent that the soil is difficult to work under wet and dry conditions

and greatly restricts root growth (Rengasamy and Olsson, I 99 1) due to

physical and chemical constraints. An exchangeable sodium percentage

(ESP)>15 has been considered as the threshold above which soil structure is

adversely affected (U.S.Salinity Laboratory, 1954). In Australia the

deleterious effect of sodicity may occur at much lower ESP and the threshold

is defined as ESP>6 (Northcote and Skene, 1972; Emerson and Chi, 1977;

Isbell, 1996). Most studies on the effect of sodicity on soil structure have

been done using saturated hydraulic conductivity (e.g. Rhoades and Ingvalson,

1969; Mclntyre, I979; Shainberg et al., 2001). The strength of remoulded

soils has been found to consistently increase with clay content and clay

dispersion (Barzegar et al. 1994,1995), but less attention has been given to the

strength of natural aggregates, which is the main focus of this experiment.

In the work described here, a raîge of ESPs was chosen to cover the

range below and above the threshold ESP value of 6. The objective of this

experiment was to investigate the effect of sodicity on aggregate coalescence'

8.2. Material and Methods

8.2.L, Soil

Air-dried aggregal"e fractions of 0.5-2 mm from four soils were used in

this experiment, including Cornella clay (virgin and cultivated), Shepparton

sandy loam (virgin and cultivated), Wiesenboden (virgin), and Rhynie clay

(cultivated) soils.

Soil pre-treatment

The following process was designed to alter soil ESP of otherwise intact

natural aggregates. Soil aggregates were initially pre-treated to achieve ESP
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values of virtually zero,5 and 10. Following the method of Suriadi (2001),

350 - 450 g of each soil was placed on a sintered glass funnel (porosity 4;

10 cm inner diameter, 6 cm depth from the funnel rim to the sintered plate).

The funnel was connected to a 125 cm-long vinyl tube (16 mm i.d.). The soil

was wetted slowly (to avoid any damage to the natural soil aggregates) with

0.1 M CaClz initially at 10 kPa suction and then gradually wetted until the

whole soil was immersed in the solution. The use of 0.5-2 mm aggregates

(without including finer material <0.5 mm) caused the wetting process to take

a long time due to the unavoidably poor inter-aggregate contact and between

the soil aggregates and the sintered glass plate; up to 10 weeks were needed to

fully immerse the soil in the CaClz solution for the first time. The soil was

then left for 24 h and then drained to 10 kPa suction. Once the aggregates

had been thoroughly wetted, the process became faster. This process was

repeated 3 times before the solution was removed and replaced with fresh 0.1

M CaClz solution and the whole process repeated. This whole process was

then repeated with distilled water (7 times) to remove excess electrolyte and to

achieve relatively low electrical conductivity (EC) of the soil water

comparable to that of R. O water. The soil was then air dried and placed back

onto the sintered glass funnel ready to be treated with different concentrations

of NaCl solution to achieve ESP 0 (R.O water), 5 and 10 (Table 8.1). The

concentrations of sodium required to establish various ESP values in the soils

once they were calcium saturated were calculated from estimated values of the

Gapon constant for each soil (Suriadi,2001), estimated values of the cation

exchange capacity of the soils (these had not yet been measured at this stage)

and the ratio of soil:solution employed in the sintered funnels (about 1:4).

Tabte 8.1. Sodium solution concentrations (mmol NaCl L-1) applied once to various calcium-
saturated soils to achieve ESP 0,5 and 10

Soil ESP O ESP 5 ESP 10

Cultivated Shepparton

Virgin Shepparton

Cultivated Cornella

Virgin Comella

Rhynie

Wiesenboden

0

0

0

0

0

0

13

11

40

31

36

55

35

30

100

79

91

65
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As in the process of saturating soil with exchangeable Ca2*, the same

process was applied once with a Na* solution to achieve the desired ESP, then

rinsed with R.O. water. However, it was not possible to attain a relatively low

electrical conductivity for some soils, particularly the ones that had been

treated to achieve higher ESP. Once clay dispersion was apparent the rinsing

process was ceased.

It was not possible to avoid clay dispersion when the soils were rinsed

with R.O. water following the application of the Na* solution to the soils' For

example, the cultivated Cornella clay showed severe clay dispersion once the

highest ESP sample was rinsed with water; this suggested that subsequent

rinsing may be counter-productive. Other soils were able to be rinsed several

times before clay dispersion become apparent. This resulted in various

electrolyte conductivity values for the different soil samples (Table 8.2).

Tabte 8.2. The electrical conductivity (dS/m) of the soils studied (l:5) after pre-treatment with NaCl

solutions

Intended ESP
Soil

1050

Cultivated Shepparton

Virgin Shepparton

Cultivated Cornella

Virgin Cornella

Rhynie

Wiesenboden

0.0s

0.04

0.07

0.06

0.08

0.12

0.0s

0.05

0.1 I

0.1 I

0.09

0. 15

0.10

0.08

0.33

0.30

0.15

0.44

Soil analysis after pre-treatment showed that the intended ESP was not

always achieved. This is because the Gapon constants of the soils were only

estimated based on experiences in this laboratory (by reference to Suriadi,

2001). Table 8.3 shows that the intended ESP 0 ranged from 0.7 to L.4. As the

process of achieving these different levels of sodicity needed a relatively long

period of time due to the slow process of wetting, it was unlikely that zeto

sodicity could be achieved due to the buffering effects resulting from mineral

weathering and hydrolysis (Rengasamy, 1983). Similarly the intended ESP 5

varied from 3.4 to 7.1 and ESP 10 from 5.4 to I4.1.
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Table 8.3. Actual ESP of the soils studied after pre-treatment

Intended ESP
Soil

l050

Cultivated Shepparton

Virgin Shepparton

Cultivated Cornella

Virgin Comella

Rhynie

Wiesenboden

0.8

0.7

r.4

0.8

0.7

I

5

5.2

7.1

6.6

4.8

3.4

10.8

8.2

r3.9

14.l

10.9

5.4

The soil was once again air dried and sieved to obtain 0.5-2 mm

aggregates before packing them into the cylindrical rings.

Soil packing, wetting and physical measurements

For penetrometer resistance measurements, approximately 50 g and

70 g of sieved, air-dry soil aggregates (0.5-2 mm) of virgin and cultivated

soil, respectively, were packed into rings (5 cm high, 4.71 cm i.d.) with a

thin mesh at the base whereas for tensile strength measurement,

approximately 15 g and 20 g of virgin and cultivated soils, respectively,

were packed into smaller rings (3.8 cm high,3 cm i.d.). Soil wetting was

carried out at near saturation and then drained at 100 kPa suction (Chapter

2). The methods used for measuring penetrometer resistance, bulk density,

water content and tensile strength are presented in Chaptet 2'

8.2.2. Experimental design

For each soil, a completely randomised design was used

replicates. The treatments were the levels of sodicity (ESP).

analysed using a Genstat 5 program (Genstat 5 Committee, 1987).

with three

Data was

8.3. Results

8.3, 1. Penetration resistance

Fig. 8.1 shows the penetration resistance of the soil studied as a function

of depth with different levels of sodicity. In the following discussion the level
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of intended ESP values of 0, 5 and 10 will be referred to as low, medium and

high, respectively.

In general, the penetration resistance of the virgin Shepparton soil was

always lower than the cultivated soil. In the cultivated SheppartoÍt, at a depth

of 15 mm the soil resistance progressively increased from 166kPa up to 406 kPa

with increasing sodicity from low to high. For the virgin Shepparton, the soil

resistance was similar for low and medium ESP but tended to increase when

the sodicity was high.

The virgin cornella soil also showed a gteatly reduced (-50%)

penetration resistance compared to its cultivated counterpart. Although the

penetrometer resistance of both soils showed similar trends in responding to

sodicity; this trend was weaker for the Cornella soils. However, it appears that

the virgin soil was more susceptible to sodicity than its counterpart as shown

by a significant increase in resistance when the ESP was increased from low to

medium. The penetrometer resistances were similar for medium and high ESP.

Rhynie soil showed that up to 38.5 mm depth there was a significant

reduction of resistance with increasing sodicity from low up to high. However,

beyond this depth the resistance of soil with medium ESP appeared to be the

largest.

The trend in soil resistance as affected by sodicity for virgin

Wiesenboden was very similar to that of cultivated Rhynie soil but smaller in

magnitude. Increasing sodicity from low to high tended to decrease the soil

penetrometer resistance up to a depth of 32.5 mm. Beyond this depth, the

penetrometer resistance of soil with medium ESP was higher than those soils

having low and high ESP. The penetrometer resistance of soil with high ESP

exceeded that of soil with low ESP at depths latger than 34 mm.
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Figure 8. 1. The effect of sodicity on penetration resistance at 100 kPa suction
Horizontal bars indicate least significant differences at P<0.05

8.3.2. Bulk Density

Fig. 8.2 shows the bulk densities of the soils studied as affected by

sodicity. In general, the virgin Shepparton soil showed a much lower bulk

density than the cultivated soil; however, both soils showed significant
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increases with increasing sodicity. The bulk density in the cultivated soil

increased from 1.03 to 1.10 g cm-3 when the sodicity increased from low to

high whereas in the virgin soil the bulk density increased from 0.81 to

0.85 g "--'. The increase in bulk density indicated the instability of the soil

aggregates due to increasing sodicity.
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Figure 8.2. The effect of s odicity on bulk density at

100 kPa suction
Dffirent letters above the bars indicate significant

dffirences at P<0.05

0.77

cultivated Vlrgrì

The effect of sodicity on bulk density was not significant for either the

cultivated or virgin Cornella soil. The cultivated Rhynie soil showed a

consistent decrease in bulk density from 0.81 to 0.77 g cm-3 with increasing

sodicity. The decrease in the bulk density of this soil resulted from an

increase in the swelling of this clay soil. The effect of sodicity on the bulk

density of Wiesenboden was found to relatively constant for all ESP values.

