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Abstract

Scarcity of fresh water has led to use of low dqualiaters (high sodicity and salinity)
that were considered unsuitable for irrigationha past. Mismanagement of irrigation
using this water can increase the potential fdrdemradation and limit crop production
in the long term. Irrigation using highly salinedso water requires appropriate
management to avoid long term development of dydamnd salinity problems. The
main factors that control the sodicity and salipitgblems are maintenance of sufficient
leaching and avoidance of soil structure degradatiee to sodicity. The management
options are determined by complex factors sucloib/pe and condition, water quality,

irrigation practice and crop type.

Investigating the management options for using ligsighline-sodic water in irrigation
experimentally is costly and time consuming. Howeviecould be done using an
appropriate modelling tool that can handle the aeéation of soil structure due to
sodicity along with the chemical reaction systemthini the soil profile.
UNSATCHEM has been widely used to model sodicityl aalinity effects under
irrigation. It has a feature to deal with soil sture degradation along with water and
solute movement, major ion chemistry, £@roduction and movement and heat
transfer under sodic conditions. It uses a hydrazdinductivity reduction function to
relate the change of chemical properties to thexgdan hydraulic properties of the
soil. However, the evaluation of the hydraulic cocttity reduction function under
high sodicity during simulation has not been dddence, the core of this research
project has been to improve quantification of sbilicture degradation under sodic
conditions and enhance the modelling of water amldtes movement under sodic
conditions. The hydraulic conductivity reduction nétion incorporated in

UNSATCHEM was evaluated using data obtained froincetumn experiments.

Columns of two local soils were used in an exparminte investigate the effect on soil
structural stability of different amendments to hiyg saline-sodic water rich with

bicarbonates (EC = 4.6 dS/m and SAR = 117). Thenmolexperiments were used to
examine the effect of reducing water pH to differlavels using sulphuric acid and
combined gypsum and dilution treatments. It wasidotihat reducing the pH of highly

saline-sodic water did not enhance soil structstability as the water applied has
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naturally high relative sodium concentrations. Hesvethe application of diluted highly
saline-sodic water amended with gypsum showed grofisant effect on soil structure
and permeability. It is concluded that differentesitiments associated with appropriate
irrigation management can be applied to sustdgmation and prevent long term salinity

and sodicity problems.

The data from the column experiments was used dauate the quantification of the
soil structure degradation in UNSATCHEM. The remoitsimulations for the soil
columns showed that the estimated outflow and hidraonductivity were less than
the experimental measurements, which suggestedhbatoil structure degradation
was not accounted for properly. The sodicity effegas accounted for in
UNSATCHEM by a reduction function, which is a comdal function of the McNeal
(1968) clay swelling model and the Simunek et B096) pH effect equations. The
empirical pH effect equation accounts for the réidacof the conductivity due to
increasing pH and clay swelling. The evaluatiordbiSATCHEM under highly sodic
conditions suggests that the hydraulic conductivéigtuction function is limiting the
UNSATCHEM performance.

Consideration of the first term of the hydraulicxdoctivity reduction function (i.e. the
McNeal (1968) clay swelling model) has highlightb@ weaknesses of the McNeal
model and led to develop a generic clay swellinglehdGCSM). Calibration of the
GCSM using the data of McNeal showed good agreeivetmieen the estimated and
measured relative conductivity data. Further calibn of the GCSM using relative
conductivity data obtained for five local soilscashowed good agreement between the

model estimation and the measured data.

Coding of the generic clay swelling model into UNKZHEM and re-simulating the
column experiments showed that the modelling pscegmproved compared with the
UNSATCHEM version containing the McNeal (1968) ctayelling model. However, the
outflow and conductivity values produced were ks than measured values. This result
suggested that further investigations are requirédentify the effect of pH on the change
of hydraulic conductivity, cation exchange capaciyd the exchangeable sodium
percentage. Further research is also required diagabicarbonate chemistry during

application of highly saline-sodic water.
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Chapter 1: Introduction

CHAPTER 1: Introduction

1.1 Background

World growth in population demands more food arefi The need for food and
fibre production necessitates water to be used neffeiently in irrigated
agriculture. However, the scarcity of fresh watelimiting irrigation development.
One of the more feasible solutions is to use matgiater for irrigation purposes.
Marginal water is generally saline and/or sodic evathat has been considered
unsuitable for agriculture in the past. Using maagjiwaters for irrigation requires

further consideration of the possible negative@ffef salinity and sodicity.

World-wide, most irrigation systems have inherendw efficiencies. In arid and
semi arid areas, significant amounts of water diccated for irrigation. In these
areas, water use efficiency can be improved byeasing the spatial and temporal
precision of irrigation applications. However, aggation efficiency is increased,
salts from the irrigation water are not leached oluthe root zone. Consequently
increasing salinity and sodicity in the root zonaynbecome a major concern (Raine
et al. 2005). Under these conditions, using maftgveter for irrigation without

appropriate management can compound salinity adidisoproblems.

1.1.1 Salinity and sodicity problems in irrigation

The term salinity refers to the concentration afsian water (Burger & Celkova
2003). The salinity level for water to be consideeas saline depends on the purpose
of the water use. Guidelines have been providedlififerent water uses including
drinking, agriculture and industry. Agriculturallgalinity is the concentration of
dissolved mineral salts in water and soil-wateaamit of volume or weight basis
(Ghassemi et al. 1995).
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Salinity problems become visible when salt conediotns in the soil solution exceed crop
threshold levels. Crops can tolerate low conceatsitof salt throughout the root zone.
Productivity declines above the threshold conctotraThe salt tolerance thresholds for
crops vary between species. Maas and Hoffman (1@¥¥marised previous published
work and carried out a comprehensive review of @alp tolerance data, which was
subsequently updated by Maas (1990). However, dkee iddicate that some crops can
tolerate a high level of salinity (e.g. 7 dS /m lharley). In addition, the decline of crop
yield occurs gradually above the salinity thresHelel. Such crop behaviour allows for
crop selection and management for irrigation witfeiknt water qualities. However, salt
tolerance data has inherent uncertainties conggrpiant responses tepatial and

temporal variations in root zone salinity (Hopmé&Bristow 2002; Meiri & Plaut 1985).

Sodicity describes the relative concentration afiwm (N&) compared with the
divalent cations mainly calcium (€% and magnesium (Mg in the soil solution.
Sodicity problems manifest at higher relative “Neoncentration and lead to
degradation of soil structure. Sodicity problems asually inherent with salinity in
irrigated clayey soils having significant sodiunmtant. Sodicity is common also in
soils irrigated with water containing considerabiearbonate concentrations. That is
because bicarbonate anions raise soil pH and it i@ precipitation of divalent
cations and an increase in the relative sodium enation. High levels of sodium
in irrigation water typically result in an increasésoil sodium levels, which affect

soil structural stability, infiltration rates, dreige rates, and crop growth potential.

The interrelation between sodicity and salinitydisvin irrigation water introduces a
dual problem in term of crop response, soil stmectdegradation, and irrigation
management. An increase of water salinity is shtmhave a positive consequence
on the sodicity effect. Sodicity has less impadtigher electrolyte concentrations at
any particular level. Nevertheless, continuous ofssaline irrigation water might
lead to accumulation of salt above the thresholéllef crops. On the other hand,
low water salinity and high levels of sodicity caause soil degradation and
reduction in soil permeability. Such degradatiosuits in aeration and waterlogging
problems which negatively affect the crop yield.n€equently, waterlogging and
low permeability might also induce salt accumulatigithin the root zone. Clearly

rising salinity associated with an increase of Naative concentration presents two
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thresholds values to be considered. The lower levéhe salinity threshold above
which the soil structure remains stable, and tlgidni salinity threshold level is the

salt tolerance threshold tife grown crop

Sodicity-salinity effects on the physical and hydmproperties of the soil are very
complicated processes that can be influenced by rfzantors. The main factors that
control sodicity problems are soil type (Felhendderal. 1974; Quirk & Schofield

1955), clay type and content (Goldberg et al. 19pH) of the soil solution (Suarez
et al. 1984; Sumner 1993), the manner of applinatibirrigation water, the initial

water content in the soil (Dehayr & Gordon 2005)d arganic matter. Therefore,
the soil structure degradation due to rising stglis unique for a given soil and its
condition (Evangelou & McDonald Jr 1999). The matbms of developing

sodicity and related salinity problems under irtiga is conceptualised in Figure
1.1. Determining the sodicity effect within a givenil requires a comprehensive

knowledge of the mineralogy, structure and chemistrithat soil.

In Figure 1.1, it is assumed that the source dl tedlt and sodium concentration is
the irrigation water. The time required to devesmulicity and salinity problems can
be determined by the sodicity and salinity leveisirrigation water, along with
management practices under this condition. The gemant options include
leaching for salinity control, amelioration to mgeathe increase of sodicity level,

along with crop selection.
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Marginal irrigation

t ith high SAR . .
\;vrz]adesrale:lnity 9 Soil at low exchangeable Factors affecting
sodium percentage and clay swelling and
salinity level dispersion
* Clay mineralogy/
Cation exchange
capacity
Soil solution salinity and _
sodium absorption ratio “ * Soil texture
* Organic matter
I * Negative charge
Clay swelling and/or ’” * pH
dispersion « C2'Mg?* ratio
Soil physical properties Chemical and biological
affected effects
« Low hydraulic conductivity *Low C&* and Md"
* Low macroporosity cations
* Poor infiltration * Nutrient imbalance
* Increased erosion * Low biological activity
* Low aggregates stability

* Low leaching fraction .
» Accumulation of salt Crop Yield
within the root zone Reduction

Figure 1.1 Development of soil problems under sal#sodic conditions

Modified from Surapaneni and Olsson (2002)
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1.1.2 Sodicity and salinity control

Sodicity and salinity problems are usually congdlby leaching (Rhoades 1982).
Leaching is the process of applying extra irrigatwater to prevent the build up of
salt including sodium within the soil profile. Is iimperative to maintain and
accurately determine the leaching requirementsitonmse water and nutrient loss
out of the root zone. Efficient leaching dependstiba hydraulic properties and

structural stability of the soil.

An appropriate leaching requirement is determingdrany factors such as crop
type and growth stage, root depth, climate, irfagatsystem and irrigation
management, and interrelated change of physicalcaedhical soil properties as

affected by water quality.

Traditional methods for determining the leachinguieements of irrigated soils
assume that a steady state condition applies froenseason to the next (Rhoades
1974, USSL Staff 1954). This steady state approgrobres the variation with time
of the input and output salinity and the salt disttion within the root zone. This
approach has appeared to be reasonable and adeeiptdbe past due to the low
efficiency of the irrigation systems and the auaillity of good quality water (Meiri
1984). However, under new irrigation systems thatehuniform distribution and
high efficiency, the salt movement and accumulateeds to be more precisely

described by an unsteady state approach.

Soil profile salinity is in an unsteady state dgrsingle irrigation event and within a
season. The input salt with irrigation water irtte root zone is often different to the
output salt load with drainage water. Furthermtrere may be a temporal and spatial
variation of salt concentration within the root esonThe unsteady state condition
becomes more pronounced in the short term wherciagsd with an increase in
irrigation efficiency and inefficient salt leachingh addition, the presence of high
sodium concentrations in irrigation water (whichsha significant effect on soll
physical properties) reduces the leaching effigieramd makes the unsteady state

condition more pronounced. The salt distributiothui the root zone under different
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irrigation systems is dynamic. The variation oft sdistribution might result in
different responses of the crop. Therefore, appatgteaching management should
account for these variations to flush undesireti®al of the root zone. Such leaching
management depends on soil hydraulic properties. |[&aching will be conducted

properly as long as the permeability of the sahantained (Rhoades 1982).

Determining the precise leaching requirement arahtptesponse under efficient
irrigation systems require a better understandimyquantification of salt movement
within the soil profile. Salt movement and accuntiola is highly affected by the
process of temporal and spatial interrelated chafglee soil chemical and physical
properties in the soil water plant system (Mmola&aOr 2000). However,

monitoring water and solute movement and accunurladssociated with crop

response is costly and time consuming.

1.1.3 Sodicity and salinity management options

Salinity control is mainly determined by the sapnof the irrigation water and the
amount of that water applied. It also depends ngaition type and its management.
Furthermore, it has a direct effect in plant grawtlowever, the sodicity problem is
more complicated than salinity as it could resnlthe degradation of soil structure
which makes the management options more compledicil§omanagement options
usually involve some amendments to prevent anydsgradation occurring. These

amendments can be added either to the irrigatidernea directly to the soil surface.

These amendments generally work either by reduttiegrelative concentration of
the sodium in the soil solution (i.e. by raising tB&" concentration in the soil
solution) or by preventing the precipitation of tHalent cations (i.e. G& and
Mg®"). Among these amendments, gypsum has been widely to treat irrigation
water or directly applied to soil because of itaitability and low cost. Gypsum has
low solubility and offers a relatively long termwsoe of calcium cations in the soil.
Irrigation water with high concentrations of bicanates is usually treated by
sulphuric acid to reduce the loss of calcium andgmeaium concentrations in the soll

solution. Recently, sulphuric acid {£60,) generators (SAGs) have been introduced to
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treat water with high bicarbonates. The SAG is phsu burner which produces
sulphur dioxide (S¢) that forms sulphuric acid in water. The sulphua@d goes
through a series of reactions to convert bicarkEm&b carbon dioxide gas. These
reactions reduce the bicarbonate concentrationthedwater pH. However, this
treatment neither reduces the original sodium catnagon nor the total water
salinity. The SAG treatment will be more effective water having higher
bicarbonate and lower sodium concentrations, eajped it is combined with other

amendments such as gypsum.

Blending with good quality water could be used @duce salinity and sodicity in
sodic-saline water. However, blending depends an dhlailability of the good

guality water.

The flexible management options of sodicity andn#al problems such as using
amendments, crop selection, climate condition, B of irrigation system can
make saline-sodic water usable for irrigation. Tienagement options for marginal

water can be readily investigated using suitabléefimg tools.