8.3.3. Water Content

The effect of sodicity on gravimetric and volumetric water content of

the soils studied is presented in Table 8.4 and 8.5.

a
b

a

b

Shepparton

aaa

Cornellaa

Rhynie

a

b

Wiesenboden
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Tables.4.Gravimetricwater contents (g g-t) at 100 kPa suction as affected by sodicity

Shepparton Cornella Rhynie Wiesenboden
ESP

Cultivated Virgin Cultivated Virgin Cultivated Virgin

Low

Medium

High

0. 1 08'

0.110"

0.1 09"

0.209^

0.207^

0.2r4"

0.3 00"

0.3 14b

0.306"

0.339^

0.3 5 6b

0.349^

0.27 7^

0.396b

0.440"

0.37 g^

0 394b

0.401b

LSD na fa 0.005 0.013 0.019 0.006

In each column, different letters indicate significant differences at P<0.0 5

na, not applicable

TabteB.5. Volumetric water contents (cm3 cm-3¡ at 100 kPa suction as affected by sodicity

Shepparton Cornella Rhynie Wiesenboden
ESP

Cultivated Virgin Cultivated Virgin Cultivated Virgin

Low

Medium

High

0.120"

0. I 17b

0.12r"

0.169"

0. 1 70"

0.181"

0.26t'

0.27 5b

0.265^

0.222^

0.233b

0.229^

0.225^

0.3 16b

0.341"

0.295^

0.306b

0.313b

LSD 0.003 5 na 0.009 0.011 0.016 0.012

In each column, different letters indicate significant difference at P<0.05
na, not applicable

Water contents at 100 kPa suction increased modestly with sodicity, for

the cultivated Shepparton and both the Cornella soils. Large significant

increases occurred for the Rhynie and Wiesenboden soils.

8.3.4. Tensile Strength

Figure 8.4 shows the effect of sodicity on tensile strength of the air-

dried soils. There is a small but significant increase in tensile strength of

cultivated Shepparton soil (from zero to 5 kPa when the ESP increased from

low to high). The virgin Shepparton soil had zero tensile strength at all ESP

values.

Increasing sodicity also consistently increased the tensile strength of the

cultivated Cornella soil from 15 to 20 kPa as the ESP increased from low to

high. As for the Shepparton soil, the virgin Cornella soil also had zero tensile

strength. The soil cores crumbled during even careful handling.
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The cultivated Rhynie soil showed a very significant increase (P<0.01)

in tensile strength with increasing sodicity. The tensile strength increased

dramatically from only 48 to 355 kPa when the soil ESP increased from

medium to high.

The increase in tensile strength of virgin Wiesenboden soil was found to

be significant (P<0.05) with increasing sodicity. The tensile strength

increased from 33 to 58 kPa when the ESP increased from low to high.

Culrtvatud Sheppørton b

a a

200

100

low medium high low medium high

Figure 8. 3. The effect of sodicity on tensile strength of the air-dried soils studied
Vertical bars indicate significant difference at P<0'05

8.4. Discuss¡on

8.4.1. Shepparton soils

In the cultivated and virgin Shepparton soils, increasing sodicity

enhanced soil aggregate coalescence as shown by the significant increase in

soil penetrometer resistance. However, the increase in penetrometer resistance

was also accompanied by significant increases in soil bulk densities. This

suggested that the effect of sodicity on aggregate coalescence in these soils

might involve two mechanisms: (i) failure of soil aggtegat"es (Quirk and
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Schofield, 1955) and (ii) clay dispersion (Abu-Sharar et al., 1987).

Aggregates may fail mechanically from either the internal swelling pressures

rupturing them, or from the local shearing stresses deforming the weakened

aggregates, or from combination of both mechanisms (Waldron and Constantin,

1968) resulting in slaking of macroaggregates (>250 ¡rm) into microaggregates

(20-200 ¡rm) (Oster and Shainberg,1979). This may have resulted in more

aggtegate coalescence as the number and ùrea of contact points between

aggregates increased which, in turn, increased the soil penetrometer resistance.

In the cultivated soil, the significant increase in the volumetric water content

which is related to the increase in bulk density might indicate that aggtegate

coalescence may occur at the expense of macro pores without necessarily

increasing the volume of fine pores that hold water at 100 kPa suction. This

result also suggests that in this soil, failure of soil aggregates by slaking

and/or dispersion could be the major mechanism of aggregate coalescence. A

similar mechanism may also occur in the virgin soil (Figure 8.3).

The similarity between the soil resistance at low and medium ESP in the

virgin soil suggests the influence of organic matter in resisting structural

changes. However at high ESP, the soil aggregates appear to start breaking

down, presumably slaking and dispersion causing a slight but significant

increase in soil strength. Clay dispersion will not occur, as long as soil

aggregates stabilised by organic matter do not slake or breakdown (Murray and

Quirk, 1991; Quirk, 2001). At high EsP organic matter appears to be

ineffective in stabilising the soil structure. In soil high in exchangeable Na*,

organic bonds aÍe generally fragile regardless of the linkage mechanisms

(Rengasamy and Olsson, 1991). The dispersion of organic matter may be

attributed to the transient organic bonds being broken (Emerson, 1983;

Emerson and Chi, L977; Nelson, 1997) during the wetting process.

Although the tensile strength at high ESP was relatively small, its

creation indicates some coalescence had occurred possibly due to slaking or

clay dispersion. Barzegar (1995) found that the tensile strengths of remoulded

soils were related to both spontaneous and mechanically dispersible clay

although the spontaneous dispersion showed a better correlation. In this

experiment, it is difficult to make such links as conflicting results may appear
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as shown by Table 8.4. The mechanically dispersible clay of the cultivated

Cornella and cultivated Rhynie soils appeared to be the only sensible trends.

Table 8.6. The turbidity (NTU) of I : 5 soil : water suspensions as affected by ESP

ESP

Soil Spontaneous

medium

Mechanical

mediumlow high low high

Shepparton (c)

Shepparton (v)

Comella (c)

Cornella (v)

Rhynie (c)
'Wiesenboden(v)

5

2

18

4

33

I4

10

2

29

20

40

15

28

9

30

r4l
7I

-t -t

t12

66

90

78

76

91

116

64

116

110

84

88

r22

IJ

r54

t67

134

90

8.4.2. Cornella clay

The effect of sodicity on aggregate coalescence in the cultivated

Cornella soil was not as obvious as in the Shepparton soil when penetration

resistance was used as an indicator. Various water contents and salinities may

have confounded the results of penetration resistance and bulk density. An

almost identical penetration resistance in soils with low and medium ESP may

indicate that the effect of sodicity had been confounded by the significantly

higher water content in the soil with medium ESP (see Figure 8.3)' The

significantly lower value of bulk density of soil with medium ESP indicated

that more swelling had occurred in this soil and that in turn this may have

prevented the expected increase in soil penetration resistance. At high ESP, a

relatively high electrical conductivity (EC) might also reduce the effect of

sodicity on soil structural changes. Table 8.2 shows that at high ESP the EC of

the soil was 0.33 dS/m, 5 times higher than the EC of the soil with low ESP. It

is well known that the degrading effect of sodicity on soil structure can be

prevented by increasing the soil salinity (Quirk and Schofield, 1955; McNeal

and Coleman, 1966; Jayawardane, 1919; Crescimanno et al., 1995 Quirk,

200 I ).
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There was a consistent increase in tensile strength with increasing

sodicity in the cultivated soil suggesting that more aggregates had coalesced

with increasing sodicity. These increases appeared to be more related to the

mechanically, than to the spontaneously dispersible clay (Table 8.6).

Although the penetration resistances of the virgin soil were much lower

than the cultivated soil, the organic matter in this soil may not be able to

prevent this soil from some structural decline due to increasing sodicity as

shown by a significant increase in the soil penetration resistance. It might that

the organic bonds in the virgin soil had been broken due to increasing sodicity.

According to Quirk (2001), once the transient organic bond is broken, colloidal

materials will be released. The dispersive effect of organic matter arises from

the fact that the adsorption of organic matter occurs on the positive charges on

inorganic colloids and disrupts the edge:face interactions that encourage

flocculation (Frenkel et al., 1992; Tarchizky et a|.,1993; Nelson, 1997).

8.4.3. Rhynie

The effect of sodicity on penetration resistance as a result of aggregate

coalescence in the cultivated Rhynie soil appeared to be complicated by

swelling and water content. Increasing sodicity from low to high ESP

increased the swelling of the soils as evidenced by increasing soil volume with

sodicity during wetting. This phenomenon was consistent with the bulk

density which was significantly reduced with increasing sodicity indicating

that the soil volume was increased at -100 kPa. Previous studies have shown

that increasing sodicity causes soil aggregates to swell (McNeal and Coleman,

1966; Jayawardane, 1979). Furthermore, increasing sodicity appeared to have

changed the soil water retention characteristics as shown by Fig.8.3. The

gravimetric water content increased from 0.28 to 0.44 g g-1 (an increase of

almost 60%) as the ESP increased from low to high. Jayawardane and Beattie

(1978) studied the effect of sodicity on the water retention characteristics of

three soils. They found that the volumetric water content of the soils increased

with the increase in sodicity.

The profile of soil penetration resistance of the cultivated Rhynie soil

(Fig. S.1) at a depth of less than 38.5 mm indicated that the swelling increase
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accompanied by increasing water content had weakened the infta-aggtegate

bonds causing the soil resistance to be reduced. However, at depths larger

than 38.5, the penetrometer resistance of soil with medium ESP began to

exceed that of soil having ESP 0.7. The increase in penetrometer resistance

may be attributed to the presence of clay dispersion at this depth that

overwhelmed the effect of water content on the soil resistance. The severity of

clay dispersion at this depth appeared to cause a dramatic reduction in soil

hydraulic conductivity and the upward water movement in this experiment.

Table 8.5 shows |hata very similar length of time was needed to wet a 35 mm

thick soil core of low or medium ESP, but when the ESP was high the time

needed increased dramatically by almost 7 times. The effect of sodicity on soil

hydraulic conductivity has been studied widely (e.g. Rhoades and Ingvalson,

1969; Mclntyre, 1979: Abu-sharar et al., 1987; Shainberg et a|.,2001).

Table 8.7. The effect of sodicity on time needed to wet a 35 mm thick soil core

ESP Time (minute)

0.7

4.8

10.9

In contrast to the penetration resistance data, the tensile strength of the

cultivated Rhynie soil (Fig. 8.1) clearly showed that aggregate coalescence had

increased as a result of increasing sodicity. A dramatic increase in the tensile

strength of soil with high ESP indicated that clay dispersion might have

greatly enhanced aggregate coalescence. The turbidity results (Table 8.6)

appeared to confirm this phenomenon. Either the spontaneous or mechanically

dispersible clay shows that the low and medium ESP have similar values but

that it increase significantly at P<0.05 at the high ESP.

8.4.4. Wiesenboden

The trend in penetration resistance as affected by sodicity for this soil

was very similar to that of cultivated Rhynie soil but smaller in magnitude

possibly due to a higher organic matter content in this soil. The relatively

similar bulk densities may indicate that either swelling is limited or swelling

2
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and aggregate collapse occur simultaneously in this soil. Water also appeared

to confound the effect of sodicity on soil resistance as it tended to decrease up

to a depth of 40 mm with increasing sodicity, although the resistance increased

beyond this depth. As in other soils, the tensile strength increases in this soil

may indicate evidence of aggregate coalescence. However, it is hard to relate

this to the turbidity result (Table 8.6) as neither spontaneous nor mechanical

dispersion show a similar trend to the tensile strength data.