1.1.4 Modelling the effect of sodicity and salinityn irrigation

Modelling is an efficient tool to investigate watand solute movement and salt
accumulation under irrigation. Modelling could bésca used to evaluate the
appropriate management for irrigation under sodind@ions. However, in most
available models, continuing degradation of soiifaylic properties as a result of
rising N& concentrations is ignored. Disregarding the sgirhulic degradation due
to sodicity level in some cases makes modellingewanhd solute movement within
the soil profile questionable. The UNSATCHEM (Sinekret al. 1996), in which the
interactions between chemical and physical properhiave been considered, has
been widely used. Recently, the UNSATCHEM has beearporated in HYDRUS

1 D model, version 3 and 4 (Simunek et al. 2005).

UNSATCHEM is a combined one dimensional flow modé&élchemical reaction,

water-solute movement, and carbon dioxide prodaoctind movement. It uses the
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Richards equation (Richards 1931) and convectispaision type equations (CDE)
for solute and carbon dioxide movements. In thislehathe effect of sodicity on soil
hydraulic properties is incorporated using the daelling model of McNeal (1968;
1974). Simunek and Suarez (1997) indicated thatdlay swelling model was used in
the UNSATCHEM because of its simplicity. The effe€tthe pH in soil solution has
also been accommodated with the clay swelling mtmg@rovide a general reduction
function of K. An empirical pHK_,, relationship was incorporated based on results

sat* sat

by Suarez et al. (1984) to improve the accuradlge@fmodel.

The sodicity impact is usually evaluated in ternistite reduction in saturated

hydraulic conductivity K,,) or infiltration rate. The reduction i, under sodic

sat
conditions can be interpreted basically as a rasdutie relative effect between both
swelling and dispersion processes (Quirk & Schdfi@b55). At relatively high
electrolyte concentrations, the swelling procesmast likely to be responsible for
reduction is attributed

reducing K. At lower electrolyte concentrations the

sat* sat

mainly to the dispersion process. The dispersiotowat electrolyte concentration
depends on the osmotic gradient generated betwasedavater and soil solution
within the micro-pores (i.e. diffuse double layesijhin the clay crystalline structure
(Emerson & Bakker 1973).

In the UNSATCHEM, the interaction between sodicapd permeability were

introduced based on the reduction Kf,. In this model, it is assumed that the

sodicity effect acts in the same manner at low watmtent. The reduction of

unsaturated hydraulic conductivity is assumed tsibelar to the reduction oK.

Therefore, if the physical reduction df_, is known, it would be possible to

sat

accommodate the sodicity impact on soil hydrauliopprties. In addition, an

unsaturated hydraulic conductivity K(,.,,) function can be described at

corresponding combined levels of sodicity and sglisimultaneously.

It should be noted that the UNSATCHEM uses the abairbasis for calculating

K. reduction (i.e. individual and total concentrasoof the major cations).

sat

Modelling the chemical reaction during water anduto movement provides a
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temporal and spatial quantitative prediction of anajation concentrations (i.e. €a
Mg?*, and N&). The predicted cation concentrations are usedltulate the chemical
parameters required to quantify sodicity (e.g. exgeable sodium percentage (ESP)

and electrolyte concentrationd)

1.1.5 Conclusion

It is clear that the interrelated effects betweedi@ty and salinity are important to

determine the fate of the salt within the root zamesodic saline affected areas.
Therefore, these interrelated effects are essettti@etermine crop response and
appropriate management of sodicity and salinity enndrigation. The effect of

sodicity clearly appears in soil hydraulic propesti Hydraulic properties of the soil
are the main characteristics that are responsibléhe conveyance of water and salt
during irrigation and plant water uptake. Thugsitrucial to determine the change

of hydraulic properties during irrigation.

Modelling is an appropriate way to develop suitaimieanagement of sodicity and
salinity problems under irrigation. However, sotlicis ignored in most available
models. However, the effect of sodicity was addrdsst UNSATCHEM using a
reduction function that includes the McNeal clayeliimg function and the influence
of the pH on the soil conductivity. However, theaksation of this model is still
limited under highly sodic conditions. Improvingetigquantification of the negative
sodium effect on soil structure can improve modgllof water- solute movement in
the water soil and plant systems. Subsequentlyeips to investigate different

management options in an efficient way.

9 PhD Dissertation



Chapter 1: Introduction

1.2 Overview of research

1.2.1 Research hypotheses

The hypotheses to be addressed in this PhD thesis a

1) Highly saline-sodic water can be used in irrigationusing appropriate

irrigation management including amendments.

2) The interaction between physical and chemical sofroperties can be
quantified more precisely, taking into account thefactors that influence

soil degradation due to sodicity.

3) Modelling water and solute movement under sodic catitions can be
improved if the interrelationship between the phystal and chemical

properties is quantified precisely.

1.2.2 Specific objectives of research

This project aims to improve modelling of water auute movement by taking into
account the change of soil hydraulic propertieseusddic-saline conditions. The main

objectives of this research are to:

1) Characterise the soil structural degradation aasettiwith the application of

saline sodic water.

2) Evaluate the current models which adjust most hyldr@roperties in respect

to soil chemical changes.

3) ldentify strategies to improve the ability to modsil structural change

associated with the application of saline-sodicensat
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1.3 Structure of dissertation

This dissertation contains eight chapters addrgdsia importance of the processes
involved in soil structure degradation due to sitgiand salinity. Chapter 2 serves
as a general review of salinity and sodicity praiden the soil-water-plant system
and the methods used to quantify these problemay @actions under sodic

conditions are also reviewed along with the cureamtwater and solute models.

Chapter 3 reports on a laboratory study conduateevaluate the effect of applied
water quality on soil physical degradation. Thigdst alsoevaluated the benefits
associated with the use of gypsum and pH amendm@napter 4 reports on a
preliminary evaluation of the UNSATCHEM soil-watand solute model using data
obtained from the laboratory study (chapter 3). itatons in the UNSATCHEM are

identified, and provide the basis for subsequardiss.

Chapter 5 reviews clay swelling theory, and proside justification for the
development of a generic clay swelling model. Tkeagic clay swelling model is
developed in chapter 5 and validated in chaptesibgulaboratory data measured on
three local soils and published data for two sfsdsn Tasmania. Chapter 7 reports
on an evaluation of the UNSATCHEM model after tlevngeneric clay swelling
model was implemented. Chapter 8 presents the wsinals arising from this

research and provides suggestions for future relsear
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CHAPTER 2: Review of Salinity and Sodicity under
Irrigation

2.1 Introduction

The aim of this chapter is to describe the problestested to salinity and sodicity in
the soil-water-plant system and the methods usephantify these problems. It also
provides a justification for this research. Thiggter contains six sections. Section
2.2 starts with the definitions of salinity and &ty and their interrelationships. It
also discusses the mechanisms of developing saéind sodicity problems and their
relationships in the soil-water and plant systeecti®n 2.3 discusses the effect of
salinity and sodicity on soil and water movementlemirrigation. Furthermore, it
discusses the clay reactions under sodic conditdosy with the main factors that
influence sodicity problems. Section 2.4 is a brefrview of sodicity-salinity
management. Section 2.5 provides a discussion atmmatelling soil-water and
solute movement within the root zone. The curreiitwater and solute modelling is
reviewed along with the models most widely usedjantify the sodicity effect.

Finally, the review is concluded in section 2.6.

2.2 Salts in the root zone

2.2.1 Salinity

Salinity is the concentration of dissolved minesalts in water and soil-water as a
unit of volume or weight basis (Ghassemi et al.5)9®ifferent qualities of water
usually contain nearly the same ions of the elemdrite major ions present in water
are the anions of chloride (§Isulphate (S¢). bicarbonate (HC®), carbonate
(COs*) and nitrate (N@) and the cations of sodium (Na calcium (C&,
magnesium (M%), and potassium (K. In hyper saline water, other constituents can
be present, such as barium (Ba), strontium (Shjuln (Li), silicon dioxide (SiQ),
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rubidium (Rb), iron (Fe), molybdenum (Mo), mangandgdin), and aluminium
(AI*") (Tanji 1990). Soil solutions have the same comptmehelements that are in
water. The ratios of the constituents in soil-watepend on the chemical reactions

that take place in soil-water-plant systems undésrént conditions.

Chemical analyses provide full details of wateirsiyl (i.e. pure water or soil-water
extract) and specific ion concentration. Howeves,aageneral predictor, salinity

usually is described in irrigation as total saltespective of its constituents.

The total dissolved solids (TDS) can be determisietply by evaporating a known
amount of water to dryness, and weighing the gtyardf dissolved materials
contained in that amount. The TDS has historidadlgn expressed in parts per million
(ppm), which is a unit of measurement of the wedjrgalt per unit weight of solution.
This unit can be used for more diluted solutiorhsas water encountered in irrigation.
However, ppm might not be accurate in high salinkymore appropriate unit is
mg/litre (Bresler et al. 1982). It should be notkdt the TDS method might contain
some errors because various salts exist in wateliffierent hydration states, which
depend on the drying condition (Bresler et al. 2982 addition, measuring TDS is

tedious and time consuming.

Electrical conductivity (EC) is used as a fast mdtho evaluate water salinity. EC
measurements are based on the fact that the edaturrent transmitted between
two electrodes (i.e. with standardised solutiomgerature and electrodes areas that
usually equal to unity) increases with an increabeoluble ionic salts and vice
versa. The basic Sl unit of EC is Siemens per n{&m). In agriculture EC is often
low. Thus deciSiemens per metre (dS/m) has beealigsed. The unit (mmhos /

cm) used in the past is numerically equal to dS/m.

EC can be related to electrolyte concentratiomasjuation 2.1 for different solution

conditions:

logC, =a+wlogEC (2.1)
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whereC, is the salt concentration expressed in mifiitoe, w and a are empirical

parameters which vary with different mixed solupand have values of about 1.

Bresler et al. (1982) and Smith and Hancock (198pprted that such a relationship
might not always hold, especially at higher solatencentrations. A simplified
version of equation 2.1, which can be used to t¢afewsalt concentration presented
in mmol/litre for a range of EC between 0.1 and 10 dS/mlmawritten as (Bresler
et al. 1982; Dudley 1994; USSL Staff 1954):

C, =10x EC (2.2)

Bresler et al. (1982) have indicated that the E@dunation 2.2 increases less rapidly
with increase of salt concentration. At higher salicentration, equivalent to that in sea

water (about 33 g/litre), equation 2.2 underestsitie actual salinity by nearly 20%.

Soil-water salinity depends on the water contenviaich the salinity needs to be
determined. Separating the soil solution from th& sample is difficult and the
extracted water is usually insufficient to condabemical analyses. Therefore, an
extra known volume of water can be added to thessonple before extracting the
soil solution. The extraction process can be peréaf after mixing a given weight of
soil with certain volume of water. Different soilager extract ratios have been used
to predict soil salinity such asol:5water lsoil: 2.9vater aNd Loii: Lwater €Xtract. A good
approximation of soil-water salinity is that measiin a saturated soil paste extract.
Saturated soil paste extract can be prepared iohwahgiven weight of soil sample is
saturated and then the soil solution extractedceSihe water content at saturation is
nearly twice that of field capacity (Rhoades 198Bg salinity measurement of the
saturated extract is approximately half of therssliat field capacity (Rhoades
1982). The salinity predicted in soil solution &ld capacity is usually used as a

standard value for comparison of salinity data.

Soil salinity in the field can be monitored usingrieus instruments. Examples of
these instruments are a salinity sensor basedeotratic conductivity, time domain

reflectometery (TDR), and inductive electromagnetieter (Dudley 1994). More
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details about the instruments used to predict fedd salinity were reported by
Rhoades et al. (1999).

Soluble salt is usually added to the root zone witgation water. The suitability of
water for irrigation is evaluated by the amount sifluble salt included, its
constituents and the crop response. Ayers and \bfedt®76) concluded that water
quality problems occur in four general categorigghich are salinity, soil
permeability, toxicity, and miscellaneous. Assessma& water salinity is highly
dependent on crop salt thresholds. Soil permeglilits a strong impact on water
and solute movement. Degradation of soil permdgbitan produce complex
problems related to water logging and aeration. altdition, declining soil
permeability might compound the salinity problemgxicity occurs when certain
ions exceed the crop tolerance level. Salinity [@mis might also result in
miscellaneous problems such as delaying of crournitytand excessive vegetative

growth because of excessive nitrogen in irrigatatew(Ayers & Westcot 1976).

Hoffman (1986) determined three main factors tdweata water for irrigation which
are salinity, sodicity and specific ion toxicitid?ratt and Suarez (1990) pointed out
that water suitability for irrigation might be inftnced by chemical reactions of
dissolved salts in water, chemical and physicalperbes of soils, climatic
conditions, and irrigation management practicesr-\Basef (1999) added two
further factors in the case where municipal or cé&y water is used for irrigation.
These factors are biochemical oxygen demand, wiscthe quantity of oxygen
required for microbial degradation of organic compds in water at 2@ and total
suspended solids in water. Many guidelines have Ipeevided for irrigation water
quality, which depend on these components (e.g. BGKZ & ARMCANZ 2000;
Ayers & Westcot 1985; USSL Staff 1954). These fextehould be evaluated

concurrently before using the water in irrigation.
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2.2.2 Sodicity

The level of sodium present in a water or soil ngportant as it influences the
structural stability of clay minerals and the pdi&nfor dispersion, erosion and
drainage problems. The sodicity of water or soilgsially described in terms of the
relative proportion of sodium cations comparedhe divalent cations (i.e. calcium
and magnesium) in solution. The sodium adsorptio (SAR) of water (including

soil solutions) is calculated as:

SAR=___N& (2.3)

Ca2+ + MgZ+
2

where the cation concentrations are expressed iolgtitne. However, sodicity in

soils is expressed by the exchangeable sodiummege (ESP) and calculated as:

Exchangedle Na N
CEC

ESP= 100 (2.4)

where CEC ighe cation exchange capacity. The CEC is the suexofiangeable
cations such as NaC&*, Mg”* and K’ (as well as A" in low pH soils) expressed in
mmol,/100 g.

2.2.3 Relationships between SAR and ESP

Using the measured ESP as an indicator of the édweldium on soil exchange surfaces
may have errors due to the difficulties in determgnthe CEC. Qadir and Schubert
(2002) concluded the reasons for deficiency of ESRree points: (a) the extraction of
exchangeable Gaand Md" during the chemical analysis process might caosees
CaCQ and MgCQto dissolve, erroneously leading to an increasappiarent CEC
especially in calcareous soils; (b) the CEC inalde charge soils depends on pH, solute
concentration and buffering capacity of soil-watgtract; (c) the removal of Nay
extraction from a source that does not contaime fiorm of exchangeable Nsuch as

sodium zeolites. Furthermore, determining the CEf@rie consuming.
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So and Aylmore (1993) showed that the exchangestgum content (ESC) (in
which the level of sodium are expressed on an -oved soil basis rather than
relative to the cation exchange capacity (Cook &lI&tul997)), which is closely
related to SAR is a better indicator to evalua@isty. Likewise, Cook and Muller
(1997) compared using ESP and ESC to evaluateiggdiad concluded that ESC
or SAR were more the appropriate indices to evalubte negative Naeffect.

However, using the ESC as an indicator of the le¥/ebdicity instead of ESP is still

limited in the literature.

SAR is thermodynamically more appropriate becausg@proximates the activities of
various cations in solution (Chartres 1993). Iniald SAR requires less parameters
(the concentration of NaC&* and Md"), and can be determined from the same soil-
water extract used to evaluate the EC in soil molyQadir & Schubert 2002).

SAR, however, does not take into account the chahgalcium concentration in soil
solution as a result of change of solubility of ®&" (Ayers & Westcot 1985; Qadir
& Schubert 2002). Sodium remains soluble and inliegum with exchangeable soil
sodium all the time. Conversely, Caloes not remain completely soluble >Daight
be raised in soil solution because of dissolutidnseil minerals. C& usually
precipitates in the presence of carbonates, bicatbe and/or sulphates in solution.
This process follows the irrigation which mightdet error in the calculation of SAR
of soil-water. In brief, the presence of carbonates bicarbonates in the water
contribute to soil structural degradation in thegderm because the precipitation of
calcium carbonate will further increase the relatencentration of sodium ions or the
values of SAR in soil-water. Adjusting the SAR toceunt for the increase of
carbonate and bicarbonate concentrations in iroigavater has been reported by
Ayers and Westcot (1985), Rhoades (1982) and S(a984).

Furthermore, averaging the concentrations &f @ad Md" in equatior2.3assumes
that both cations contribute equally to overcome dhiverse effect of Nacations.
However, many researchers (e.g. Brady 1990; Emets@hi 1977; Keren 1991;
Rengasamy 1983) pointed out that #1gas a low tendency to flocculate the soil
colloid compared with C4 especially where Mg is presented in significant

proportion. Conversely, a high concentration of’Maight induce clay dispersion.
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Therefore, equal weight should not be given tdVimd C&" while calculating SAR
(Qadir & Schubert 2002). In gener@AR evaluation procedures were widely used

for most waters encountered in irrigation (Ayer§\&stcot 1985).

The ESP is closely related to the SAR of the appWater. USSL Staff (1954)
indicated that if the exchange reactions betweeinsstution and the soil colloid
reach an equilibrium state, the ESP is closely equ&AR in the range of 0 - 40.
The SAR-ESP relationship provides an easy way tonate the ESP (Qadir &
Schubert 2002). Empirical relationships between SARd ESP have been
established for different soil types. For examplengasamy et al. (1984) established
a linear relationship between SAR in soil-wateraott (1:5) and ESP with“Rabout

0.82 for 138 samples of Australian soils. The Imedationship can be written as:

ESP=1.95SAR, + 18 (2.5)

However, equation 2.5 was obtained for relatively halues of SARs (0.38-12.4)
and ESP (0.42-22.2).

The SAR-ESP relationship developed by SSSL St&%4) was based on a linear
correlation between experimental measurements ibegohangeable sodium ratio
(.,e. ESR = EXNa/(CEC-EXNa)) and ESP for 51 Amaricsoils. The linear
relationships produced tR0.923) was:

ESR=-0.0126+0.01475SAR (2.6)

where EXNa is the exchangeable sodium concentratomce the ESP can be

calculated from ESR as:

2.7)

ESP= 100><( ESR j

1+ ESR

The relationship can also be written as:
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_100(-0.0126+ 0.01475SAR
1+ (-0.0126+ 0.01475SAR

ESP

(2.8)

It is noteworthy that the SAR-ESP relationship @arfrom one soil type to another
due to differences in clay minerals content andutexin soils. Figure 2.1 shows the
comparison of different empirical parameters fonagpn 2.8 over a wide range of
SAR. It can be observed from Figure 2.1 that at @R values some equations
produce negative values of ESP. The equation dpedldy USSL Staff (1954)
gives negative values of ESP below SAR (0.5). Tineagons from Ghafoor et al.
(1988) also produced negative values of ESP for S8alRes less than 3. The results
indicate that SAR= 0 at ESP higher than zero, wdillESP is zero, negative values
of SAR were produced. These results indicate thatnbinimum value of ESP of
zero (Dudley 1994) was ignored during the regressioalyses between SAR and
ESR. The negative predictions for ESP values prediutom these equations
indicate that these models should be correcteleatower range of SAR-ESP (i.e.
SAR approaching zero). However, equation 2.8 hash kspproved for values of
SAR and ESP up to 65 and 50, respectively, for @ewange of soils including
Australian soils (Department of Natural Resourc@$7] Skene 1965).
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7 —— (USSL Staff 1954) ESP=[100(-0.0126+0.01475SAR)}/[1+(-0.0126+0.01475SAR)]

2 | — - - (Frankin and Schmehl 1973) ESP=[100(0.0063+0.0124SAR)]/[1+(0.0063+0.0124SAR)]

Exchangable Sodium percentage (ESP) (%)
\

— - - (Paliwal and Gandhi 1976)ESP=[100(0.1149+0.0109SAR)}/[1+(0.1149+0.0109SAR)]
- = - - (Ghafoor et al 1988) ESP=[100(-0.0867+0.02018SAR)]/[1+(-0.0867+0.02018SAR)]
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0 N = — (Ghaloor et al 1988) ESP=[100(-0.0268+0.02588SAR)|/[1+(-0.0268+0.0288SAR)]
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Figure 2.1 Comparison of different SAR- ESP relatiaships published in literature as presented in
Qadir and Schubert (2002) at wide range of SAR (06B) for different type of soils

Note that SAR1:5 designated to Sodium AdsorptiotidRz soil to water extract 1:5, and SAR is
Sodium Adsorption Ratio of saturated soil pasteaext
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2.2.4 The distribution of salts within the root zoe

The salt movement and accumulation within the roate varies with different

irrigation systems. Salt distribution profiles dedeon the irrigation system and its
management, climate, and the soil condition. Spemkiood or border check, and
level basin irrigation systems produce one dimeraiwertical flow. Thus, for these

systems most of the salts are expected to accuenimahe lower parts of the root
zone (Burt 1995). The upper parts are leached éyafplied irrigation water. Root
water extraction results in salts increasing incemtration as water flows downward
through the soil profile (Tanji & Kielen 2002). Rezkd water flow at depth also
leads to a reduced capacity to flush salts fronpéeearts of the root zone (Burt
1995; Tanji & Kielen 2002). Furrow and trickle (ilne source) irrigation systems
produce two dimensional water flow. The salt maguaculate in the upper part of
the root zone between the adjacent rows (Figure 2.82emi-spherical water flow is

inherent with drip (i.e. point source) irrigaticallowing the salt to accumulate away

from the water source.

vY
R , Farrma?
Furrow Sprinkler Drip Subirngated
I 10 25 50

Soil Salinity, EC,dS/m

Figure 2.2 Root zone salt distribution under diffeent irrigation systems

Source: (Oster et al. 1984)

A more complicated situation can be found undefisigation systems. In these systems,
water and solute flow in spherical dimensions. Tie@n complexity in this system is

water moves upward to soil surface. Such water mené allows salt to accumulate in
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the surface soil. However, rainfall can flush dowravthe salt accumulated near the soil
surface, which makes controlling salinity undes $ystem difficult.

Furthermore, root zone salt distribution is diffgdren the presence of a shallow

water table as capillary rise plays a major roleedistributing the accumulated salt

within the root zone (Burt 1995; Scherer et al.@)99

Smith and Raine (2000) divided the historical higmg of irrigation practices into three
stages; traditional irrigation, precise irrigatiamd prescription irrigation. The past
practise of irrigation was simply applying water dmps. Current practise is more
precise irrigation which ensures the efficient aniform application of water to meet
the spatial average requirements of crop. Futwspeicts include prescription irrigation
which is the accurate precise and possibly spatralliable application of water to meet
the specific requirements of individual plants.athg new developments in both design
and management can provide differential delivergmifmal irrigation water quantities
over an entire field (Perry 2006), which is notfamn and has a variation in soil type,
soil-water capacity, yield potential and topografBgnnis 2006). Precision irrigation as
a current practise can be definedtlas accurate and precise application of water to
meet the specific requirement of individual plamtsmanagement units and minimise
adverse environmental impa@aine et al. 2005). Under these systems moretiatte

should be paid to salinity and sodicity effects.

2.2.5 Crop responses to saline conditions

The responses to saline conditions vary among dsapghe reaction can be similar.
Two kinds of salinity effects can be distinguishBdst is the osmotic effect, which
can induce losses of the plant energies that aeeletk for other physiological
processes. If the osmotic potential of the soilobees low, the root tissues suffer
osmotic desiccation (Katerji et al. 2003; Tanji Q%S econd is the toxicity effect, as
a result of a certain ion level rising above iteetihold (Katerji et al. 2003; Tanji
1990), which makes determining the general threkshfdr crops more complicated
(Patel et al. 2002). The situation can be more reeaé the lower water contents,
where the plant is expected to reach wilting painhigher levels of moisture than
when less saline water is used (Burt 1996)addition, the salinity has a strong
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impact on the chemical properties of the soil imegy that can hamper the absorption
processes of the vital nutrient elements (Lauchkg@stein 1990). Figure 2.3 shows

the main effects of salinity on crop growth.

/Saﬁm\

Osmotic Specific ion
effects effects
Succulence; Disturbed _ _ _Disturhed.. _Toxicity Essential
g;rlmfth water mineral for growth;
stimulation  relations nutrition specific
high total functions
dissolved
solids in

fruit
Sodicity
Figure 2.3 Effects of salinity and sodicity on plats

Source: (Tanji 1990)

During last century, many researchers conducte@rarpnts to determine the salt
tolerance of crops. Maas and Hoffman (1977) havensarised these data and
carried out a comprehensive analysis of salt to¥adata, which was updated by
Maas (1990). The assumption is made that the pémmptonds to uniform root zone
salinity. Crop tolerance is described as functiofhe yield reduction across a range
of soil salinity (Maas & Hoffman 1977; van Genucaht Hoffman 1984).

There are substantial difficulties in determiningal solution parameter that can be
readily measured in the field and is related toptasponse (Smith & Hancock 1986).
Many empirical methods have been proposed to deterrmot zone salinity that can
be used as an indicator of plant response. Bem&t®b61; 1964) assumed that salinity
in the drained water can be equal to the plantisalihresholds at which the yield in
the salt tolerance experiments decreased to 50%rage, field, and vegetable crops,
and 10 % for fruit crops. Bernstein and Franco®7@) suggested that the leaching
requirement of Bernstein (1961; 1964) can be retditmene fourth as crop growth is
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comparatively insensitive to salt concentrationthi@ lower part of the root zone. Van
Schilfgaarde et al. (1974) recommended that trestmids should equal the salinity at
which the roots cannot extract the water from tha& zone. However, Hoffman and
van Genuchten (1983), and Rhoades (1974) concltiidexperimental evidence
indicates that the Bernstein (1961; 1964) methadestimates the plant salt threshold,
while the van Schilfgaarde et al. (1974) methodenestimates the plant salt threshold.

A logical assumption for the root zone salinitythait the salinity in the soil-water
will be between the irrigation salinity and salhcentration in the drainage watéy

(Bernstein & Francois 1973; Cavazza 1989; Rhoade&s4)l Rhoades (1974)
suggested that the crop responds to an averageosakntration in the soil solution

C,.. Which will lie between the salt concentrationthe irrigation watelCi; andCy.

ws !

which can be shown as:

C -K—;(Cd +C,) (2.9)

ws ~
where k, is an empirical constant.

Hoffman and van Genuchten (1983) related crop respao the linearly averaged
salt concentration of the root zone. The relatignstas expressed as a ratio of the
salt concentration of the irrigation water. An empotial root water uptake pattern

function was assumed giving:

CE :Li+ sl +-1,)g*"] (2.10)

ir f Zr Lf
whereC is the linearly averaged salt concentration ofrtizeé zone,d is an empirical

constant set t®.2z, , z, is the depth of the root zone, ahd is the leaching fraction.

The effect of the variation of salinity on the glaasponse is involved through the

weighted average root zone salinity.
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The spatial variation of the salt concentrationghtihave a significant effect on the
crop response. Bernstein and Francois (1973) reemued using the weighted
average root zone salinity. Minhas et al. (1990ateel crop performance to the
weighted average root zone salinity. Maas (1990pnted that crop growth is closely
related to the soil-water salinity in that parttioé root zone where most water uptake
takes place. Therefore, plant tolerance to salldcba related to the time- integrated
salinity of the part of the root zone contributitige most root uptake. Furthermore,
Rhoades (1982) mentioned that crop yields arerbstteelated with the water-uptake
weighted root zone salinity for crops irrigatedadaily or near daily basis (localized
or drip irrigation). Moreover, Ayers and Westcot98b) commented that the

differences are not great but may become impowtghthigher salinity.

However, many researchers indicated that the pksgonds to average root zone
salinity irrespective of root water extraction. Fetample, Meiri (1984) concluded
that there is a stronger relationship between gnghd and average root zone
salinity, compared with weighted average root z@adinity. Hoffman (2006)
mentioned that‘the plant response is better correlated with aage root zone
salinity, but the problem is determining that awgga Evidently, clarifying the
effect of the variation of salinity within the rombne requires a better prediction of

spatial distribution of soil profile salinity.

2.2.6 Leaching of salts from the root zone

Leaching is associated with water flow in soil. Meslute transport is by the convection
process (Raine et al. 2005). The main leaching recduring irrigation when the

irrigated water infiltrates and redistributes il goil. This infiltrated water does not mix
readily with the soil-water. Miyazaki et al. (1998)ncluded that the infiltrated water
pushes the soil solution away from the infiltratisgurce during the infiltration.

However, the displacement of the soil solution right happen in blocked pores or in
the inner pores of clayey aggregates. Furthernaregarly study by van Genuchten

(1976) indicated that a part of the solute mightai in these spaces.
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During the irrigation, two paths of the infiltrateghter into the soil can be distinguished,
which are bypass water flow, and soil matrix wditaw. Bypass flow is the part of the
infiltrated water that passes quickly into the keaor larger pores and out of the root
zone (Tanji & Kielen 2002). This part of the infdted water does not significantly
participate in the leaching process. The secondppases through the pores, which are
filled by soil solution, and convey a high partloé soluble salt (Miyazaki et al. 1993).