8.4. Conclusions

Sodicity had different effects on aggregate coalescence at 1 00 kPa

suction for different soils. Coarse-textured soil (Shepparton) showed consistent

results between the penetrometer resistance and tensile strength in that they

both tended to increase with increasing sodicity. For the clay soils such as

Cornella, Rhynie and 'Wiesenboden, penetrometer resistance tended to decline

as sodicity increased while the opposite was true for tensile strength.

The effect of sodicity on aggregate coalescence at 100 kPa suction in the

coarse-textured soil might be enhanced by the occurrence of aggregate slaking

and/or clay dispersion while in the clay this is obscured by the effect of water

content and soil swelling. The effect of sodicity on aggregate coalescence

could not be obviously observed by penetration resistance particularly in

swelling soil, by contrast tensile strength increased with increasing ESP and

this suggest that dispersion increased the strength in the point of contacts

between natural aggregates which manifest in the form of aggtegale

coalescence.
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Chapter 9 :The effect of aggregate coalescence on germination'
emergence and early g rowth of tomato plants

9,1. Introduction

High soil resistance is a major problem in agricultural soil as a result of

intensive tillage. However, it can also occur in soils that have no history of

tillage and which have previously experienced no compaction, slaking or

dispersion and yet plant roots appear to experience high resistance (Cannel,

1985). Cockcroft and Olsson (2000) suggested that aggregate coalescence

might have occurred in these soils. These authors found that a coalesced

orchard soil had penetration resistance of 2.3 M^Pa with bulk density of 1.4 g cm-3

while a nearby uncoalesced soil had penetration resistance of only 0.8 MPa

with bulk density of 0.8 g cm-3. A microscopic examination showed that the

former soil had 100% of its aggregate coalesced compared to only 20%o in the

latter soil. However, the large difference in the bulk densities between these

two soils might indicate Lhat slaking or dispersion had occurred in the

coalesced soil. It appeared that in the coalesced soil the orchard roots prefer

to grow in previously existed biopores rather than through the bulk soil. This

leads to questions on how annual crops respond to soil coalescence where their

roots system need to establish themselves, rather than simply explore biopores

previously created by perennial plant roots. Therefore, this experiment was

designed to study the effect of an early stage of aggregate coalescence on the

early growth of tomato. Coalesced and uncoalesced soils were deliberately

created by different wetting processes. The objective of the study was to

answer the question: Does an early stage of aggregate coalescence affect the

germination, emergence and early growth of tomato?

9.2. Mater¡als and methods

9.2.1. Soil

Two cultivated soils \Mere used: Shepparton fine sandy loam and

Cornella clay (ChapIer 2). Aggregate fractions of 0.5 - 5 mm were used in this

experiment. The aggregates were packed into cylindrical rings of 4.77 cm i.d.

and 5 cm height (soil cores). The amounts of air dried soil used \ryere 85 and
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95 g for the Cornella and Shepparton soils, respectively; these resulted in dry

bulk densities of -1.1 and -0.95 g cm-3 for the Cornella clay and Shepparton

soils, respectively.

9.2.2. Planting and wett¡ng procedure

Tomato (Lycopersicum esculentum, Mi11), cv. Gross Lisse was used as a

test plant. Ten seeds per core were planted for germination and emergence

experiments while three seeds were used in separate cores for the early growth

experiment. The seeds were planted at 5 mm depth in the dry aggregates

before imposing the initial wetting treatments'

Soils were initially wetted according to the following procedures aimed

at simulating different field conditions (Table 9.1):

1. (Jncoalesced with slow iruigation (NC): In this treatment, the air-dried

soil cores were wetted at arate of 1 mm h-1, controlled by a peristaltic PumP,

to achieve water contents at field capacity (10 kPa suction). The cores were

then left at this suction for 24 h before being transferred to a pressure plate

at 100 kPa suction. During plant growth, irrigation was conducted at a rate

of 1 mm h-1. This treatment was aimed at minimising slaking and

coalescence.

Coalesced with slow irrigation (Csl): The wetting process was the same

as the uncoalesced treatment except that, after achieving water content at 10 kPa

suction, the soil cores were brought to saturation (Chaptet 2) fot 24 h.

Irrigation was the same as for the uncoalesced treatment. It was intended

that the saturation period in this treatment would encourage the soil

aggregates to coalesce, yet minimise slaking (and dispersion).

3. Coalesced with rapid irrigation (Cft): The wetting process was the

same as the treatment 2 b:ut with irrigation carried out by adding the amount

of water needed at once.

2
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Tabte 9.1. The treatments of cultivated Shepparton sandy loam and Cornella clay soil cores

Soil Experiment Treatment Symbol Min. suction
during
wetting
(kPa)

Inigation

(mmh t)

Shepparton Germination

Emergence

Early growth

Uncoalesced

Coalesced

Uncoalesced

Coalesced

Uncoalesced

Coalesced

Coalesced

NC

C

NC

C

NC

Csl**

Cfs#

10

0

10

0

10

0

0

n.a.*

n.a.

n.a.

n.a.

1

1

Flooding

Comella Germination

Emergence

Early growth

Uncoalesced

Coalesced

Uncoalesced

Coalesced

Uncoalesced

Coalesced

Coalesced

C

NC

C

NC

NC

Csl

Cfs

10

0

10

0

10

0

0

n.a

rr.a.

n.a.

n.a.

1

1

Flooding

* Not applicable; there were only tvvo treatments for germination and emergence experiments as the

observation was conducted beþre iruigation was commenced.

9.2.3. Irrigation procedure

During plant growth, soil water contents for each soil were allowed to

decline each day until they reached values (by weight) corresponding to a

suction of 125 kPa (Table 9.2). Water was then added (by weight) to reduce

the suction to 75 kPa; this procedure was monitored and repeated throughout

the plant-growth experiment.

Table 9.2. Water contents (g g-t) of cultivated Shepparton and Cornella soil at different suctions

Suction (kPa)
Soil

10 75 100 t25

Shepparton

Cornella

0.113

0.368

0.113

0.282

0.109

0.271

0.t02

0.253
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9.2.4. Germination and emergence experiments

Both the germination and emergence experiments were affanged in a

completely randomised design with 4 replicates. Two treatments, uncoalesced

and coalesced, were imposed for each soil (Table 9.1). Observations on

germination and emergence were conducted before irrigation commenced, by

removing the soil cores from the pressure plate extractor so for the

germination experiment, the rate of germination and the length of radicles of

the seeds that had germinated were obtained after 4 and 6 days using a digital

calliper, using a total of 32 cores (2 soils x 2 treatments x 2 observations x 4

replicates). For the emergence experiment, only the time of emergence was

observed, using 16 cores (2 soils x2Ireatments x 4 replicates).

9.2.5. Early growth experiment

The early growth experiments were arranged in a completely randomised

design with 7 replicates. Three treatments were imposed on each soil (see

Table 9.1) resulting in a total of 84 cores being used (2 soils x 3 treatments x 2

observations x 7 replicates). After 7 days, the extent of seedling emergence

was evaluated by opening the pressure plates daily until there was sufficient

emergence to proceed. After emergence, the soil cores were removed to a

growth cabinet with a constant temperature of 20C and 14 h of light/d. Each

soil core was covered with plastic beads to minimise evaporation losses.

Plants were harvested aI 6 and 10 d after emergence. Plant measurements

conducted included:

Plant fresh weight, shoot fresh weight, root fresh weight: Shoots were

separated from roots and weighed. Roots were gently freed from soil using

R.O. water, blotted dry and weighed.

a

Plant height, main root length, number of lateral roots, and lateral root

length: Whole washed plants were placed on moistened black paper on

which the roots were spread out. Using a digital cùmera' images of the

whole plants were taken. The length of individual roots and shoot height of

the plants were determined using a Videopro 32 Colour Image Analysis

system version 5 (Leading Edge Pty. Ltd., Australia).
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Ten days after emergence, the shoots rwere removed leaving the roots in

the soil cores. Prior to measuring penetrometer resistance and bulk density,

the soil was irrigated to achieve a matric suction of 100 kPa. Penetrometer

resistance measurements were conducted at three positions in every core with

three replicates for each treatment (Chapter 2)-

Analysis of variance was carried out using the Genstat 5 programme

(Genstat, 1937). The least significant difference was calculated wherever the

F-test was significant at P<0.05.

9.3. Results & Discussion

A major problem in the present experiment was that of high variability

in the health of the tomato seeds resulting in high variability of seed

germination and emergence.

9.3.1. Germination and emergence

There was a marked increase in the percentage of seed germination and

the length of radicles as a result of different treatments (Figure 9.1). The

uncoalesced treatment appeared to have a significantly higher percentage of

germination, with an accompanying increase in radicle length. However, it

seems unlikely that the soil treatment was the major factor that affected both

the percentage of seed germination and the length of radicles. Penetration

resistance values (Figure 9.4 and 9.5) between the treatments were similar up

to 15 mm depth whereas the seeds were sowed at 5 mm depth. Therefore soil

resistance appeared not to be a constraint for the seeds to germinate.

It is possible that the wetting process might have been a key factor. In

the uncoalesced treatment, the soil was never saturated so that lack of oxygen

was not a problem in this treatment. While in the coalesced treatment, the soil

was left saturated for 24 h; this may have led the soil to be anaerobic for a

certain period. Moisture levels surrounding the seed play an important role in

controlling the ability of seeds to germinate (Özbingöl et al., 1998). This is

not only because the seeds need water to germinate but also oxygen for

respiration. Al-Ani et al. (1985) found that the germination of various crop

species decreased dramatically, as the partial pressure of oxygen declined in
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comparison to that of air, and Lhat germination ceased when the oxygen

pressure was very low. Tomato seed germination was greatly suppressed in

soil containing less than l0 % oxygen and appeared to stop at oxygen

concentration below 3 % (Ozbingöl et al., 1998). In pot experiments, Matev

and Dulov (1912) found that the highest germination rate of tomato seeds

occurred when the soil moisture water content was 70-80 Yo of field capacity.

In the present work then, the temporary aÍraerobic condition in the coalesced

treatment could have, therefore, delayed seed germination and emergence. The

porosity of the Shepparton soil was 0.61 with volumetric water content of 0.44

at îear saturation whereas the Cornella soil had porosity of 0.65 with

volumetric water content of 0.52 at neat saturation.