The main strategy that should be used for effidesnthing is to reduce bypass flow and
the proportion of soil pores that do not contribatenatrix flow (Miyazaki et al. 1993).
The bypass flow can be controlled by the infilbatrate or application rate during the
irrigation to assure that unsaturated flow proceskaninate (Khosla 1979; Rycroft &
Amer 1995). Reducing the application rate might alkow the solute in the remaining
soil solution to diffuse to the drained water (Rite®1982). Furthermore, rising sodicity
levels might lead to an increase of micro-poresritain soil solution. This might affect
the leaching processes negatively. Under such toomgli using the pulse irrigation

technique could improve the leaching process (Ha2o@y).

Leaching under steady state conditions

Traditional methods for determining the leachinguisgment of an irrigated soil
assume steady state conditions. There are four fumdkal assumptions associated
with this approach. Firstly, irrigation water mixesmpletely with the soil solution.
Secondly, the exchange processes and chemicaloresaethich take place in soil are
not taken into consideration, which means there rawe salts precipitated or
dissolved. Thirdly, the amount of salt supplied estifisers and exported by crops is
negligible. Finally, the drained water carries Hane mass of salt as applied in the
irrigation water. Soil salinity is assumed constémm one season to the next
(Rhoades 1974; Tanji & Kielen 2002; USSL Staff 1958he simple formula to
calculate the leaching requirements (LR) basedteady state conditions can be
expressed as (USSL Staff 1954):

Lr=Das o EC (2.11)
D,  EC,

r
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where D, is the depth of drained wate,, is the depth of irrigated wateEC, is
the electrical conductivity of the irrigation wat@S/m), andeC, is the electrical

conductivity of the drainage water (dS/m).

The steady state assumptions have been made ttifgithp leaching calculation.

However, weathering of the soil matrix and dissolutof fertilisers may be a
significant source of salts in the long term (Rhesad982). Similarly, salts may
precipitate out of solution or be taken up by thepc In addition, mixing of the

irrigation water with soil solution is not alwaysmplete and is influenced by the
presence of the preferential flow paths (Miyazakiae 1993). The term leaching
efficiency has been used to indicate that ther® fiaction of irrigated water which
passes through the large pores within the root gomewith little increase in the salt
content) (Stevens 2002), while the remaining watetes with soil solution in the

smaller pores to convey the salt out of the rogtezdHowever, fine-textured soils
(where cracks and large pores may abound, andisagti micro-pores retain water)

have lower leaching efficiency (Bouwer 1969).

The steady state leaching might be achieved undewacases, particularly in the
long term. However, steady state conditions arkcdif to achieve due to variations
in the applied water quality, solute movement withihe soil, root water uptake
dynamics and the physical and chemical changesnatitie soil profile. Therefore,

salt concentration and distribution is expectedrdoy during the cropping season
(Mmolawa & Or 2000). Van Hoorn et al. (1997) congaicexperiments in lysimeters
using different crops and concluded that complebteing and homogeneous salt
distributions do not exist in reality. However, thiteady state model might be useful

for estimating long-term average salinity of thé poofile.

Leaching under unsteady state conditions

The main criterion of unsteady state conditiondh& some of the salt added by the
irrigation water remains in the root zone or viegsa. The unsteady state conditions
are dominant especially in the field where the héag fractions are low (Hamdy
2002). The salt stored in the root zone can be gredias (Tanji & Kielen 2002; van
Hoorn & van Alphen 1994):
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|' EC _ Dd S%tart
ir ir efc
ASa= 5 (2.12)
1+
20

where |, is depth of irrigation waterASa is the change of salt storage within the
root zone, Sa,,, IS the initial amount of the salt in the root zpa@&d &,. is the

moisture content at field capacity.

An alternative model which has been used in heaily & the chloride mass balance
model (Rose et al. 1979). Chloride is a toxic elethmeoving readily with water within
the soil and into the plants (Ayers & Westcot 198B) this model, the deep
percolation is predicted by assuming that theatian water is the sole source of input
of chloride within the root zone. Taking into catesiation the preferential flow, the
eguation can be written (Slavich & Yang 1990):

d(d:tC| = iir Cir _dL[szz + (1_ fz)CIW]_bziir c:SW (213)

z,6,(L-a)

where z s the root zone deptlg, is the depth weighted mean volumetric soil-water
content at field above, , & is the depth weighted mean anion exclusion volame
proportion of the volumetric soil-water contentaba, , C, is the depth weighted mean
soil-water chloride concentration at saturatiorvabn , f, is the proportion of the matrix
flow that has the concentration of the soil mat@, is the chloride concentration of soil-
water atz, at field saturation water conter@€,, is the chloride concentration of soil-
water atz, , b, is the proportion of applied water moving as bggdlsv pastz, , t is the

time, i, is the rate of irrigation water application, atid is the leaching rate.

1 0r
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2.3 The effect of salinity and sodicity on soil andater movement

2.3.1 Clay minerals and dispersion

Brady (1990) categorised clay types in four majaugs of colloids present in soils;
layer silicate clays, iron and aluminium oxide d&allophone and associated
amorphous clays, and humus. All the groups havergérolloidal characteristics;
however each group has some specific charactariSiticate clay minerals are the
most prominent clay minerals in soils of temperateas and tropical soils (Brady
1990). The most important property of this grouphis clarity of their crystallines,
which are layer—like structured. The silicate diagction in general consists of many
plate-like minerals. Crystalline particles are mageof two basic units which are
tetrahedral silica and octahedral aluminium hydiexin alternating layers as shown
in Figure 2.4. Due to imperfections in the crystiie St* is substituted with
aluminium (AF*) ions and some Al ions are replaced by magnesium ¢¥)gons.
Silicate clays commonly have permanent negativergesa which enable clay

fractions to attract cations.

The silicate clays fall into three subcategoridsctvare 1:1, 2:1, and 2:1:1 type minerals.
The layers of 1:1 types are made up of one sheahéelral silica and an octahedral
aluminium hydroxide sheet. The 2:1 types are caagrby an octahedral sheet between
two tetrahedral layers to form a sandwich like shdfe crystals of 2:1:1 type minerals
consist of two slides of silica tetrahedral and twetahedral. In general, only the 2:1 clay
minerals exhibit swelling during the wetting prazdglost swelling clay minerals for this

group are smectite minerals such as montmorill¢@iteirchman et al. 1993).
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Figure 2.4 Basic molecular and structural componestof silicate clays

Source: (Brady 1990)

The increase of relative concentration of a speaétion in the soil solution can
increase the adsorption ratio of that cation on ¢bkoid surface. The order of
strength of adsorption on the clay surface, whenctitions are present in equivalent
quantities in the soil solution is Aluminium @) > Calcium (C&") > Magnesium
(Mg*") > Potassium (K) = Ammonium (NH4’ > Sodium (N&) (Brady 1990). Clay
particles do not have a very strong preferencewloich cations are adsorbed to
compensate for their built—in negative charges @@Graaff & Patterson 2001). The
relative concentration of the cations in the sollugon might determine which is the
dominant cation being adsorbed. For example, isamgathe Na cations in the soil
solution will replace gradually the €aand Md* cations. However, it is easy to

replace N& on the exchange complex by increasing the divatations such as
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C&”, because Nais less effective in neutralising the negativergka, and clay
fractions have preference for cations with morentbae positive charge (van de
Graaff & Patterson 2001). Therefore, when excessrigation water is applied, it is
most likely that the cations adsorbed on the negatharges are closely related to

the relative concentrations of cations in the addatér.

Sodicity is manifested when the sodium concentnaitiothe soil solution increases
and the structural stability of soil aggregatesrddgs significantly. Quirk and
Schofield (1955) explained that soil structural rdeigtion caused by sodicity in soils
is due to swelling and dispersion processes. Svgelli the increase of aggregate size
as a result of water and sodium cations enteresdast the platelike structure, while
dispersion describes the process of separatingnaoeing the clay layers with
percolated water. According to the diffuse doublgel theory (DDL), both swelling
and dispersion processes stem from the balanceseetrepulsive forces (as a result
of osmotic pressure) in diffuse double layer andh \2eer Waals forces of attraction
on clay fraction surfaces (Sumner 1993). Swellisgaireversible and continuing
process and depends on the threshold concentrati@mbient solution and the
degree of sodicity. Dispersion is not a continyangcess and may occur even at low
SAR as long as soil salinity can not prevent disiper. Dispersion is an irreversible
process because flocculation by increasing conagotr above the threshold level

does not restore the original particle associatarsorientations (Levy 2000).

The clay mineral crystal layers in soils are clpsedsociated with each other to form
structures known agiomains or “tactoids (Quirk 2001). In such systems, dispersion
can only occur if the individual mineral layers asgie. Quirk (2001) described this
system using a simple “three plate model” in whindlividual clay crystals overlap

as shown in Figure 2.5.
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Attraction

Figure 2.5 A simple 3-plane model to describe therangement of clay crystals in a clay domain

Source: (Quirk 2001)

This model is useful for illustrating the swellimgnd dispersion processes and the
effect of exchangeable sodium on dispersion. Whatemor an electrolyte solution
is added to soil, repulsive pressure)(Passociated with osmotic effects and the
change in the diffuse double layer develop overdindace area of the larger slit-
shaped pores. While an attractive pressurg @3sociated with Van Der Waals
forces operates over the surface area of the glasighed crystals (Kjellander et al.
1988; Raine & Loch 2003). Dispersive cations masugium tend to concentrate in
the slit shaped pores (Sumner 1993) and form extem®uble layers (compared to
smaller double layers for cations of higher valgngearticularly if the salt
concentration of the soil solution is low. Thusg tiepulsive force can more readily
exceed the attractive force in soil systems coitginsodium, resulting in
“spontaneous dispersion” when the soil is exposegktess water at low electrolyte
concentration (Raine & Loch 2003). When the repelgorce is nearly equal to the
attractive force, dispersion will require the inmfta threshold shear stress from

flowing water or raindrops (Sherard et al. 1976).

Cook et al. (2006) demonstrated that the structiadlility of soils which have reactive
clay content is dependent on the interaction betvge# sodicity and salt concentration
in the soil solution. Clays will swell and dispersgontaneously at a certain relative
sodium concentration value when the salt concemtrat soil-water is below a critical
electrolyte concentration, defined as the threshaldcentration (Quirk & Schofield

1955), and will be discussed later in this chapter.
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2.3.2 Clay dispersion and hydraulic conductivity

The sodicity impact is usually evaluated in terrhthe reduction in saturated hydraulic

conductivity (K,,) or occasionally infiltration rate. It is worth tag that comparing the
absolute K4,, measurements for a given soil is difficult and nkegd to erroneous
results. TheKg, values for a given soil can vary substantially aegpend on soil
condition. The measurement Bf,,, in the laboratory depends on the length of thle soi
columns and the way they are packed. Therefore,uiee of relativeKg, could

eliminate these variations (Ayers and Westcot 1888\leal 1968; Quirk 2001; Quirk
and Schofield 1955; Simunek and Suarez 1997; Sikneinal. 2005). The relativi g,

requires having a measurementkof,, under conditions at which there is no reduction

of K¢, due to the sodicity effect.

The potential for reduction of infiltration oK, is evaluated on the basis of the

salinity and relative Nacontent of the applied water. It has been showmbayny
researchers (e.g. Quirk and Schofield 1955, Levglef005) that the aggregates

slaking, clay swelling and dispersion are the mpiocesses resulting ifKg,

decrease. Slaking is a physical process in whidh aggregates disintegrate.
Aggregates break down either by explosion of epedpair or by differential
swelling into smaller size aggregates or micro aggtes during wetting of a dried

soil (Ruiz-Vera & Wu 2006). Slaking causes a reductin K¢, as a result of

disintegrating the soil aggregates when water deddo dried clayey soils. Auerswald
(1995) concluded that the air entrapped withingbié pores was the main reason of
aggregate disintegration of pre-wetted aggregafed18 arable top soils during
percolation tests, while shear force of the petowawater, swelling, and clay
dispersion had insignificant effect on aggregatantkgration. Furthermore, Abu-
Sharar et al. (1987) stated that the extent ofrgijatepends on relative concentration
of Na', and for soils with lower salinity levels, dispers can be noted at the final

stages of the slaking process. However, khe, reduction is mainly attributed to the

interrelated phenomena of swelling and disperdi@vy( et al. 2005). Swelling reduces

soil pore sizes, and dispersion clogs soil poresniel et al. 1978). Drastic changes in
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K, due to dispersion and particle movement are irsée, while K o,, change because

swelling is a reversible process. Therefore, deteng which process is predominant is
important (Frenkel et al. 1978).

The K, reduction at high salt concentration and SAR ofewadded seems to be

attributed mainly to the swelling process. McNeatl &oleman (1966), Quirk and
Schofield (1955), and Russo and Bresler (1977apesigd that swelling of clay
particles associated with an increase in SAR coeddlt in total or partial blockage of
the conducting pores. McNeal et al. (1966) foutidesar relationship between reduction

of K, and macroscopic swelling of the extracted soy.dla swelling clay during soil

wetting, the swelling process under sodic conditian be highly dispersive because ion
hydration and osmotic swelling forces pull watedoimterlayer spaces between the clay
platelets. The swelling forces are pushing clatiges apart and causing the breakdown
of the aggregates of swelling soils (Quirk 2001yrtlkermore, many of the bonds
between particles can be broken at the shear pfahe wetting front during the initial
stage of water infiltration into dried soil (QuiZk01).

Clay swelling due to sodicity has not been noteBS® less than 15 % (Oster et al.
1980). However, Smith and McShane (1981) and AstacsWestcot (1985) reported
that low salinity irrigation water, especially belo0.2 dS/m, can cause severe
infiltration problems regardless of the level ofdmity as a result of an excessive
leaching of C&' cations in the soil. Frenkel et al. (1978) invgstied the change of the
water suction along soil columns dominated by mamilfonite, vermiculite and
kaolinite at low SAR and electrolyte concentratiafighe water applied. The results
showed that the hydraulic gradient was increasé¢d @epth before decreasing again
(Figure 2.6). The increase in suction was highleen diluted water was applied. The
results indicate that the upper parts of the ssilrans were clogged as a result of clay

fraction movement or dispersion.
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Figure 2.6 Change of suction head produced by leaidy a column of soil dominated by
Montmorillonite (15% clay, ESP =30) with 0.01N, SAR30 solution and pure water added

Source: (Frenkel et al. 1978)

Emerson and Bakker (1973) explained that when watén a low electrolyte
concentration and SAR was added to the soil, theesooncentration in macro-pores
dropped to levels below the critical concentratibg.a result, a sharp osmotic gradient
will be created between the water solution in mpooes (i.e. inner pores in clay
aggregate between clay layers) and the water innthero-pores. This osmotic
gradient at critical concentration of added wagsemhich the shear stress on the clay
particles exceeds a critical value) will pull thater into the inner pores between the
platelets. This in turn leads to clay dispersionhef outer layers of the aggregates and
is followed by a decreasing osmotic gradient. Adowsmotic gradient below the
critical concentration may cause swelling in theaing clay aggregates. Although
the aggregates do not break down, swelling of thik aggregates into the inner-
aggregate pores occurred (Jayawardane & Beatti®)19his explanation was
experimentally emphasised by Pupisky and Shaind&19) in which a wide range of
SAR and electrolyte concentration were added tdoredn soil columns. In addition,
Pupisky and Shainberg (1979) concluded that aH8®® and electrolyte concentration

the main process causing degradatiorkKgf, is clay dispersion while swelling is the

main reason at higher ESP and soil-water salinity.
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The dispersion process might be highly dependertherosmotic gradient, initiated
between the added water solution percolating inraapores and water solution in
the micro-pores. Keren and Singer (1988) showedatiding deionised water to soll
columns after a leaching by 10 mnpfliire solutions with SAR 5, 10 and 20 resulted

in a sharp decrease iy, and the appearance of clay fraction in the outflow
Nevertheless, no clay fraction was noted in thélmutand the reduction oK,

was less and gradual when applying 10 mfitoé solution and was followed by

incrementally lower concentrations before applyiegpnised water.

The reduction inK g, under sodic conditions can be interpreted bagiealla result of
the relative effect between both swelling and d&spe processes. The,, reduction is

a result of many factors inherent with soil itssfid soil condition. Dominant clay types
may be a major factor that determines which progaswvails. The threshold

concentrations concept discussed later in sectidni2 2is useful to distinguish
between the processes of clay swelling and dispengithin the soil. TheKg,
reduction within soil might be the result of totdfect of clay types within the soil,

which may disperse or swell by different mannersafiected by many factors

associated with soil conditions.

2.3.3 Factors affecting dispersion and hydraulic eauctivity

Temporal changes in soil-water content

The effect of temporal changes in soil-water sugltha initial water content, rate and
ageing of wetting under sodic conditions might havesignificant effect onKg,,
reduction. Panabokke and Quirk (1957) concludetdttierate of wetting is the main
factor causing the breakdown of aggregates orrgjaKihis result from Panabokke and
Quirk (1957) suggests that slaking will result ifiugther decrease oK. Key and

Angers (2000) mentioned that slaking at differemtial water content (i.e. result in

different initial wetting rates) might shift the ngosize distribution toward smaller pores.
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Moutier et al. (1998) examined the addition of watietwo sodicity levels (i.e. ESP = 0
and 10) to columns of two clayey soils. TKg,, was measured in the soil columns under
two different hydraulic gradients (2.9-12 cm) anffecent ageing durations, which
produced different leaching times. For both sogligvels, the results showed that the
lower hydraulic gradient (20 h leaching) maintaisgghificantly higherK,, compared
with leaching under a higher hydraulic gradientsfeort period leaching of 3h). In
addition, Moutier et al. (2000) evaluated the dffet the rate of leaching with Ca-

solutions below a threshold concentration and dighlled water. The results showed that

when the soil samples were leached with Ca-sokitkén,, depends highly on the rate of
wetting (i.e. the higher wetting rate the low€t,, produced). However, leaching with

distilled water led to a notable decreas&ig, irrespective of the wetting rate.

Shainberg et al. (2001) studied tKe_, of five soils, varying in texture with a range

of ESP (i.e. 2, 6, 10%) leached with distilled wates a function of wetting rate. The
results indicated thaK, values at the beginning of the leaching were lafge

slow wetting compared with fast wetting. FurthersmoBShainberg et al. (2001)
observed that th&k,, of sodic soils decreased more steeply and to loxa&res

with the increase in the rate of wetting. Levy £t(2005) studied the combined
effect of water quality, ESP, and the rate of wetton the initial, steady state, and
relative K¢, of four semiarid soil types varying in texture.ejhconcluded that the
wetting rate effect increased with increasing dagtent in the soils especially when
distilled water was applied. Levy et al. (2005) gested the wetting rate, sodicity

and salinity should not be considered independdniy simultaneously to better

simulate possible conditions that may prevail i fileld.

Clay mineralogy and content

The imperative factor that has been related todsfibcculation or the reduction of
the hydraulic conductivity is the type and the antoaf clay mineral content in soil
(Goldberg et al. 1991). For example, McNeal ande@win (1966) found that soils
containing high proportions of kaolinite were matble compared with soils
containing montmorillonite. In addition, they notéuat dispersion increases with
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increase of montmorillonite in soils. Alperovitchad. (1985) and Oster et al. (1980)
found that illite clay was more sensitive to soichan montmorillonite. Oster et al
(1980) explained that the selectivity for excharmdeaNa is greater for illite

compared with montmorillonite. McNeal et al. (1968jowed that the&K,, further

decreases under sodic conditions when clay comtergases in the soil. Mcintyre

(1979) showed that for soils containing illite cldg., decreased linearly with
increasing clay content. However, the decreasK gf with increasing clay content

was not significant for soils containing montmanilte.

Reduction inKg, seems to be more complicated in soils of diffetexture and
mixed clay mineralogy. Surprisingly, the changekaf,, can occur in coarser texture

soils. For example, Felhendler et al. (1974) fothmat clay dispersion increased and

K, decreased in soils with higher silt content coregawith other soils that had the

same SAR, clay mineralogy, and electrolyte conedéioti. Pupisky and Shainberg

(1979) found that the&K,, in sandy soil with low clay (mixed montmorillonignd

kaolinite) content increased because of defloccunadnd clay movement out of the
soil column. The clay type mixture and soil textiseone of the main factors for

determining the soil flocculation condition.

Soil pH

Sumner (1993) explained that soils are composadwtle range of clay minerals that
exhibit both permanent and variable charges of Ilpafarities. He presented the
following discussion. The change of pH in soil solution has no effecttoa
flocculation of permanent charge minerals. Convgrsim case of variable charge
minerals, the increase of pH above (pffle. the pH value at which there is equal
numbers of positive and negative charges on théctaisurface) increases negative
charges. Whereas below it, positive charges in&easd soil water solution
oppositely charged surfaces would interact owinth@soil system to be flocculated
Figure 2.7 illustrates the effect of pH in thred sgstems that have permanent charge
minerals, variable charge minerals and a mixedsystem that have both types of the
clay minerals. The point of zero net charge (PZKKgure 2.7) is defined as the soll

pH at which the positive and negative charges énvthole permanent and variable
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charges surfaces are equal. A detailed descripfidhe effect of pH on clay charges
can be also found in Brady (1990), and Brady and {2@08).

) high conc
high conc low
& low pf{“ conc

_C_E cone f
© K /RN pH
["I'I 4
-+ 0 PZNC
Permanent Variable Mixed

Figure 2.7 Variation in charge with pH and electrojte concentration of the ambient solution for
permanent, variable and mixed charge systems

Source: (Sumner 1992)

The pH of the soil solution is shown to have aigant effect on clay dispensability at a
given salinity and sodicity level for most soilsig®ez et al. (1984) examined the effect of

a range of pH values including 6, 7, 8, and 9Kay, for three different soils at constant
SAR and electrolyte concentrations. The resultsvelldhat theK ¢, decreased and clay

dispersion increased with increase of pH in twoyeya soils dominated by
montmorillonite and kaolinite respectively. Thesea given for this result is differences
in the quantities of variable- charge minerals @rmgénic matter. Gupta et al. (1984) found
that increasing pH from 6 to 10.8 for a Na satarail with a high percentage of illite

resulted in an increase in clay dispersion.

It is worth noting that the increase of pH couldig@ a significant increase of ESP.
Khajanchi and Meena (2008) mentioned that ther lisear relationship between

ESP and pH of the soil saturated paste. Figursl®@ss clearly that a small increase
in the pH could result in a large increase of tl8PEvalues. This suggests that the
increase of the pH enhances the preference dtdNbe adsorbed on clay colloids. It

also indicates that the increase of ESP with ptHesmain factor that determines the
clay deflocculation at given sodicity and salinigyels. Thus, the negative effect of

pH on soil deflocculation may be due to the inceeafsthe ESP.
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Figure 2.8 Relationship between soil pH at saturatepaste and ESP of Alluvial alkali soil

Source: (Khajanchi & Meena 2008)

Organic matter

Quirk (1994) mentioned that organic matter, whi@n cstabilise soil aggregates
against slaking, can also induce clay dispersianreferred to this behaviour as the
organic matter paradox. The negative effect ofdiganic matter has been reported
by many researchers. For example Gupta €t18B4) demonstrated that increasing
soil organic matter under moderate to highly saxdinditions (i.e. ESP between 10
and 30) encouraged clay dispersion in soils. Tretgdthat the dispersion is more
pronounced in non-calcareous than calcareous $&iklberg et al(1988) showed
that organic matter in arid zone soils in which tinganic carbon content was below
1% appears to promote clay dispersion. Sumner (1868cluded that organic
matter which has a greater preference fof @aer Nd than the clay minerals
(Black 1968) may be causing the inorganic clay tfoac to become relatively
enriched in N& which then would promote dispersion. Nelson et(k899) stated
that organic anions enhance dispersion by incrgaitia negative charge on clay
particles and by complexing €aand other polyvalent cations such as those &f Al

thereby reducing their activity in solution.
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However, organic materials such as fungal hyphakf@e roots can help prevent
dispersion by stabilising macro aggregates andeblyereducing the surface area
from which clay can disperse (Tisdall 1996). Baezegt al. (1997) concluded that
the role of organic matter on clay dispersion istoaled mainly by (a) the degree of
sodicity, (b) the nature of the organic matter, (dg degree of mechanical
disturbance and, (e) other characteristics of tils,ssuch as clay content and type.
Barzegar et al. (1997) also investigated the eff¢éarganic matter (i.e. 50 g/kg of
Pea-Pisum sativuni. straw) added to two different soil types at eliéint levels of
sodicity (i.e. SAR 0, 5, 15, and 30) and concluttet organic matter has at least as

great a role in aggregation in sodic soils as im-sadic soils.

2.3.4 Relationships between sodicity, salinity anghturated hydraulic

conductivity

Guidelines for evaluating the negative impact afigty in terms of K¢, according to

SAR and irrigation water salinity were developedQuyirk and Schofield (1955). Figure
2.9 shows an example of the guidelines in whicteffext of salinity and SAR determine

the degradation of soil physical properties andgebility rates.

The division between the deflocculation and thedldation conditions in a given
soil are some what arbitrary because of the changers gradually and no clear cut
break point exists between the two phases. Quitk @ehofield (1955) and Quirk
(1994) proposed two terms to determine the trawsitphase between the
flocculation and deflocculation, and deflocculatibm dispersion. These are the
Threshold Electrolyte Concentration (TEC) and Tditlyi Concentration (TC).
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Figure 2.9 The general guideline adopted for relate infiltration as affected by salinity and sodium
adsorption ratio

Source: (Ayers & Westcot 1985)

Definitions of the threshold values

Various researchers have identified the boundatyvdsn soil flocculation and
deflocculation in relation to the total salinityrm@ntration and the SAR of the water
applied. The threshold electrolyte concentratioEQJ and turbidity concentration
(TC) are the main parameters used to identify thentlary between the flocculation
and the spontaneous clay dispersion of the stailfe Both terms were introduced by
Quirk and Schofield (1955) as indicators to idgnttie degree of soil degradation
under sodic conditions. Quirk and Schofield (198®)asured th&K ., in relation to

water sodicity and salinity using soil columns diquated with solutions at given SAR
values and different electrolyte concentrationse Tgrocess of Na-Ca exchange
equilibrium between soil solution and soil surfacas be described theoretically by

the Gapon equation, which can be expressed as:

EXNa _ [Na']

BxcaE e (214)
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where EXNa" and EXC&* are the amounts Nand C&" balancing the charge of
the soil's exchange complex in units (mgb00g,i), K is the Gapon selectivity
coefficient in units (mmaellitre)’>. Quirk (2001) explained that if more dilute
solutions than the original one are applied whhe tatio of EXNa / EXCais

maintained on the exchange complex, then dilutiaa to be accompanied by a

reduction of the C4 by the square of the dilution factor for Na

The Threshold Electrolyte Concentration (TEC)

TEC is defined as the salt concentration at which $oil permeability starts
decreasing for a certain sodicity level (Quirk &chofield 1955). Some level of
K, reduction might happen because of pore clogging matural process of water
movement. Water flow can convey fine particles whicay plug some of the fine
effective pores. Thus, Quirk and Schofield (1958&dednined the critical reduction
of Kg, at 10 to 15 % of the optimd, value. On the other hand, McNeal and
Colman (1966) proposed using 25% reduction ascatlitralues of TEC for some
American soils tested. Similarly, Cook et al. (2p0firoduced the 20% reduction of

Ks. @s a critical value to determine TEC. Irrespect¥ehe reduction percentage

selected as threshold, it is clear that the usefsrof TEC is to determine practical

values ofK g, reduction, which may vary with different soil type

The Turbidity Concentration (TC)

TC was defined as the salt concentration at whiely éractions appear in the
percolated water (Quirk & Schofield 1955). QuirloQ2) explained that the turbidity
concentration indicates that soil microstructure bgcoming unstable and
increasingly so as the amount of turbidity increaas ESP increases and as the

salinity concentration of the percolated solutiecmrases. The reduction #fg,

may occur before the fragments of the clays apipettie outflow (Figure 2.10).
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Figure 2.10 Concentration of electrolyte required® maintain permeability (10-15% reduction) in
Sawyers | soil for varying degrees of sodium satutiean

Based on data from Quirk and Schofield (1955)

It should be noted that the misperception of threshold electrolyte concentration
reported in the literature rises essentially frdme mystification of a difference

between the clay flocculation to dispersion traasitand dispersion to flocculation
transition conditions. Quirk (2001) has observeel widely held misconception of
the definition of the threshold electrolyte concatibn (required to maintain a stable
permeability) as that electrolyte concentrationurezfl to flocculate a dispersed
suspension of the soil. He has drawn attentionh® difference between the
transition condition from flocculation to deflocatibn condition and the

flocculation of dispersed clay suspensions. Thecfldation to dispersion transition
condition involves face to face interaction and uisgs lower electrolyte

concentration at a given level of sodicity to deflolate. However, the dispersion to
flocculation transition involves edge to face iatgion for clay suspension and
occurs at higher electrolyte concentration. Wea(2@4) indicated that the smaller
turbidity concentration is because the particleseh@ be removed from a potential

well where the clay crystals overlap.
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At a given sodicity level the flocculation concetibon (FC) in the dispersion to
flocculation transition is much greater than bdith TEC and TC. Rowell et al. (1969)
found that at ESP values of 21, the ratio of TCHEL to FC was 1: 3.5: 7. This result
shows that soil-water having salinity below FC abdve TEC will have no effect on
soil structural stability when the flocculation dlispersion is the case. In addition,
Wearing (2004) recommended that FC should not bd as an estimate of threshold
concentration because of the effect of the peptiagents. In the case of the dispersion
to flocculation transition condition, the dispeggiof the peptising agents such as

organic matter could affect clay flocculation anértually raise the FC values.