0

l5

l0

4d 6d 4d 6d

TNC TC
Figure 9.1. The effect of aggregate coalescence on germination rate and radicle length of tomato seeds

at 4 and 6 d after sowing in Shepparton and Cornella soils

Vertical bars indicate least significant dffirences at P<0.05
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The rate of tomato seedling emergence is presented in Figure 9.2.

Emergence in the coalesced treatments for both soils was delayed for up to 2 d-

This delay may be attributed to the delay of seed-germination due to lack of

oxygen in the coalesced soil.

100

+SheppartonNC

--r- Shepparton C

ComellaNC

+<-Comella C

89101112
Time, d

Figure 9.2. The rate of tomato seed emergence with different treatments at various times after sowing

9.3.2. Early growth

Cu ltivated Sh eppa rton so¡l

There were no statistically significant differences (P<0.05) between

treatments of the cultivated Shepparton soil for all plant parameters measured.

However, the results of total root length were consistent in both harvests (6 d

and 10 d) in that the uncoalesced treatment tended to have higher values than

the coalesced treatments (Figure 9.3).

6d 10d

Figure 9.3. The effect of aggregate coalescence on the total length of tomato root at 6 and 10 days in

Shepparton soil
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|l

---{a-NC

Csl

--#Cfs

0

Penetration resistance, kPa

100 200 300 400 500

0

Figure 9.4. The effect of aggregate coalescence on penetration resistance at 100 kPa suction of

cultivated Shepparton soil

The soil resistance of the Shepparton soil as a function of soil depth for

different treatments is shown in Figure 9.4. Penetrometer resistance was

measured 10 d after plant emergence. In general, the magnitude of the soil

resistance appears to be below the critical point of 0.5 MPa (e.g. Bengough and

Mullins, 1990) where roots begin to encounter difficulties. Moreover, the bulk

densities of the coalesced and uncoalesced soils were very similat at 1.10 and

l.l2 g cffi-3, respectively. However, the coalesced soil tended to have higher

soil resistance than the uncoalesced soil although it was not statistically

significant (P<0.05), this may have presented some problems for root growth

of very young seedlings, especially for root attempting to explore the base of

the soil cores.

In this experiment, the soil was exposed to only one cycle of wetting

and draining and so any development of aggregate coalescence rù/as at an early

stage. The effects of on the early growth of tomato were apparent even though

the results were not statistically significant at P<0.05. As suggested from the

work in Chapter 4, a more advanced stage of aggregate coalescence after

repeated wetting and draining may restrict plant root development more

severely as the soil resistance rises beyond 0'5 MPa'

Cultivated Cornella claY

In the cultivated Cornella soil, the plant growth appeared to be normal

until 7 days after emergence when the leaves started to change colour
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beginning at the tips. The plants eventually could not survive for the second

harvest (i.e. I0 d after emergence). Visual observation of the plant leaves was

consistent with the symptoms of plant death due to salinity in which death of a

leaf occurred while the stem was still green (Wang, 1993). Lal"er examination

showed that the electrical conductivity of the soil (1:5) was found to be >0.4

dS/m which may be sufficient to cause problems particularly for a sensitive

plant such as tomato. Due to this problem, observations were conducted only

on the first harvest (6 days after emergence).

The effect of aggregate coalescence on penetration resistance was not

statistically significant (P<0.05). It also appeared that aggregate coalescence

in this soil had no significant effect on the plant and root parameters measured.

Although the coalesced soil showed higher values of penetration resistance,

there is no significant difference at P<0.05 and all soil penetrometer

resistances (Figure 9.5) were below 0.5 MPa. At the same time the bulk

densities ranged from only 0.906 to 0.926 g cm-3.

0

P enetration resistance, kP a

100 200 300 400 500

0

Figure 9.5. The effect of aggregate coalescence on soil resistance at 100 kPa suction of cultivated

Cornella soil

ComparÌsons between plant growth in the Shepparton and Cornella soils

There were marked differences in the appearance of plants growing in

the Shepparton and Cornella soils (Table 9.4).
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Table 9.3. Shoot-root ratio, total root length and lateral root number, for plants growing in cores of
cultivated Shepparton and Cornella soils at 6 d after emergence

Soil Shoot root ratio Total root length (mm) Lateralroot number

Shepparton

Comella

s (0.5*)

2 (0.3)

54 (10)

264 (It)
10 (2)

14 (1)

Data are presented as an average value of the three treatments (3 samples) from each soil
* Standard Deviationfrom three samples

Total root length and number of lateral roots were much greater in the

Cornella soil. Plants in the Shepparton soil had thicker stems and roots than in

the Cornella soil suggestin g that the root may have experienced greater soil

resistance in the former soil than in the latter. Roots are known to thicken in

soils of high strength (e.g. Shierlaw and Alston, 1984) in order to assist root

penetration (Abdalla et ql. 1969; Greacen et al. 1968). Materechera et al.

(1991) used various crops to study the effect of mechanical constraints on root

diameter. He found that regardless of the type of the crop, root diameter

tended to increase with increasing soil strength. However, the soil resistance

value alone cannot explain why roots in the Shepparton soil thickened, because

the penetration resistances were similar for both soils (Fig:ure 9.4 and 9.5).

The marked differences may be associated with a different type of resistance

that plant roots encounter in soils. The coarse texture of the Shepparton soil

may present greater frictional resistance to root elongation than the Cornella

soil. Penetrometers measure total soil resistance, which consists of physical

resistance of soil to deformation plus frictional resistance at the penetrometer-

soil interface (Bengo:ugh et al., 1997). Kirby and Bengough (2002) stated that

coarse-textured soils have a large proportion of frictional resistance causing

the soil to have more axial and shear strength. The marked differences in the

plant growth due to different types of resistance within the soil may also

highlight the inadequacy of penetrometer readings in relation to root

development.

9.4. Conclusions

The differences in the rate of seed germination and seedlings emergence

(in both the cultivated Shepparton and Cornella soils) may have been affected

by the lack of oxygen in the coalesced soils as a result of the initial soil
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wetting processes rather than the intended constraints (e.g. uncoalesced vs.

coalesced treatments).

There were no significant differences in the early growth of tomato

resulting from the treatments imposed. However, in the cultivated Shepparton

soil, total root length was consistently higher in the uncoalesced treatment than

in the coalesced treatment at both 6 and 10 days after emergence.

Soil penetration resistances and bulk densities in both the cultivated

Shepparton and Cornella soils appeared not to be major constraints for plant

growth, however, the fact that soil resistances approaches 0.5 MPa in soils of

such low bulk density (<1 g cm-3) is an indication that plant responses would

likely to be greater as the soil gradually settles more realistic bulk densities in

the field, say >1.3 g cm-3.

The more pronounced effects of aggregate coalescence on the early

growth of tomato in the Shepparton soil may be associated with the type of

mechanical resistance the plant roots encountered within the soil cores.
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Chapter tO i General Discussion and Conclusions

10.1. General Discussion

Aggregate coalescence is thought to be a slow process progresslng over

a period of months and may occur in the absence of slaking and dispersion

(Cockroft and Olsson,2000; Lanyon et al, l99l). However, in the present

study most experiments, except some described in Chapter 4, were carried out

under conditions of relatively rapid wetting so that observation of the process

of 'pure' aggregate coalescence without slaking and dispersion could not be

achieved. The following discussion integrates the results from all experiments

in this thesis and discusses them under the topics of 'pure' aggtegate

coalescence, ag1regate coalescence and age hardening, aggtegate coalescence

and organic matterlPvA, aggregate coalescence and early tomato growth, and

aggregate coalescence and its measurement.

'Pure' aggregate coalescence

'Pure' aggregate coalescence can be referred to as a condition where, in

the absence of slaking and dispersion, aggregates are "welded" at their contact

points without a significant increase in bulk density. Thus aggregate

coalescence itself would seem to pose no risk to root growth as long as the

strength at these points of contact does not increase beyond the ability of plant

roots to cope. In the field, it may also not be possible to observe'pure'

aggregate coalescence because slaking and dispersion cannot be controlled.

Although Cockroft and Olsson (2000) stated that aggregate coalescence occurs

in the absence of slaking and dispersion, the data they presented show large

differences in both bulk density and penetration resistance between coalesced

and uncoalesced soil indicating that slaking or dispersion might have occurred

causing the bulk density of coalesced soil to increase considerably.

Furthermore, the organic matter content of the uncoalesced soil was much

larger than the coalesced soil making it difficult to simply compare these as

coalesced and uncoalesced versions of the same soil.
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In the present study most of the experiments were conducted by more

rapid wetting than might occur at depth in the field so that it was not possible

to completely eliminate slaking and dispersion. The development of aggtegate

coalescence could not be observed independently from those processes. A

good example of this can be observed in the sodicity experiment (Chapter 8).

High ESP appeared to enhance slaking and dispersion in all soils and caused

significant changes in either bulk density or water content. The responses of a

coarse-textured soil (Shepparton) to these changes appeared to be different

from the fine-textured soils. In the cultivated Shepparton soil, bulk density

increased with increasing ESP but the gravimetric water contents remained the

same resulting in a corresponding increase of soil penetration resistances. In

the fine-textured soils, particularly the cultivated Rhynie soil, slaking and

dispersion were complicated by this soil's swelling characteristic. Increasing

ESP caused the swelling capacity of these soils to increase leading to

increasing soil volume and thus lower bulk densities and higher gravimetric

water contents. These contributed to a decrease in soil penetration resistance.

In the aggregate size experiment (Chapter 6), apart from the slaking and

dispersion interference in the aggregate coalescence process, the unavoidable

difference of the initial bulk densities between various aggregate sizes made it

impossible to separate the effects of aggregate coalescence on soil penetration

resistance from those of changing bulk density'

However, in the matric suction experiment (Chapter 3), pure aggregate

coalescence appeared to occur in a coarse-textured soil (Shepparton). Both the

penetration resistances and tensile strengths of the cultivated Shepparton soil

showed significantly larger values when the soil was wetted at near saturation

compared to that wetted at 1 kPa suction. In this soil, the increase in

penetrometer resistance occurred without significant changes in either bulk

density or water content and suggests that the increase in soil strength was

purely due to aggregate coalescence. In the fine-textured soils (Cornella and

'Wiesenboden), the significant changes in bulk density observed in this

experiment have influenced the penetration resistance results.
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The significant increase in penetration resistance without significant

changes in the bulk densities of the Shepparton soil when wetting suction

increased from I to 100 kPa (Chapter 3) may suggest that slaking and

dispersion in soil could be controlled by very slow wetting and by this means

pnre aggregate coalescence may be observed as time progresses. However, it

was found that slow wetting under suction was impractical to implement in the

time available. At 1 kPa suction at least 12 and 48 hrs, respectively, were

needed to completely wet the cultivated Shepparton and Cornella soil cores

while the virgin Shepparton soil failed to fully wet even after one month

(Chapter 3).