The TEC and TC are determined by the soil type\amg with other soil properties
(Rengasamy et al. 1984). The variation of TEC imipaaused by the differences of
the clay mineral contents and soil texture (Fremtehl. 1978; McNeal & Coleman
1966). Various researchers have developed soilistahdicators for different soils in
relation to the total salinity concentration andrRSAf the water applied as shown in
Figure 2.9 (Ayers & Westcot 1985; Quirk & Schofidlg55; Rengasamy et al. 1984).

It is worth noting that substituting SAR by ESP ¢aiprove the visual graphs for a
set of soil types. McNeal and Coleman (1966) fothat using estimated ESP from
SAR of added water to express sodicity further ceduthe variation among TEC
curves. This improvement can be noted from Fig@ré4 and 2.12. This is because
ESP is a percentage limited between 0 and 100%wdumpresses the curves. ESP
may be an appropriate way to evaluate the sodpibplem for a set of soil types.
Therefore, for a family of soils that has simil@ngral characteristics, expressing the

sodicity as ESP values could generalise the saililetly indicators.
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2.3.5 Quantifying the change in saturated hydrauliconductivity due to
sodicity

The preceding discussion regarding the factorsatfiett K .., suggested that the main
processes of theK,, reduction in soils containing expanding clay aveeling
followed by dispersion. McNeal and Coleman (196&) &ter on Jayawardane and
Beattie (1978) showed that there is a sigmoidaltisiship between the reduction of
Ks, and the logarithm of electrolyte concentrations @iven SAR. McNeal (1968)
proposed a semi-empirical approach based on asatalfing model. In his model, the
effect of salinity and sodicity in soils is evaledtusing a swelling factor. The swelling
factor is used to predict whether the sodium atgtesa@oncentration will induce soil
physical degradation or flocculation (Warrence let2803). Furthermore, McNeal
(1968) used a semi-empirical equation to fit expental data of the relativ ., at
different combinations of SAR (converted to ESR] Hre electrolyte concentration to
the swelling factor calculated. The predictive itager swelling (i.e. swelling factor)
was estimated by an empirical relationship gendrixten a demixed-ion distribution

model for Na-Ca clay systems as:

cx"
1-RK.,, =——— 2.15
Sat (1+ an) ( )

where RK,, is the relative saturated hydraulic conductivitys swelling factor (i.e.

the calculated interlayer swelling of soil Montnilmmite), andc andn are constants

for a given soil within a specified range of ESP.

Likewise, Lagerwerff et al. (1969) proposed a pbgsmodel in which the reduction
of K, was predicted by the Kozeny-Carmen equation (Cart8d7, 1948) after an
empirical correction was made to the change ofcaffe porosity based on clay

swelling (i.e. the conducting porosity that convelge water into the soil). Clay

swelling was calculated based on diffuse doublerl#lyeory.

Mustafa and Hamid (1977) compared both the aforéiomeed models for two clay

soils from Sudan. It was concluded that the McNemldel produced a better
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prediction of clay swelling. The Lagerwerff modeliléd to predict the swelling.
However, both models were able to demonstrate ¢oeedse oK ,, due to sodicity
for both soils especially at higher values of elggte concentration and SAR. The
failing of the Lagerwerff model might be as a réswil limitations inherent with
diffuse double layer and Kozeny theories as deedrliy Lagerwerff et al. (1969). In
addition, Russo and Bresler (1977b) stated thaL#gerwerff model can not always
be applied to the soil material with its wide rarajepore size distribution and the

complex geometry of the flow paths.

Yaron and Thomas (1968) found that the relativerdwiic conductivity can be

related linearly to average ESP of soil columns given G as:

K
—sat —1 - B(ESP-ESR), whenESP > ESP (2.16)

K Max

where S is an empirical parameter which depends on spé gnd clay mineralogy,

ESR is the critical average ESP at whi¢ty,, began to decline for given salinity,

K ¥ js the maximum saturated hydraulic conductivitglemnormal condition, and

K. IS the measured saturated hydraulic conductivideu given level of average ESP.

Results from Yaron and Thomas (1968) showed tleapénametel is not consistent
over different G values which indicate that this empirical equatimight not be
applicable at a certain level of salinity. In aghghf Yaron and Thomas (1968) derived
equation 2.16 using water with low electrolyte camcation (i.e. 11.3 to 34.5
mmol/litre) and a range of water sodicity added tosihié columns having SAR values
between 2.8 to 28.5. However, Pupisky and Shaind®&tP) showed that the reduction
in relative saturated hydraulic conductivitRK,,,) with increase of SAR at certain, S
sigmoidal in shape as in Figure 2.13. Thus, equ&ti@6 was derived over a narrow

range of SAR in which th& ., reduction usually exhibits a linear decrease. &foes,

using such a model for water having higher SARegla questionable.
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Figure 2.13 Relative hydraulic conductivity of thesoil as a function of solution concentration and
composition (solution concentration > 0.01N)

Source: (Pupisky & Shainberg 1979)

Jayawardane (1979) proposed a different approaghettict the reduction irKg,,
due to raising sodicity using the equivalent saltisons method. The equivalent salt
solutions are defined as solutions with combinatioh SAR and € producing the
same extent of clay swelling in a given soil (Jagedane 1979). Thus, thKg,
reduction for this set of added solutions shoulcegeal. Furthermore, the increase
of sodicity level will be reducing the pore sizer fa given soil. Thereby, the
assumption was made that the equivalent salt sasishould produce identical soil-
water characteristic curves or the same pore sstekditions. The equivalent salt
solutions which produce the same reductionkaf, were assigned to the value
produced of the pore size index (PSI) under thigdtan. The PSI is similar to that
described by (Childs 1940) and redefined in Jaydaree & Beattie (1978) as the
ratio between the equivalent pore neck radiygioduced in the soil when solutions

of lower electrolyte concentration are added (ihere the K¢, reduction is
notable) top for the soil when solution of the highest elegttelconcentration (i.e.
insignificant change irK,,) at given level of SAR. The PSI has values betw@en

and 1. The& can be obtained by differentiating soil-water euderistic curves and

using the relationship between the radius of alleapitube and the matric potential.
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The pore size index was used as a quantitativei@iah of the effect of Cand SAR

on Kg,. However, Jayawardane (1983) used the clay swdfiotor as described by

McNeal (1968) instead of the PSI. Furthermore, Waydane (1992) extended the
equivalent salt concentrations concept to prediceé tunsaturated hydraulic

conductivity (K,...) based on swelling factor as described by McNE26:3).

Unsat

2.3.6 Relationships between sodicity, salinity anghsaturated hydraulic

conductivity

Water flow in soil at moisture contents below satimn moves through a part of
pores. If a steady state is reached, the Darcytieguzan be applied under unsaturated
conditions by involving matric potential instead mfessure head in the hydraulic

gradient. In addition, the unsaturated hydrauliedeztivity (K,,.,) (@s a function of
water content or matric potential) replaces Kg,. This version of the Darcy law is

known as the Buckingham- Darcy law (Buckingham 390¢,,... depends on the

nsat

proportion of pores that are filled by water and canvey it. K decreases with

Unsat

decrease of water content and matric potenka|..,, can be predicted from the soil-

water characteristic curve (SWCC) as described bypynresearchers (e.g. Kosugi
1996; van Genuchten 1980; Vogel & Cislerova 198&ixthermore, the SWCC is
highly depended on the pore size distribution wittie soil. A higher proportion of
smaller pores increases the residual water coatemgiven matric potential, resulting
in rising of K at that level. However, the water content at @igimnatric potential

Unsat
comprises the amount of water retained in soil oares below that matric potential.
Thus, water in micro-pores might be below the latin of laminar flow equation

(Darcy law). Therefore, as the micro-pore waterpprton increases the actual
unsaturated water flow within the soils might becrdased, which is expected in

higher clay content soils.

Sodicity results in a dual change in soil struct{@®@ncalves et al. 2007). Whilst the
ratio of macroscopic pores is reduced as a rekalag swelling and dispersion, the soll

pores are expected to shift to smaller size wittlyapg sodic water (Levy 2000). As it
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generally thought that this process leads to arosifg change inKg,, and K

Unsat "

K, is decreased whil& is significantly increased at a moderate to lomageaof

Unsat

water contents. Goncalves et al. (2007) measurekK{,, using the instantaneous

profile method in a soil profile irrigated with dodreated sewage effluent. The soll

has generally low clay percentage. The result sHawat theK increased under

Unsat

sodic conditions especially at a low and intermgediange of water contents, while a

lower increase was noted i, at higher water content.

However, the magnitude d&€ change seems to be highly affected by the inciease

Unsat

the proportion of micro-pores that retain waterrlf=eesults from Russo and Bresler

(1977a) over the range of suction of 0 to 1 bdoamy soil showed that thk and

Unsat
the diffusivity are dramatically decreased with therease of the SAR in solutions
applied to loamy soil columns. The reduction waghér at low electrolyte

concentration. The findings from Russo and Brgdl@r7a) showed that while the water

content at a given suction increased with risingicty, the actualK decreased.

Unsat

Figures 2.14 and 2.15 show the change of soil wekaracteristic curves and

corresponding measurementstof. ., at different SAR and solution concentrations.

nsat

The interpretation given is that the swelling o #pace between platelets increases.
This, in turn, raises the amount of water helchimgoil micro-pores in which the water
is retained in-between the clay layer, this watersdnot participate in the water flow.
These synthesis results from literature indicas the clay percentage or soil texture

may determine the magnitude of thg, ., change, especially at moderate to lower

water contents. In other words, despite higher matatent, the effective porosity at

which water flow occurs might be reduced or incegasignificantly.

Russo and Bresler (1977b) proposed a model to giréae unsaturated hydraulic
conductivity under sodic conditions involving the@rpus nature and electrical
properties of the soils (Diffuse Double Layer mo@@DL)). However, the model
was found to be sensitive to the number of clayepdés in clay particles at a given
level of ESP.
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Simunek et al. (1996) concluded that the reduabioiK can be determined from

Unsat

Kunsa fUNction derived from the SWCC. The method assumaisthe sodicity effect

acts in the same manner at low water content. Sme& as a function ofh)

Unsat

can be determined from the SWCC as:

KSat =TI Kglaé:X (2-17)

wherer is a general reduction function account for theiaty effect andK, ., can
be calculated as (van Genuchten 1980):
Kunsat = KsatK(h) (2-18)

where K, is the relative hydraulic conductivity, which mtghe determined as

described by (van Genuchten 1980) as:
K =Si'2[1—(—Si'm‘)m‘ ]2 (2.19)

where S, is the relative water saturation in the soil, angl is an empirical

parameter depending on the soil type. By substjuéquations 2.17 and 2.19 into
equation 2.18, the resultant relationship is (Siekuet al. 1996):

K = rK M Qllz[l— -S™" ]2 (2.20)

Sat e

Equation 2.20 is useful to predict the reductionkgf, at higher water content,

particularly in clayey soils. However, equation® @es not account for the rapid

increase or decrease &f

st @t moderate and low water content, especially anem
coarse or fine textures. Nonetheless, under ifagatwater is usually applied to
maintain the soil-water content at a relatively hhilgvel. Hence, equation 2.20

satisfies the needs to quantify solute and waterement.
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2.4 Sodicity management under irrigation water

Improvements observed in the soil physical propsrtinder sodic condition during
the amelioration process have been attributed mainkn increase in Galevels,

both in the soil solution and on the exchange cemf@adir et al. 2006). Maintaining
sufficient levels of C& involves addition of amendments to either thegation
water or soil. The amendments can be categorisedargroups. The first group are
those that work as an independent source 6f €&h as gypsum (Ca%$@H,0) and
calcium chloride (CaGI2H,0). The second group are those used to promote the
dissolution of domestic G4 available within the soil (especially calcareonsiss
(Hussain et al. 2001). Examples for those amendsrenet sulphuric acid @¢30y),
sulphur (S), and ferric sulphate ¢F80y)3) (Qadir et al. 2006).

Marginal water in irrigation containing relativehygh sodium concentration can be
managed by blendin@adir & Oster 2004)Mixing saline-sodic water by the ratio of
1:1 with good quality water reduces the water #glito 50% and the SAR to about
71%. Irrigation water containing high levels of d&rioonates have been ameliorated
using sulphuric acid. Applying gypsum to irrigatiovater is useful in terms of
reducing the water sodicity and the bicarbonateceotrations(Ayers & Westcot
1985) Using blending concurrently with amelioration byrovide appropriate

management to saline-sodic irrigation water.

Use of Sulphuric Acid Generators (SAGy)

SAG; are a recently introduced technology to treahsatiodic waters. Sulphur (S) is
burnt to produce sulphur dioxide gas @ a chamber, which is dissolved in a
fraction (10-15%) of irrigation water to form sulpitc acid (HSQO). H,SO4
neutralises carbonate (GQ and bicarbonate (HGQ ions in water resulting in a
decrease in residual sodium concentration (RS@)efreated water (Doneen 1975).
Theoretically, this will not ameliorate water sayrand SAR (Amrhein 2000). Zia et
al. (2006) evaluated using sulphuric acid genesa(&AGs) and did not find any

significant soil physical benefits.
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Gale et al. (2001) treated the irrigation waterligopwith of a sulphuric acid ( 5%)
and did not find any significant differences in tvater quality, soil properties or
crop (lucerne) responses. They concluded that seead either acid injection or
sulphur burners should be preceded by a thorouglluavon of irrigation water

quality and soil properties in terms of economactievement.

It should be noted that30, has been used to reclaim sodic soils. Gale ¢2@0D1)
suggested that the main effect of sulphur in tleatinent of a sodic soil is not
through direct acidification, but rather by dissoly lime and releasing Gawhich
replaces sodium and allows it to be leached froensttil. In this case, excess water

must be applied to leach sodium, which is oftefiaift in poorly drained soils.

Use of gypsum amendment

Calcium sulphate dihydrate, which is known as ggp$§GaSQ.2H,0) has been widely
used as a Gasource to replace sodium on the soil exchange lestmpimong the other
amendment materials, gypsum is comparatively chggaperally available, and easy to
apply (Qadir et al. 2006). The application of gypsto soils will both increase the soll
solution salinity and exchangeable?Ckevels in the soil. Both of these actions reduce

the inter-particle swelling pressures and the piateior dispersion.

Surface application of gypsum generally increasddtration rates and reduces
dispersion but the process is sometimes slow bedduesgypsum solubility is low.
Mixing the gypsum into the soil surface layers d&@des the reclamation process
because the Ghis physically placed where it can react. Leachi#moves gypsum
from the upper part of the soil profile where thajon problems of dispersion and
hard setting are located. Thus, periodic applicatiare necessary to both maintain
adequate electrolyte to prevent dispersion and @hgnand to slowly reduce the
ESP level (Chartres et al. 1985; Greene & Ford 1985

Gypsum has also been dissolved in irrigation watenprove water quality by increasing
the electrical conductivity, reducing the SAR aeducing the RSC. Davidson and Quirk
(1961) concluded that the dissolved gypsum whiokymzes a concentration of Cap to
10 mmol/litre is sufficient to maintain flocculation of kaidal clay having ESP about 20%.
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However, gypsum has low solubility (Kernebone et 86). The solubility of
gypsum is estimated to be about 0.30 g/ 100 mlattwat 25 €(USSL Staff 1954).
The solubility of gypsum increases to produce aditemhal 2-4 mma/litre in
flowing irrigation water (Ayers & Westcot 1985; Deen 1975).

Gypsum solubility is highly affected by its partickize, temperature, and the water
salinity. Fine gypsum patrticles are quicker to aligs (Mater et al. 1990). The solubility
of gypsum increases with increase in temperatube ®ptimal temperatures for
maximum gypsum solubility are betweer? 8550F C (Mater et al. 1990). Furthermore,
the solubility of gypsum increases with increastegtrolyte concentration.

For example, the solubility of gypsum sharply iases with an increase in NacCl
concentration at low salinity concentrations (Feg@rl6). Furthermore, the solubility of
gypsum tends to further increase in the presenchigairbonates. This is because
bicarbonates in water have a tendency to increaser\wH and decrease the solubility
of calcite (CaCg) (Mater et al. 1990). Wallace (2003) explained thsoil or irrigation
water contains bicarbonate ions, the solubl& @agypsum reacts with bicarbonates to
form insoluble C& carbonate. Subsequently, the pH decreases tartge of 7.5 to 7.8.
Chorom and Rengasamy (1997) found that the dipgtication of gypsum to alkali soil
in laboratory plots reduced the soil pH from 9.88 189.

Gypsum solubility, 25°C

CaS0, dissolved (g / litre)
= th EN -a
T T T T

[P+

[

50 100 150 200 250 300
NaCl dissolved (g / litre)

=

Figure 2.16 Solubility of gypsum in aqueous solutits of different NaCl concentrations at 25C, and 1
atmospheric pressure

Source: (Shternina 1960)

55 PhD Dissertation



Chapter 2: Review of Salinity and Sodicity undegation

2.5 Soil hydraulic changes due to sodicity in modeig water- solute

movement

There are limitations of the models that can handéger and solute movement
associated with soil chemical reactions under sadiaditions (Qadir et al. 2006).
Simulation of soil-water flow and chemical processmder highly sodic conditions
requires a consideration of the effect of soil trical degradation on water and solute
transport under variable water content conditidnsdelling of unsaturated water and
solute flow coupled to equilibrium major ion chetryshas been carried out by a
number of researchers (e.g. Robbins et al. 1980ssdr1986; Seetharam et al. 2007,
Wagenet & Hutson 1987; Yeh & Tripathi 1991). In mos these models, the main
assumptions are; a) the chemical reactions arquitil@ium state, and b) the pH with
soil depth is either assumed constant or relatéide¢d concentrations of CQwith soil
depth. Simunek and Suarez (1994) developed a twerdiional model (UNSATCHEM
2D) with unsaturated water flow and major ion chetngiin which CQ production and
transport is considered. However, the change df stnicture was ignored in all
aforementioned models. Furthermore, evaluatiomedd models in either laboratory or

in field conditions is limited (Suarez & Simunekald.

Simunek et al. (1996) developed a model (UNSATCHEMat takes into
consideration the change of physical propertiea essult of the chemical conditions

of the soil-water. The reduction oK., has been used as an indicator of soil
degradation due to sodicity. The magnitude of redocof K, has been related

mathematically to sodicity and salinity levels mil ssolution. Simunek et al. (1996)

assumed a relationship between the reductiorK@f,, and reduction df,; the

reduction ofK can be described at corresponding combined le¥elsdicity and

Unsat
salinity. The soil chemical reactions model progideemporal and spatial quantitative
prediction of major cation concentrations (i.e-CMg"?, and N&) during water and
solute movement. The cation concentrations pratlieiee used to calculate the
chemical parameters required such as SAR or ESPelautiolyte concentration,
which allow predicting both soil sodicity and séln This, in turn, can be used to

determine the reduction &€ using the reduction function.

Unsat
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2.6 Conclusions

Degradation of soil permeability can produce compleroblems related to
waterlogging and aeration along with the poteribadevelop salinity problems. It is
necessary to maintain a sufficient soil permeapbitlit leach the salt out of the root
zone. High relative sodium concentrations resultdiverse effects. The structural
stability of soils which have reactive clay is deg@ent on the interaction between the
sodicity and salt concentration in the soil solntioThe primary processes
responsible for soil structural degradation arg slaelling and dispersion.

The processes of spontaneous swelling and dispetbiat affect the saturated
hydraulic conductivity can be explained using bdBC and TC concepts. The

reduction ofK¢,, at the values below the TEC occurs mainly duenellsng, while

dispersion is the main cause below the TC. Howeeach soil has specific
relationship for TEC and TC due to differenceslayanineralogy, pH, soil texture,
climatic conditions, and organic matter. Irrigatipnactices also affect temporal
changes in soil-water (e.g. initial water conteate and ageing of wetting) under

sodic conditions which also have a significant effen K.

The effect of sodicity is more complicated in unsated soils. Sodicity results in a
change in soil pore size distribution. The numifanacroscopic pores is reduced as
a result of clay swelling and dispersion. Howetbe, number of smaller soil pores

increases. HenceK,, is decreased whil& may increase at moderate to low

Unsat

water contents.

The management of soil sodicity is usually carrmat using amendments. The
amendments may be added to either the irrigatioterwar directly to the soil.
Amendments may either counter the effect of rissogium levels or stabilise soil
structure. The use of soil amendments such as gyssaoften necessary for successful
management. Blending with better quality waterl$® @ommon in irrigation systems

utilising saline-sodic water.
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Modelling may be used to evaluate management gtestéor the use of saline-sodic
water. The effect of sodicity on soil physical pedges has been presented in the
UNSATCHEM model in which the soil chemical condiig are related to the
physical conditions. The effect of sodicity wasarorated into the UNSATCHEM
using a hydraulic conductivity reduction functiohat includes clay swelling
(McNeal 1968) and pH (Simunek et al. 1996). Howevtkere has been limited
research using this model and the assumption umhéng the reduction function
parameters have not been evaluated for differaid. Sdherefore, there is a need to
validate this model and approach before it candas®l wo investigate different water

quality and irrigation management options.
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CHAPTER 3: Long Column Laboratory Experiment to
Evaluate the Change in Hydraulic Conductivity vifia
application of Saline-Sodic Water

3.1 Introduction

Solil structure and permeability will change witte @pplication of saline-sodic water
(chapter 2). The degree of reduction in hydraubaductivity will depend on the

level of sodium in the soil-water. However, theeeffof sodicity varies and is highly
dependent on factors such as soil condition, sdilt®n pH, method of adding the

water, quality of irrigation water and managememacpces.

This chapter reports on a laboratory experimentdgoted using soil columns to
investigate the reduction in the saturated hydtawonductivity Kg,) with
decreasing concentrations of applied saline-sadigation water. The experiment
also investigated the effect df, of reducing the pH of the applied water, and of
diluting the saline-sodic water and adding a gypsumendment. In addition, good
quality water (i.e. 0.4 and 0.1 dS/m respectivelgs applied to the soil columns
after the application of water treatments. The deden these experiments is also
used to validate the UNSATCHEM model in chapter 4.

3.2 Materials and methods

3.2.1 Soil collection and preparation

Disturbed samples of two virgin soils were collecieom Windibri station, Chinchilla,
QLD. Approximately 200 kg of each soil was collecfeom < 20 cm depth in the soil

profile. The soils were classified as a Sodosol andertosol (Isbell 2002). The Field
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description of the Sodosol and Vertosol soil pesfiare shown in Table 3.1 and 3.2.
Selected chemical properties for both soils arsguted in Table 3.3.

Table 3.1 Field description of the Vertosol soil pofile

0to20cm
Black medium heavy clay with strong grade| of
polyhedral structure and ped size of 3 cm breaking
to 1 cm. Soil is not dispersive, completely slakes,
has a poor to moderate SOILpak score and has an
average number of roots present.

20to 50 cm
Black medium heavy clay with strong grade| of
prismatic structure and ped size of 2 cm breaking t
1 cm. Solil is slightly dispersive, completely slake
has a poor SOlLpak score and has an average
number of roots present.
50 to 130 cm

Black medium heavy clay with strong grade| of
polyhedral structure and ped size of 10 cm breaking
to 1 cm. Soil is moderately dispersive, completely
slakes, has a moderate SOlLpak score and has few
roots present.

Source: (QGC 2009)

Table 3.2 Field description of the Sodosol soil pfive

0to 10 cm
Black sandy clay loam with moderate grade| of
subangular blocky structure and ped size of 2| cm
breaking to 0.5 cm. Soil is slightly dispersivertjazdly
slakes, has a moderate SOILpak score and has|many
roots present.

10 to 45 cm

Brown sandy clay loam with moderate grade
columnar structure and ped size of 20 cm brealing t
0.5 cm. Soil is moderately dispersive, comple
slakes, has a moderat®©IEpak score and has fe
roots present.

45 to 60 cm

Grey sandy clay with strong grade of polyhedral
structure and ped size of 5 cm breaking to 0.53wi,
is slightly dispersive, completely slakes, has aenats
SOlLpak score and has few roots present.

60 to 140 cm

Grey sandy clay with strong grade of polyhedraicstire|
and ped size of 5 cm breaking to 0.5 cm. Sqjl is
moderately dispersive, partially slakes, has a goor
moderate SOILpak score and has no roots present.

Source: (QGC 2009
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Table 3.3 Selected chemical properties for the seilised in the experiment

Soil type
Chemical analysis

Sodosol Vertosol
ECe(dS/m)* 0.18 0.52
pH 7 8.3
CEC (mmol/kg) 99 270
ESP % 35 10.9
Exch. Nd (mmol/kg) 4 29
Exch. Ca* (mmol/kg) 60 154
Exch. Md? (mmol/kg) 31 83
Exch. K (mmol/kg) 4 4
SO (mg/kg) 21 -
CI (mg/kg) 10 39

(Source: Sustainable, Soils & Management 2005)
*Electrical conductivity of satueat extract estimated from EG.swater

The soils were spread on plastic sheets and ledtrtdry for a minimum of 5 days.
Thereatfter, the soils were crushed using an ironnher and passed through a 9.5 mm

sieve. Each soil was also thoroughly mixed to enthat the samples were uniform.

3.2.2 Soil columns

Plastic pipes 300 mm height and 90 mm inner diame&re used to form the soll
columns. The pipes were closed at the bottom wsingjd plastic net which was fixed
using tape and reinforced by a rubber band. A fdeger (whatman No. 4) was placed
at the bottom of each column and 200 mm of soikeddd the column. The soil was
loosely poured into the columns in increments oh&@ height and dropped 5 times
from height of 20 mm to ensure uniform packing. eTdensity of the Sodosol and
Vertosol soil columns was 1.14 + 0.01 gfeand 1.32 + 0.02 g/cinrespectively. The
remaining space above the soil was left for theemagad. Finally, a filter paper was
placed on the top of each soil column to avoid d@turbance when the solutions

were being added to the column.
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3.2.3 Measurement of saturated hydraulic conductity

The constant head method (Klute 1965) was usedeasaore theKg,,. When the
Ks: Was less than 2 mm/h, the falling head method té&kilP65) was used to

more accurately determine th€_.. The bench system allowed measurement of

sat
up to ten soil columns simultaneously (Figure 3Qe litre plastic bottles were
used to apply the constant head80 mm) of each water treatment to the top of
each column. The outflow was collected in beakérha bottom of the column.
Measurements of outflow were tabled in incremeritaai less than 10 minutes
where the discharge (flux) was > 100 ml/h. The genvas incremented up to a
maximum of 12 hours for smaller discharge. The tpdasottles were refilled and

maintained until at least four litres (i.e. 7 pe@ume) of the water treatment had

been applied.
Treatments ! l ' :
Tap water | dﬂutedwater| CAGH wrater | CEG wrater | OIS0 wrater
ﬁ. _
PO | 134Gy | PH=S pH=7 | pH=38
Water added | | | |
(treatients) | |

N0 n'n

[

Hoil

columns
—_—

| |
| | |
Collected water | |

(Drainage)
—_—

B Zodosol columms
B Vettosol columns

Figure 3.1 Diagram of system used to apply the wat&reatments and measure the saturated hydraulic
conductivity (constant head method)
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3.2.4 Experimental design and water quality treatmsts

Five water quality treatments were applied to eswih Four replicates of each soil

and water quality treatment were conducted (i.ecalOmns). The treatments were:

1)
2)
3)
4)
5)

Tap water + gypsum

Highly saline-sodic water (pH=8.6)

Highly saline-sodic water (pH = 7)

Highly saline-sodic water (pH = 5)

Diluted Highly saline-sodic water + gypsum (1:3)

The water treatments are categorised in three ngapups as:

1) Highly saline-sodic water treatments:

The water was obtained from a natural coal seambgas located at Windibri
station, Chinchilla, QLD. This treatment represeweter with high salinity and
SAR of 117. In addition, this water has a high @nration of bicarbonates and

pH~ 8.6. Table 3.4 shows selected chemical propedtfigke HSS water. A full

chemical analysis is provided in appendix A.