Aggregate coalescence and age hardening

The model presented by Ghezzehei and Or (2000) shows that during

wetting, aggregate coalescence takes place as a result of plastic deformation at

the points of aggregate contact and as coalescence proceeds, soil material

flows radially from the contact points forming smoothed necks. It is not clear

from the model how soil strength develops with time or during repeated

wetting and draining cycles as Ghezzehei and Or (2000) only used soil strain

to describe the changes. Age hardening may come into play as the process of

aggregate coalescence develops resulting in soil strength increases. The

strength increase may be due either to an increasing number of bonds or to the

strengthening of previously formed bonds as time progresses (Dexter et al.,

19S8). The most important processes in age hardening are associated with

particle rearrangements (aggregal"e) and particle-particle bond formation.

In Chapter 4 the development of aggregate coalescence in the coarse-

textured Shepparton fine sandy loam as measured by penetrometer resistance

and tensile strength appeared to be more obvious than in the fine-textured

Cornella clay. The coarse-textured soil showed consistent increases in both

penetration resistance and tensile strength with repeated wetting and draining

cycles. It is not clear which age hardening mechanism in this soil played the

greatest role in increasing soil strength. The increases in bulk density with

repeated wetting and draining cycles indicate that the number of bonds

between aggregates increased with time. However, the existing bonds in this
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soil may have been reinforced as time progressed, possibly by cementation.

Poorly ordered silica and aluminosilicates may be involved in such

cementation processes (Chartres et al., 1990; Bresson and Moran, 1995). The

problem of aggregate coalescence in this coarse-textured soil and other soils

can be exacerbated with soil depth as increasing overburden serves to drive

aggregates together. This increase in aggregate coalescence with soil depth

was shown by increases in both penetration resistance and tensile strength with

increasing overburden (Chapter 5).

In the fine-textured soil as swelling and shrinkage occurred with

repeated wetting and draining cycles, it is possible that the formation of new

bonds and the loss of some formerly existing bonds may have occurred

concurrently as indicated by fluctuations in penetration resistance (Chapter 4)'

V/hile this may be generally true at any depth, overburdens at gteatet depths

may restrict swelling and shrinkage during small fluctuations in water content.

This restriction will enhance aggregate coalescence, as shown by increasing

penetration resistance and tensile strength with overburden (Chapter 5).

However, the increase in tensile strength with wetting and draining cycles

might indicate that the net effect is that some bonds may have been

strengthened as time progressed.

Aggregate coalescence and organic matter/PvA

Organic matter provided considerable resistance to aggregate

coalescence and this was consistently observed throughout all the experiments

regardless of soil type. In all experiments, virgin soils contained more organic

matter and always displayed lower penetration resistance and tensile strength.

Even under applied overburden pressures, virgin soils showed grealet

resistance to structural change (Chapter 5). The coarse particulate organic

matter in the virgin soils kept soil structure more open (lower bulk density)

than in the cultivated soils. A lower bulk density itself indicates that less

points of contact between aggregates could be formed in virgin soils compared

to cultivated soils. Furthermore, the particulate organic matter can also act as

barriers between aggregates keeping them physically separated. The role of

organic matter in aggregate stability is also well known allowing the soil to be
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able to resist more stresses compared with soils of low organic matter content

(e.g. Stewart, 1998; Hartge, 1975). The hydrophobic nature of organic matter

may also protect soil by reducing the rate of soil wetting. This may minimise

the exchange of materials at points of contact between aggregates consequently

reduce the extent to which aggregates coalesce. However, the role of organic

matter in minimising aggregate coalescence may be diminished with time as its

decomposition proceeds with repeated wetting and draining cycles (Chapter 4)'

The use of PVA to minimise aggregate coalescence showed some trends

although the results were not significant. PVA appeared to be more effective

in reducing soil penetration resistance in the coarse-textured (cultivated

Shepparton) than in the fine-textured soil (cultivated Cornella). However, the

reduction of penetration resistances in the cultivated Shepparton soil was also

accompanied by lower bulk densities suggesting that the effect of PVA was

related more to the size distribution of soil aggregates than the process of

aggregate coalescence itself.

Aggregate coalescence and early tomato growth

In the plant experiment (Chapter 9), although the results of root

measurements did not show statistically significant differences between

coalesced and uncoalesced soil (P<0.05), there were some trends in the

Shepparton soil. The total root length in the coalesced Shepparton soil was

consistently lower than in the uncoalesced soil at both 6 and 10 days

suggesting that roots might encounter more mechanical impedance in coalesced

soil, particularly near the bottom of the soil cores where penetration resistance

approached 0.5 MPa

A very sharp contrast in plant growth was observed in the Shepparton

(coarse-textured) and Cornella (fine-textured) soils. Plants in the former soil

had thicker stems and roots, but the total length and number of roots were

much greater in the latter soil, despite it having relatively higher penetration

resistances. This suggests that plants in the Shepparton soil may suffer more

from mechanical resistance than those in the Cornella soil. The different types

of mechanical resistance encountered by roots in soil might be attributed to
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these differences in plant growth. It is probable that roots are more sensitive

to frictional resistance, which is the major type of resistance in coarse-textured

soil, than cohesive resistance. Therefore, aggregate coalescence in coarse-

textured soils may have greater impact on plant growth than in fine-textured

soils when both soils have similar penetration resistances.

Aggregate coalescence measurements

In the present study penetrometer resistance and tensile strength were

used as the diagnostic tools for measuring aggregate coalescence- The

accuracy of measuring aggregate coalescence with penetration resistance was

confounded by variation in factors such as water content. It is well known that

penetrometer resistance is greatly affected by soil water content (e.g. Smith et

al.,Igg7). In the present study, it was not possible to maintain identical water

contents in a given soil where different treatments were imposed on it' The

different treatments caused changes in the soil structure with consequent

changes in the soil water retention characteristics. The obvious example of

this problem was observed in the work discussed in Chapter 6 where

significantly higher water contents were found in the finer aggregale fractions

than in the coarser aggregùte fractions of the Shepparton soil. For the fine-

textured soils, a similar problem was also encountered in the work described in

Chapter 8 where in a given soil, higher ESP generally caused water contents to

be higher. The other confounding factor in penetration resistance was bulk

density. The relatively rapid wetting imposed in most experiments meant that

slaking and dispersion could not be eliminated and this caused unavoidable

changes in bulk density. In Chapter 4, repeated wetting and draining cycles

caused the bulk densities of both the coarse- and fine-textured soils to change

significantly. The effect of aggre gate size on aggregate coalescence (Chapter

6) also encountered difficulties in controlling bulk density changes.

Unfortunately it is not possible to simply correct observations for these

changes as there is probably no unique relationship between soil strength and

either bulk density or water content even for a given soil. Any single value of

bulk density or of water content may correspond to a number of structural

states depending on the history of the soil.
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An index of aggregate coalescence based on changes in penetration

resistance and bulk density (Chapter 4) as proposed by Grant et al. (2001)

showed a relatively constant value with time (wetting and draining cycles) and

this may partly confirm the confounding effect of water content on

penetrometer measurement. Based on tensile strength changes, the index

showed increases as time progressed and this could indicate that increasing

soil strength was due to the development of aggregate coalescence. This result

may suggest that tensile strength may be used as a more reliable tool for

aggregate coalescence measurement. However, the relevance of tensile

strength measurement in relation to root growth appeared to be small.

Therefore, it is important to include plant growth itself as another tool for

aggregate coalescence diagnosis. In the plant experiment (Chapter 9),

although the results of root measurements did not show significant differences

between coalesced and uncoalesced soil, the trend in the Shepparton soil,

however, appeared to show an effect.

10.2. General Conclusions

In the present study, it was not possible to observe the development of

pure aggregate coalescence in conditions where slaking and dispersion were

absent because of the methods used for soil wetting. The use of relatively

rapid wetting as the major method of soil wetting in most of the experiments

caused slaking and dispersion to contribute to structural changes. The changes

in soil structure due to slaking and dispersion processes lead to measurements

of aggregate coalescence using penetrometer resistance being confounded by

changes in water content and bulk density. The water content factor can at

least be avoided by using tensile strength as a tool to measure aggregate

coalescence on air-dried materials. From the present study, it appeared that

aggregate coalescence can be minimised by either maintaining high organic

matter content in soil or wetting the soil very slow.

Further research in aggregale coalescence should focus more on

integrating overburden and repeated wetting/draining cycles over time as these

two factors appeared to be the most important factors affecting aggregate

coalescence. There are several things that may need to be taken into account
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in conducting such research including the wetting method, the dimension of

soil cores and aggregate sizes used. As slow wetting has proven to take a long

period of time for soil to be wetted, fast wetting from the base of soil cores

may still be applicable but larger soil cores than the ones that used in the

present experiments (e.g. 15 cm diameter and 50 cm high) need to be

employed. In this way the bottom part of the soil cores in which slaking and

dispersion occur can be sacrificed leaving the rest for observations. Another

method of wetting is a top-down wetting using a device such as a peristaltic

pump. In this way gravity can also assist downward water movement, and to

prevent the topsoil from damage due to water drop impact, a filter paper can be

used to cover it. Larger soil cores can also offer the advantage \n observing

how overburden affects aggregate coalescence by allowing the soil core to be

divided into different sections making it possible to investigate them

separately according to soil depth. The use of uniform aggregate size (e.g. 2

mm) is also important to be employed as this could reduce the possibility of

various bulk densities at the initial stage of an experiment.

110



References:

Abdalla, 4.M., D.R.P. Hettiaratchi, and A.R. Reece (1969). The mechanics of

root growth in the granular media. J. Agric. Engng. Res. 14:236-248.

Abu-Sharar, T.M., F.T. Bingham, and J.D. Rhoades (1987). Reduction in

hydraulic conductivity in relation to clay dispersion and disaggregation.

Soil Sci. Soc. Am. J. 5l342-346.

Agassi, M., I. Shainberg, and J. Morin (193 1). Effect of electrolyte

concentration and soil sodicity on infiltration rate and crust formation'

Soil Sci. Soc. Am. J. 52: 848-851.

Allison, L.E., and D.C. Moore (1956). Effect of VAMA and HPAN soil

conditioners on aggregation, surface crusting, and moisture retention in

alkali soils. Soil Sci. Soc. Am. Proc.20:143-I46.

Al-Ani, 4., F. Brnzan, P. Raymond, V. Saint-Gest, and J.M. Leblanc. (1985).

Germination, respiration, and adenylate energy charge of seeds at

various oxygen partial pressures . Plant Physiol. 79:885-890.

Aluko, O.8., and A.J. Koolen (2000). The essential mechanics of capillary

crumbling of structured agricultural soils. Soil Till. Res. 55:l17-126'

Ayers, P.D. and J.V. Perumpral (1982). Moisture and density effects on cone

index. ASAE Trans.25: 1169-1172.

Baldock, J.4., and P.N. Nelson (1999). Soil organic matter. In: Handbook of

Soil Science. M. Sumner (Ed). CRC Press. FL, Boca Raton. p. 825-884.

Baldock, J.4., and J.O. Skjemstad (2000). Role of the soil matrix and minerals

in protecting natural organic materials against biological attack. Org.

Geochem. 3l 697 -710.

Barry, P.V., D.E. Stott, R.F. Turco, and J.M. Bradford. 1991. Organic

polymers' effect on soil shear strength and detachment by single

raindrops. Soil Sci. Soc. Am. J. 55:799-804.

111



Barzegar, A.R. (1995). Structural Stability and Mechanical Strength of Salt-

affected Soils. The University of Adelaide. Adelaide, Australia. Ph'D.

Thesis.

Barzegar,4.R., R.S. Murray, G.J. Churchman, P. Rengasamy, and (1994). The

strength of remoulded soils as affected by exchangeable cations and

dispersible clay. Aust. J. Soil Res.32:185-199-

Barzegar, A. R., J.M.Oades, P. Rengasamy and R. S. Murray (1995). Tensile

strength of dry, remoulded soils as affected by properties of the clay

fraction. Geoderma 65:93- 1 08.

Bengough 4.G., D.J. Campbell, and M.F. O'Sullivan (2001). Penetrometer

techniques in relation to soil compaction and root growth. In: Soil and

Environ tal Analvsis. Phvsical Methods. 2nd Edition. K.A. Smith and

C.E. Mullins (Eds). Marcel Dekker: New York. p.377-403

Bengough, 4.G., and C.J. MacKenzie (1994). Simultaneous measurement of

root force and elongation. J. Exp. Bio. 45:95-I02.

Bengough, 4.G., and C.E. Mullins (1990). Mechanical impedance to root

growth: A review of experimental techniques and root growth responses.

J. Soil Sci. 4l:341-358.

Bengough AG, Mullins CE. (1991). Penetrometer resistance, root penetratron

resistance and root elongation rate in two sandy loam soils. Plant and Soil

l3l: 59-66.

Bengough, 4.G., C.E. Mullins, and G. wilson (1997). Estimating soil

frictional resistance to metal probes and its relevance to the penetration

of soil by roots. European J. Soil Sci.48:603-612.

Bennie, A.T.P (1991). Growth and mechanical impedance. In: Plant Roots: The

Hidden Half. Y. V/aisel, A. Eshel, and U Kafkafi (Eds). Marcell Dekker

Inc., New York. p.393-414.

tt2



Bennie, A.T.P. and Burger, R. Du. T. (19S8) Penetration resistance of fine

sandy apedal soils as affected by relative bulk density, water content and

texture, S. Afric. J. Plant Soil 5: 5-10'

Boone, F.R., J. Bouma and A.H. Smet (1978). A case study on the effect of

soil compaction on potato growth in a loamy sand Soil. 1. Physical

measurements and rooting patterns. Neth. J. Agr. sci. 26:405-420

Bradford, J.L (1986). Penetrability In: Metho ds of Soil Analvsis. A. Klute

(Ed). Madison, ASA-SSSA Inc. Publisher. p- 463-477

Braunack, M.V., J.S. Hewitt, and A. R. Dexter. (1919). Brittle fracture of soil

aggregates and the compaction of aggregate beds. J. Soil 'Scl. 30:653-661.

Bresson, L.M., and L. Cadot (1992).Illuviation and structural crust formation

on loamy temperate soils. soil sci. soc. Am. J. 56:1565-1570.

Bresson, L.M. and C.J. Moran (1995). Structural changes induced by wetting

and drying in seedbeds of a hardsetting soil with contrasting aggtegate

size distribution. European J. Soil Sci, 46:205-214.

Brussard, L., and H.G. van Faassen (1994). Effects of compaction on soil biota

and soil biological processes. In'. Soil Compaction in Crop Production.

B.D. Soane and C. van Ouwerkerk (Eds). Elsevier, Amsterdam, London.

p.215-235

Busscher, W.J., P.J. Bauer, C.R. Camp, and R.E. Sojka (1997). Correction of

cone index for soil water content differences in a coastal plain soil. Soil

Till. Res. 43 205-217.

Cannel, R. Q. (19S5). Reduced tillage in north-west Europe: A review. Soil

Till. Res. 5:129-171.

Causarano, H. (1993). Factors affecting tensile strength of soil aggregates. Soll

Till. Res. 28215-25

113



Chan, K.Y. and C.E. Mullins (1994). Slaking characteristic of some Australian

and British soils. European J. Soil Sci' 5:273-283.

Chartres, C.J., J.M. Kirby, and M. Raupach (1990). Poorly ordered silica and

aluminosilicates as temporary cementing agents in hard-setting soils.

Soil Sci. Soc. Am, J. 54:1060-1067.

Chenu, C. (1989). Influence of fungal polysaccharides and scleroglucan on

clay microstructure. Soil Biol. Biochem. 2l:299-305.

Cheshire, M.V. (I979). Nature and Origin of Carbohvdrate in Soils. Academic

Press. London. 2l6pp.

Clark, L.J., V/.R. V/halley and P.B. Barraclough (2003)

penetrate strong soll? PIant & Soil 255:93-104

How do roots

Cockroft,8., and K.A. Olsson (2000). Degradation of soil structure due to

coalescence of aggregates in no-till, no-traffic beds in irrigated crops.

Aust. J. Soil.Res. 38:6I-70.

Collis-George, N. and R.S.B. Greene (1979). The effect of aggregate size on

the infiltration behaviour of a slaking soil and its relevance to ponded

irrigation . Aust. J. Soil Res. 17:65-73.

Collis-George, N., and R. Lal (I971). Infiltration and structural changes as

influenced by initial moisture content. Aust. J. Soil Res. 9:107-116.

Crescimanno, G., M. Iovino, and G. Provenzano (1995). Influence of salinity

and sodicity on soil structural and hydraulic characteristics. Soil Sci'

Soc. Am. J. 59:1701-1708.

Cruse, R.M., and V/.E. Larson (1917). Effect of shear strength due to raindrop

impact. Soil Sci. Soc. Am. J. 4l 777-78I.

da Silva, 4.P., and B.D. Kay (1997). Estimating the least limiting water range

of soils from properties and management. Soil Sci. Soc. Am. J. 6l:817-

883.

tt4



da Silva, 4.P., B.D. Kay, and E. Perfect (1994). Characterization of the least

limiting water range of soils. soil sci. soc. Am..r. 58:1775-1781.

Day, P.R. (1965). Particle fractionation and particle-size analysis. 1z: Methods

of Soil Analvsis C. A. Black (Ed). American Society of Agronomy.

Madison. p. 545-566

Day, P.R., and G.G. Holmgren (I952). Microscopic changes in soil structure

during compression. Soil Sci. Soc. Am. Proc. 16:13-17 '

Deshpande, T.L., D.J. Greenland, and J. P. Quirk (1968). Changes in soil

properties associated with the removal of iron and aluminium oxides' -I.

Soil Sci. 19zl08-I22.

Dexter, A.R. (198S). Advances in characterization of soil structure. Soil Till

Res. 1l:199-238.

Dexter,4.R., R. Horn, and W.D. Kemper (198S). Two mechanisms for age-

hardening of soil. Journal of Soil Science 39: 163 -I7 5 '

Dexter, 4.R., and B. Kroesbergen (1985). Methodology for determination of

tensile strength of soil aggregates. J. Agric. Engng. Res. 3l:139-147.

Ekwue, E.I.(1990). Organic matter effects on soil strength properties. Soil

Till. Res. 162289-297.

Emerson, W.V/. (1959). The structure of soil crumbs. J. Soil Sci. 10:234-244

Emerson, W.W. (1961). A classification of soil aggregates based on their

coherence in water. Aust. J. Soil Res. 5:47-57.

Emerson, W.W. (1977). Physical properties and structure 1r¡: Soil Factors tn

Crop Production in a S emi -Arid Environment. J. S. Russel and E. L.

Greacen (Eds). Brisbane, Queensland university Press. p.70-104

Emerson, V/.W. (1983). Inter-particle bonding. In: Soils: An Australian

Viewpoint. Academic Press. London. p. 477 -498.

115



Emerson, W.W. and C.L. Chi (1977). Exchangeable calcium, magnesium and

sodium and the dispersion of illites in water. Aust. J. Soil Res. 15:255-

262.

Emerson, W.W. and D.J. Greenland (1991). Soil aggregate-formation and

stabllity. In Soil Col ids and Their ssociations in Assregates M. de

Boodt, M. Hayes and A. Herbillon (Eds). Plenum Press. New York. p

485-5 I 1.

Emerson, V/.W. and M. Raupach (1964). The reaction of polyvinyl alcohol

with montmorillonite. Aust. J. Soil Res. 2:46-55.

Franco, C.M.M., P.J. Clarke, M.E. Tate, and J.M. Oades (2000). Hydrophobic

properties and chemical characterisations of natural water repellent

materials in Australian sands. J. Hydro 231'232:.41-58.

Frenkel, H., J.O. Goertzen, and J.D. Rhoades (197S). Effects of clay type and

content, exchangeable sodium percentage, and electrolyte concentration

on clay dispersion and soil hydraulic conductivity. Soil Sci. Soc. Am. J.

42:32-39

Frenkel, H., G.J. Levy, and M.V. Fey (1992). Clay dispersion and hydraulic

conductivity of clay-sand mixtures as affected by the addition of various

anions. Clays and Clay Minerals 40:51 5-52I.

Genstat 5 Committee (Eds.)(19S7). GENSTAT: Reference Manual. Clarendon

Press. Oxford University Press. 749p.

Ghavami, M., J.Keller, and I.S. Dunn (1974). Predicting soil density following

irrigation. Trans. Am. Soc. Agr. Eng l7:L66-111.

Ghezzehei, T.4., and D. Or (2000). Dynamics of soil aggregate coalescence

governed by capillary and rheological processes. Water Res. Res.

36:361-379.

116



Grant, C.D., D.A. Angers, R.S. Murray, M.H. Chantigny, and u. Hasanah

(2001). On the nature of soil aggregate coalescence in aî irrigated

swelling clay. Aust. J. Soil Res. 39:565-575.

Grant, C.D., and A.V. Blackmore (1991). Self-mulching behaviour in clay

soils: Its definition and measurement. Aust. J. Soil Res.29z155-173.

Greacen, E.L. (1931). Physical properties and water relations. Red-Brown

Earths of Australia. J. M. Oades, D. G. Lewis, and K. Norrish (Eds').

Waite Agricultural Research Institute, University of Adelaide, and

cslRo Division of soils. Adelaide, South Australia. p. 83-96.

Greacen, E.L., K.P. Barley, and D.A. Farrell (1963). The mechanics of root

growth in soils with particular reference to the implications for root

distribution. In; Root Growth. 'W. J. V/hittington (Ed). Butterworths.

London. p. 256-269.

Greacen, E.L. and J. S. Oh (1972). Physics of root growth. Nature New

Biology 235,24-25

Greene, R.S.B., A.M. Posner and J.P. Quirk (197S). A study of the coagulation

of montmorillonite and illite suspensions by calcium chloride using the

electron microscope. 1n ificatio truc W. W. Emerson,

R. D. Bond and A. R. Dexter (Eds.). John wiley & sons. Toronto. p. 35-

40.

Gusli, S., A. Cass, D.A. Macleod, and P.S. Blackwell (1994a). Structural

collapse and strength of some Australian soils in relation to hardsetting:

I. Structural collapse on wetting and draining. European J. Soil Sci'

45:15-21.

Gusli, S., A. Cass, D.A. Macleod, and P.S. Blackwell (1994b). Structural

collapse and strength of some Australian soils in relation to hardsetting:

II. Tensile strength of collapsed. European J. Soil Sci. 45:23-29.

Goss, M.J. (1971). Effects of mechanical impedance on root growth in Barley

(Hordeum vulgare L.).J. Exp. Bot' 28:96-tIl.

t17



Goss, M.J. and S. Russell (1980). Effect of mechanical impedance on root

growth in Barley (Hordeum vulgare L.). J. Exp. Bot.31:577-588.

Hadas, A.(19S7). Long term tillage practice effects on soil aggregation modes

and strengLh. Soil Sci. Soc. Am. J.5l:l9l-197

Haines, W.B. (1923). The volume changes associated with variations of water

content in soil. J. Agric. Sci., XIII:296-3I0

Hakanssofl, I., and 'W.8. Voorhees (1997). Soil compaction. In: Methods for

Assessment of Soil Deeradation. R. V/. Lal , H. Blum, C. Valentine, and

B. A. Stewart (Eds). CRC Press. Boca Raton. p- 167-I79-

Hakanssoî, I., V/.8. Voorhees, and H. Riley (1988). Vehicle and wheel factors

influencing soil compaction and crop response in different traffic

regimes. Soil Till. Res.ll:239-282.

Harris, R.F., G.A. Chesters, and O. N.Allen (1966). Dynamics of soil

aggregation. Adv, Agro. 18: 107- 169.

Hartge, K.H. (1915). Organic matter contribution to stability of soil structure.

Soil Sci. Soc. Am. J.7:103-110.

Hillel, D. (199S). Environmental Soil Ph]¡sics. Academic Press. Toronto.

77 lpp.

Horn, R. (1993). Mechanical properties of structured unsaturated soils. Soil

Tech. 6:47 -7 5

Horn, R., H. Taubner, M. Wuttke, and T. Baumgartl (1994). Soil physical

properties related to soil structure. Soil Till. ,Res. 30:188-216.

Isbe11, R.F. (1996)

l43pp.

The Aus tralian Soil Classification. CSIRO: Melbourne

Jakobsen, 8.F., and E.L. Greacen. 1985. Compaction of sandy forest soils by

forwarder operations. Soil Till. Ães. 5:55-70.

118



Jayawardane, N.S. (1979). An equivalent salt solution method for predicting

hydraulic conductivities of soils for different salt solutions. Aust. J. Soil

Res.17:423-428.

Jayawardane, N.S., and J.A. Beattie (1978). Effect of salt solution composition

on moisture release curves of soil. Aust. J. Soil Res. 17:89-99.

Jennings, J.E. (1961). A revised effective stress law for use in the prediction of

the behaviour of unsaturated soils. In Pore Pre sure and Suction in Soils

Butterworths. London. p. 26-30

Kataou, H., K. Miyaji, and T. Kubota (1987). Susceptibility of undisturbed

soils to compression as evaluated from the changes in the soil water

characteristic curves.,Soll Sci. Plant Nutr. 33:539-554.

Kay, B.D. (1989). Assessing the suitability of different soils for new cropping

systems in terms of rates of change in soil structure- 1n Mechanics and

related Droc sses in structural agricultural soils. W.E. Larson, G.R

Blake, R.R. Allamaras, W.B. Voorhees, and S.C. Gupta (Eds). Kluwer

Academic Publ., Dordrecht, the Netherlands. p.223-233.

Kay, B.D. (1990). Rates of change of soil structure under different cropping

systems. Adv. Soil Sci. 12 l-52.

Kazman, S., I. Shainberg, and M. Gal (1983). Effects of low levels of

exchangeable Na and applied phosphogypsum on the infiltration rate of

various soils. Soil Sci. 35, 184-I92

Keller, J. (1970). Sprinkler intensity and soil tilth. Trans, Am. Soc. Agr. Eng

13:118-125.

Kemper, V/.D., and D.E. Miller (1974). Management of crusting soils: Some

oractical possibilities. In; Soil Crust. J.W. Cary and D.D. Evans (Eds).

Univ. Ariz. Agric. Res. Sta., Tech. Bull' 2l4.pl-6.

119



Kemper, W.D., J.S. Olsen, and A. Hodgdon (1975). Irrigation method as a

determinant of large pore persistence and crust strength of cultivated

soils. Soil Sci. Soc. Am. Proc.39:519-523.

Kemper, V/. D. and C.R. Rosenau (19S4). Soil cohesion as affectedbytime and

water content. Soil Sci. Soc. Am. J. 48,1001-1006

Khalilian,4., C.E. Hood, J. H. Palmer, T.H. Graner, and Bathke, G. R. (1990).

Soil compaction and crop response to wheat/soybean interseeding. Trans.

Am. Soc. Agr. Eng 34,2299-2303

Kirby, J. M. and A. G. Bengough (2002). Influence of soil strength on root

growth: experiments and analysis using a critical-state mode. European

.1. Soil,Sci. 53 l19-128.

Koolen, A.J. and H. Kuipers (1989). Soil deformation under compressive

forces. In Mechanic and Relaterl Processes in Structured Aericultural

Soils. v/. E. Larson, w.E. Larson, G.R. Blake, R.R. Allamaras, w.B

Voorhees, and S.C. Gupta (Eds). New York, Kluwer Academic Publisher

p.37-52.

Lanyon, D.M., A. Cass, B. Cockroft and K.A. Olsson (1996) Coalescence: a

term d oil h S1 ln1 -till rais

bed. ASSSI and NZSSS National Soils Conference. p. 147-148

Le Bissonnais, Y., A. Bruand, and M. Jamagne (1989). Laboratory

experimental study of soil crusting: Relation between aggtegate

breakdown mechanism and crust structure. catena 16:371-392.

Letey, J. (1985). Relationship between soil physical properties and crop

production. Adv. Soil Sci. l:277-294.

Levy, G., I.Shainberg, and J. Morin (1986). Factors affecting the stability of

soil crusts in subsequent storms. Soil Sci. Soc. Am. J.50:196-201

Ley, G. J., C.E. Mullins, and R. Lal (1995). The potential restriction to root

growth in structurally weak tropical soils. Soil Till. Res' 33,133-142

r20



Lynch, J.M., and E. Bragg (1985). Microorganism and soil aggregate stability

Adv. Soil Sci. 2: 134-l7l

Mamedov, 4.I., G.J. Levy, I. Shainberg, and J. Letey (2001). V/etting tate,

sodicity, and soil texture effects on infiltration rate and runoff . Aust.

J. Soil Res. 39:1293-1305.

Marshall, T. J., and Holmes, J. V/. (1918). Soil Physics. Cambridge University

Press, Sydney.

Marshall, T.J., and Holmes, J.W. (198S). Soil Physics. (2"d ed.) Cambridge

University Press. Sydney.

Marshall, T.J., J.W. Holmes and C.V/. Rose (1996). Soil Physics. (3'd ed.)

Cambridge University Press. New York.

Martin, J.P. (1971). Decomposition and binding action of polysaccharides in

soil. ,Soll Biol. Biochem. 3:33-41.

Masle, J. (1999)

effects. In

Root impedance: Sensing, signaling and physiological

Phvtoh nes to Genome Reorganization. H. R. Lerner. New York,

Marcel Dekker, Inc.: 476-495

Materechera, S. A, A.R. Dexter, and A.M. Alston (1991). Penetration of very

strong soils by seedling roots of different plant species. Plant & Soil

135:3l-41,.

Materechera, S.4., A. R. Dexter, and A. M. Alston (1992). Formation of

aggregates by plant roots in homogenised soils. Plant & Soil 142:69-79.

Matev, T., and S. Dulov (1972). The effect of soil moisture on the emergence,

growth and quality of tomato and capsicum seedlings. Vasil Kalarov

21:40-55.

McIntyre, D.S. (1979). Exchangeable sodium, subplasticity and hydraulic

conductivity of some Australian soils. Aust. J. Soil Res. 17: 115-120.

ONSCS tal

t2r



Mirreh, H.F., and J.V/. Ketcheson (1972). Influence of bulk density and matric

pressure to soil resistance to penetration. Can. J. Soil Sci.52:477-483

Mitchell, J. K. (1976). Fundamentals of Soil Behaviour. John V/iley & Sons,

Inc., New York.

Mitchell, J. K. (19g3). Fundamentals of Soil Behaviour (2'd ed.). John'Wiley &

Sons, Inc., New York.

McNeal, 8.L., and N.T. Coleman (1966). Effect of solution compositions on

soil hydraulic conductivity. soil sci. soc. Am. Proc.30: 308-312.

Mullins, C.8., D.A. Macleod, and K.H. Northcote (1990). Hardsetting:

behaviour, occurrence, and management. Adv. soil sci. 11:37-108.

Mullins, C.E., and K.P. Panayiotopoulos (1984). The strength of unsaturated

mixtures of sand and kaolin and the concept of effective stress. J. Soil

,Sci. 35 :459-468.

Murray, R. S., and J. P. Quirk (1991). Towards a model for soil structural

behaviour. Aust. J. Soil Res. 29:829-867.

Nagasawa, T., and Y.Umeda (1985). Effects of the freeze-thaw process on soil

structure. In Pro.4th Int. Symp. Ground Freezing, Vol. II, pp. 219-230,

Sapporo, Japan.

Nelson, P.N. (1997). Organic matter in sodic soils: Its nature, decomposition

and influence on clay dispersion. The University of Adelaide. Adelaide,

Australia. PhD Thesis.

Nelson, D.Vy'., and L.E. Sommers (1982). Total carbon, organic carbon and

organic matter. In Methods of Soil Analvsis. Pal2- A. L. P age (Ed)

Madison, ASA. 9t 539-577.

Northcote, K. H., and J. K. M. Skene (1972). Australian soils with saline and

sodic properties, CSIRO Aust. Soil Publ. 27.

t22



Oades, J.M. (1963). The nature and distribution of iron compounds in soils

Soil Fert. 26:69-80.

Oades, J. M. (1976). Prevention of crust formation in soils by poly (vinyl

alcohol). Aust. J. Soil Res. 14:139-148.

Oades, J.M.(1978). Mucilages at the root surfaces..,/. Soil Sci.29:I-16

Oades, J.M. (1934). Soil organic matter and structural stability: mechanisms

and implications for management. Plant & Soil 76:319-331 .

Oades, J.M. (1993). The role of biology in the formation, stabllization and

degradation of soil structure. Geoderma 56:317-400.

Or, D. (1996). Wetting-induced soil structural changes: The theory of liquid

phase sintering. Water A¿s. .Res. 32:304I-3049.

Or, D., and T.A. Ghezzehei (2002). Modeling post-tillage soil structural

dynamics: a review. Soil Till. Res' 64:41-59.

Oster, J. D., and I. Shainberg (1979). Exchangeable cation hydrolysis and soil

weathering as affected by exchangeable sodium. Soil Sci. Soc. Am. J.

43:70-7 5.

Oster, J.D., I. Shainberg, and J.D. V/ood (1980). Flocculation value and gel

structure of sodium/calcium montmorillonite and illite suspensions. ,Soli

Sci. Soc. Am. J. 44:955-959.

Özbingöl, N., F.Corbineau, and D. Côme (1998). Responses of tomato seeds to

osmoconditioning as related to temperature and oxygen. Seed Sci. Res.

8:377 -384.

Panabokke, C.R. and J.P. Quirk (1957). Effect of initial water content on

stability of soil aggregates in water . soil science 83: 1 8 5 - 195 .

t23



Piccolo, 4., G. Pietramellara, and J.s.c. Mbagwu (1997). Use of humic

substances as soil conditioners to increase aggregate stability. Geoderma

7 5:267 -271

Quirk, J.P. (2001). The significance of the threshold and turbidity

concentrations in relation to sodicity and microstructure. Aust. J. Soil

Res. 39:1 185-1217.

Quirk, J.P., and C.R. Panabokke (1962). Incipient failure of soil aggregates. J

Soil Sci. 13:61-70

Quirk, J.P., and R.K. Schofield (1955). The effect of electrolyte concentration

on soil permeabiliry. J. Soil Sci. 6:163-178.

Quirk, J. P. and B.G. Williams 1974. The disposition of organic materials in

relation to stable aggregation. Trans. l0'h Int. Cong. Soil Sci', Moscow

l:165-I11.

Rayment, G.8., and F.R. Higginson (1992). Australian Laboratory Handbook

of Soil and'Water Chemical Methods. Inkata Press. Melbourne.

Rengasamy, P. (1933). Clay dispersion in relation to changes in the electrolyte

composition of dialysed red-brown earths. J. Soil Sci. 34:123-732.

Rengasamy, P., R.S.B. Green, and G.W. Ford (198aa). The role of clay

fractions in the particle arrangement and stability of soil aggtegate-a

review. Clay Res. 3: 53-67.

Rengasamy, P., R.S.B. Greene, G.W. Ford, and A.H. Mehanni (1984b).

Identification of dispersive behaviour and the management of red-brown

arths. Aust. J. Soil Res. 22: 413-431.

Rengasamy, P., and K.A. Olsson (1991). Sodicity and soil structure. Aust. J.

Soil Res. 29:935-952.

124



Rhoades, J. D. and R. D. Ingvalson (1969). Macroscopic swelling and

hydraulic conductivity properties of four vermiculitic soils. Soil Sci.

Soc. Am.. Proc. 33:364-369.

Schafer, W.M., and M.J. Singer (1976). New method of measuring shrink-swell

potential using soil pastes. ,Soil Sci. Soc' Am' J.40:805-806.

Shainberg, I., and J. Letey (1984). Response of soils to sodic and saline

conditions. Hilgardia 52:l -57 .

Shainberg, I., G.J. Levy, D. Goldstein, A.I. Mamedov, and J. Letey (2001)

Prewetting rate and sodicity effects on the hydraulic conductivity. Aust

J. Soil .Res. 39: 1279-129I.

Shierlaw, J., and A.M. Alston (19S4). Effect of soil compaction on root growth

and uptake of phosphorus. Plant & Soil 77:15-28.

Simmons, F.Vy'., and D.K. Cassel (1989). Cone index and soil properties

relationships on sloping paleudult complex. Soil Sci. 147:40-46.

Singer, M.J., R.J. Southard, D.N.Warrington, and P. Janitzky (1992). Stability

of synthetic sand-clay aggregates after wetting and drying cycles. Soil Sci.

Soc. Am. J. 562 1843-1848.

Skene, J.K.M., and L.B. Harford (1964). Soils and Land Use in the Rochester

and Echuca Districts. Technical Bulletin No. 17, Department of

Agriculture, Victoria, Australia.

Skene, J.K.M., and T.J. Poutsma (1962). Soils and land use in part of the

Goulburn Valley, Victoria. Technical Bulletin No. 14, Depattment of

Agriculture, Victoria, Australia.

Smith, C.V/., M.A. Johnston, and S. Lotentz (1997). The effect of soil

compaction and soil physical properties on the mechanical resistance of

South African forestry soils. Geoderma 78:93- 111.

125



Sojka, R.E., D.L. Karlen, and W.J. Busscher (1991). A conservation tillage

research update from the Coastal Plan Soil and Water Conservation

Research Centre of South Carolina: a review of previous research. Soil

Till. Res.2l:361-276.

Sojka, R.E., and R.D. Lentz (1994). Time for yet another look at soil

conditioner. Soil Sci. 158:233-234.

Sommer, C., H.J. Durr, and M. Schwarz (1995). The influence of soil porosity

and matric water potential on water uptake by plants. 1n; Soil Structure:

Its Development and Function K. H. Hartge and B. A. Stewart (Eds.)

Lewis Publishers. New York. p.372-392'

Spivey, J.L.D. (1986). The effect of texture on strength of southeastern coastal

plains. Soil Till. Res. 62351-363

Stefanson, R. C. I974. Soil stabilization by polyvinyl alcohol and its effect on

the growth of wheat. Aust. J. Soil Res.12:59-62.

Stewart, B.A.(1998). Soil structure and organic carbon: a review. 1n: Soil

Processes and the Carbon Cycle. B. D. Kay, R. Lal,J. M. Kimble and R.

F. Follet (Eds). CRC Press Inc. Boca Raton. p. 169-297.

Sumner, M.E, and B.A. Stewart (Eds.) (1992). Soil Crusting: Chemical and

Physical Processes . Adv.Soil Sci. 20. Lewis Publishers, Chelsea, MI.

Suriadi, A. (2001). Structural stability and Na-Ca exchange selectivity of soils

under sugarcane trash management. The University of Adelaide.

Adelaide, Australia. M. Ag.Sc. Thesis

Tarchitzky, J., Y. Chen, and A. Banin. (1993). Humic substances and pH

effects on sodium- and calcium-montmorillonite flocculation and

dispersion. Soil Sci. Soc. Am. J. 57:361-372.

Taylor, H.M. and H.R. Gardner (1963). Penetration of cotton seedling taproot

as influenced by bulk density, moisture content, and strength of the soil.

Soil Sci. 96:153-156

126



Tisdall, J.M.(1991). Fungal hyphae and structural stability of soil. Aust. J

Soil Res.29:729-743.

Tisdall, J.M., and J.M. Oades (1982). Organic matter and water stable

aggregates in soils. J. Soil Sci.33:l4I-163.

U. S. Salinity Laboratory Staff (1954). Saline and alkali soils. USDA Agric

Handb.60.U. S. Gov. Print. Office. V/ashington, DC.

Utomo, W.H., and A.R. Dexter (1981). Age hardening of agricultural top soils.

.1. Soil Sci. 32:335-350.

Utomo, V/.H., and A.R. Dexter (1982). Changes in soil aggregate water

stability induced by wetting and drying cycles in non-saturated soil. /.

Soil Sci. 33:623-637.

Vanags, C., B. Minasny and A. B. McBratney (2004). The dynamic

penetrometer for assessment of soil mechanical resistance. Supersoil

2004: Proceedings of the 3'd Australian New Zealand Soils Conference,

University of Sydney, Australia, 5 - 9 December 2004

Velasco-Molina, H. Alijo, A.R. Swoboda, and L. Godfrey (1971). Dispersion

of soils of different mineralogy in relation to sodium adsorption and

electrolyte concentration. Soil Sci. lll:282-287

Wang, D. X. (1993). Interaction between the effect of sodium chloride and

temperature on the vegetative growth of tomato (Lycopersicon

esculentum Mill.), The University of Adelaide. Adelaide. Australia. PhD

Thesis.

'Waldron, L.J. and G.K. Constantin (1968). Bulk volume and hydraulic

conductivity changes during sodium saturation tests. Soil Sci. Soc. Am.

Proc.32: 175-I19.

Wells, R.R., D.A. DiCarlo, T.S. Steenhuis, J.Y. Parlange, M.J.M. Römkens,

and S.N. Prasad (2003). Infiltration and surface geometry features of a

127



swelling soil following successive simulated rainstorms. Soil Sci. Soc

Am. J.67:1344-1351.

Wells, L. G., and O. Treesuwan (1978). The response of various soil strength

indices to changing water content and bulk density. Trans. Am. Soc. Agr.

Eng. 77 2855-861.

zhang, H. Q., K.H. Hartge, and H. Ringe (1997). Effectiveness of organic

matter incorporation in reducing soil compactibility. Soil Sci. Soc. Am. J.

612239-245.

zhang, 8., R. Horn, and T. Baumgartl (2001). changes in penetration

resistance of Ultisol from southern China as affected by shearing- Soil &

Tillage Research 57 :193-202.

r28