Table 3.4 Selected chemical properties of the highkaline-sodic (HSS) water

EC H Ccr HCOgs Na* K* Ca* Mg*?
ds/m P (mmol//litre) (mmol//litre) (mmold/litre) (mmol/litre) (mmold/litre) (mmol//litre)
4.62| 8.6 16.47 24.58 47.85 0.128 0.2295 0.10

Two bore water treatments in which the pH valueseweduced using 150,

were: (a) HSS water with pH adjusted to 7, (b) H&er with pH reduced to 5.
The third treatment was the HSS water having ndyupdd ~ 8.6. It should be

noted that the EC for the HSS water treatments akeosit 4.62 dS/m.
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The pH values in the adjusted pH treatments sheaet increase with time when the
water was exposed to the atmosphere. This chani¢ whs observed for two samples
of pH =5 and 7. The water samples were left imdmsakers in the laboratory for three

days and the pH values were found to increasealynedh time (Figure 3.2).

—_
)]

—+ Highly zaline-zodic water treatrnent with pH 3

i —=Highly saline-sodic water treatment with pH 7

pH
[ B R - T % TR S A, D . S I s o B ¥ o |
ry

0 20 40 ] aa
Time (hours)

Figure 3.2 Change in pH for a saline-sodic water caining carbonates where the pH has previously
been adjusted to either 5 or 7 using 0, acid

Thus, pH was checked at the beginning of eachcedpliWhere the water was stored
in closed plastic containers there was an insianiti change in pH. However, where

it was necessary, extra$0, was added to achieve the intended pH.

2) Diluted highly saline-sodic water + gypsum:

This water treatment was obtained by mixing HSSewaiith deionised water in
the ratio 1:3, respectively, and amended with ggpga provide an electrical
conductivity of between 1.6 and 2 dS/m and SARM{dAL15.

3) Reference water treatment:
Tap water (EC less than 0.65 dS/m) was amendedyyitsum to provide an electrical
conductivity less than 1.5 dS/m. This treatmentasgnts the grower practices where

these soils exist and serves to provide the maximeasurements df __, .
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The water treatments were prepared and stored lireplastic containers. The proposal
was to apply two low saline- sodic waters having£Q.4 and then 0.1 dS/m followed
after the treatments. However, waters having EC1=d®/m were not applied in soil

columns with highly saline-sodic waters treatmeasta result of sharp decrease&ig,.

It should be noted that each replicate was conduseparately. Therefore, the
uniformity of the replicates at the time of soillwmn preparation and water
treatments has not been achieved. In additionpénied between the conduct of one
replicate and another could be a number of week&hvmight have exposed the
soils and waters applied to a wide range of atmasphconditions. Thus the

randomized complete block design (RCBD) was pretefor statistical analysis.

3.2.5 Data collection

Applying the water treatments and measuring théawtvolume and its EC were
conducted simultaneously. The outflow volumes weiected at the intended time
increments. EC measurements were conducted usM@-84 EC-Meter in each
outflow collected. In the MC-84 EC-Meter, the ECadeng is temperature
compensated to automatically adjust the EC readir C. Record of the change
of EC and outflow volume with time was obtained éach soil column. In addition
the head of water was recorded at the beginningadi@d replacing each empty
bottle. The outflow volume and water head and gepmeformation were

transferred to spread sheets to calculate theadatlihydraulic conductivityK ¢,,).

The K, data obtained are presented in Appendix B.

3.2.6 Bulk density measurements

Bulk densities were measured in selected samplesampletion of the experiment.
Bulk density was measured in samples from threkcedpes (i.e. tap water amended
with gypsum and highly saline-sodic treatments wath > 8.6). The bulk density
samples were taken from 5 to 10 cm from the toghefsoil columns at saturated
water content (Figure 3.3). Samples were prepassgurings with 5 cm inner

diameter and 5 cm heights. The samples were weigbfmte being oven dried. The
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density values were obtained by dividing the netrodried soil weight by the inner

volume of the ring.

Soil surface
_ | Soil sample for SWCC
temll = |
Wem 5o |~ 3ol sample to estimate
bulk density
o
Jon

Figure 3.3 The positions of soil samples taken frotthe soil columns to determine the SWCC and bulk
density after applying the water quality treatments

3.2.7 Soil-water characteristic curve determination

Soil-water characteristic curves (SWCC) were deitgeth after finishing theK,,

experiments. The SWCC were measured in the sarheadamns in which the after
treatment bulk density was measured (Figure 3.BpufA 1 cm depth samples were
taken from the soil surface at the top of eachroolwhere the greatest dispersion was
expected. The replicates of gypsum and tap waeatnrent soil represented the
maximum soil stability condition, while the repliea of saline-sodic water with pH

>8.6 represent the sodicity impact on the soilcstme.

Two methods were used to establish the SWCC. Timgih@ columns method
(Dane & Hopmans 2002) was used to establish thetioakhip between matric
potential and gravimetric water content every -20stiction in the range from -60 to
-200 cmyaer The gravimetric water content at -250, -500, @,0@2000, -3000, -
5000, -10000 and -15000 cyater Were obtained using the pressure plate method
(Dane & Hopmans 2002). The combined curves werdtgalofor the entire
gravimetric water content-matric potential rangeirO to -15000 Cihter

66 PhD Dissertation



Chapter 3: Long Column Laboratory Experiment tdiigta the Change in Hydraulic Conductivity

3.3 Results and discussion
3.3.1 Saturated hydraulic conductivity

The application of the HSS water was found to heggynificant impact on theg,,
in both soil types. TheKg,, for the stable condition treatments (i.e. tap wate
gypsum) remained high. ThK, of the Sodosol under stable conditions ranged

from 12.8 to 27.1 mm/h. However, applying the HS&ew to the Sodosol columns

producedK, values between 0.04 to 0.78 mm/h after 700 mm atkwhad been
applied. Th&k g, for the Vertosol under stable conditions rangeunfi25.9 to 38.4

mm/h. Conversely, applying the HSS waters prodwmediuctivity values between
0.09 to 2.86 mm/h after 700 mm of water had begiegh Table 3.5 shows the final

K, Values obtained under the various treatmentsdtr soils.

It is clearly evident that the application of th&$& water resulted in spontaneous
deflocculation in both soils. Moreover, there issignificant difference between the
hydraulic conductivities of HSS waters at the thpekvalues. Therefore, there is no
evidence that amending HSS waters with sulphurid ac reducing the pH would
have any significant effect on soil structural dtgb In fact, the low pH of the
applied water does not mean that the pH in theveaiér and the relative Na
concentration will also be reduced. However, theraction between added water

and soil colloids is very complex, especially ie ghort term.

Table 3.5 The meanK ¢, of the Sodosol and Vertosol soils after infiltratig 700 mm of the various
water quality treatments

Final K, (mm/h)

Water Applied

Sodosol Vertosol
Tap water + gypsum 32.73 (#5.51) 22.71 (x5.51)
Diluted HSS water 30.57 (+4.21) 18.88 (+4.21)
+gypsum
HSS water pH=5 1.42 (#1.07) 0.35 (+1.07)
HSS water pH =7 0.83 (+0.53) 0.22 (+0.53)
HSS water pH>8.6 1.71 (+0.81) 0.27 (+0.81)

Superscripts indicate significant differences (P08) within columns
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The K, of both soils decreased with increasing applioatiof HSS water (Figures 3.5

and 3.6). For both soils, the decrease was appaitenonly small application volumes.
For the Sodosol, a 50% decrease in conductivity abaerved after about 150 mm of
drainage had occurred and was less than 2 mm/h agoximately 350 mm had
drained. For the Vertosol, a 50% decrease in cdivityovas observed after about of
100 mm had been drained but was < 2 mm/h aftetd 380 mm had drained. It should
be noted that for both soils approximately 100 nirwater had infiltrated through the
surface before any drainage from the bottom otthemns occurred.

The behaviour of the decrease K, with drained water in HSS water treatments
was varied but the finaK ¢, approached similar values. For example, compdhag
replicates of a given water treatment for bothsssiow that thK g, behaviour
varies during application of the water treatmefitse results suggested that tkig,,

decrease is governed by a complex and highly dymaystem associated with
geometry, clay particle orientations, tortuosities the soil matrix and water

movement condition. Thus, the variation iy, after a certain amount of drained

water might be a result of the effect of clay suglland dispersion.
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Figure 3.5 The change inK __. with water applications for the Vertosol
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Application of 0.4 dS/m water

The application of the 0.4 dS/m water to the seits conducted immediately after
applying the water treatments. As shown in Talfe iBwas found that th& ., values
of the soils were further reduced especially in slo# columns of the HSS water
treatments. Thi ., of the soil previously treated with HSS waterslided sharply to
less that 0.01 mm/h, which was observed afterttess 0.1 mm had drained from the
Vertosol and after about 4 mm of drainage had oedun the Sodosol (Figures 3.7 and
3.8). However, applying 0.4 dS/m water to either 8odosol and Vertosol previously
treated with gypsum amended water producéd,a that was approximately 65 - 75 %
of the pre-treatmenK¢,,. Applying 0.2 dS/m water to the soil columns qf twater +

gypsum and diluted HSS water+ gypsum treatmentsndidproduce a significant

decrease irK g, compared to when the 0.4 dS/m water was used.
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Table 3.6 TheK,, of the Sodosol and Vertosol when 0.4 and 0.1 dSimater was
applied after various HSS water pre-treatments

Water Soil Pre-treatment Final K sq: (mmfh)
applied Sodosol Vertosol
Tap water + gypsum 21.62 (+8.601)| 15.81 (+3.18)
0.4 dS/m Diluted HSS water + gypsum  23.45 (¥9.97) 13.32 (#4.02)
HSS water 0.02 (+0.01) 0.04 (+0.03)
Tap water + gypsum 18.51 (85 13.23 (+x3.30)
0.1 dS/m Diluted HSS water + gypsum  20.66 (+8.92) 12.67 (+3.76)
HSS water na na

Superscripts indicate significant differences (PG50

Diluting the HSS water by deionised water amendéti @ypsum produced high

values of K, for both soils. Insignificant differences betweée stable condition

and diluted treatments indicate that diluting th@SHwater with good quality water

once accompanied with gypsum amendment might peovath alternative

management to use HSS water in irrigation.
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Figure 3.6 Changes in saturated hydraulic conductity for the Sodosol when 0.4 dS/m water is applied

following the application of 700 mm of the HSS wate
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Figure 3.7 Changes in saturated hydraulic conductity for the Vertosol when 0.4 dS/m water is applied
following the application of 700 mm of the HSS wate

The fast decrease df, in HSS water treatments indicates that disperSiaty
plays the main role to clog the soil. The reducirK, is due to lower EC of the

soil-water and the flushing out of €acations. This, in turn, raises the relative
concentration of Na cations in both soil solution and exchange codoiahd
encourages the dispersion process. The sharpetifferbetween osmotic pressure in
the interlayer spacing and the ambient solutionlarger pores as described by
Emerson and Bakker (1973) can increase the repulsiessure resulting in clay
fraction dispersion. This result demonstrates thatler field conditions, the
application of rainfall drops or other low saliniiyater to soil which had previously
been treated with HSS waters would result in almostplete sealing of the soil. Soil
in this condition would be expected to have veny lofiltration and low internal
drainage rates resulting in excessive surface famaf erosion as well as difficulties

with crop establishment and irrigation.
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3.3.2 Effect of saline-sodic water on selected sphiysical properties

Bulk density

Table 3.7 shows the bulk densities for the 12 cokirafter application of the water

treatments. The variation between the values wadl smd there was no significant

difference between the two treatments for each Bbit result is not consistent with the

literature (e.g. Shakir et al. 2002) where the hlgksity is often increased under sodic

conditions. The lack of change in bulk densityertbed here may be due to sampling

issues (i.e. the effect may have been more notedahe 0-5 cm layer was sampled) or

because the columns had not been exposed to longvietting and drying cycles.

Table 3.7 Bulk density of the soil (5-10cm below siace) after application of
either tap water amended with gypsum or HSS water

_ Bulk density (g/cnt)
Water treatments Replicate
number Sodosol columns Vertosol columns
2 1.53 1.25
3 1.47 1.30
Tap water + sum
P ayp 4 1.52 1.30
Average 1.50 1.28
2 1.50 1.29
3 1.49 1.36
HSS water treatments
4 1.53 1.28
Average 151 1.31
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Soil water characteristic curves

The relationships between gravimetric water contard suction applied for both
soils are shown in Figures 3.8 and 3.9. It candiedhthat the HSS water treatments
further increase the gravimetric water contennégrimediate and low suction at the
soil surface, suggesting that the soil surface bmgxposed to severe degradation.
Results shown in Figures 3.8 and 3.9 suggest llgaapplication of the HSS water
followed by low EC water (0.4 dS/m) affected aggtegstability and resulting in
dispersion, and leading to a change in the pore digtribution as shown by the

increase in water holding capacity.

The effect of the dispersion on water holding céapdmas been explained by Frenkel et
al. (1978). They concluded that increasing clapeafision and breakdown of the soaill
structure also affects clay immigration with wetew. The clay particles tend to settle
at short distance to clog the fine pores and slowndwater flow. In deeper depths

displacement of dispersed clay occurs graduallytagewer water movement.

0.45

0.4 4 &Samples treated with Gypeum and tap water

% 035 J ®amples treated with HS S water

o

5 0.3 4

5]

E 0.25 . » -

£ 0.2 Y

£ 015 i o

£ 7] ul YO ® e

E 014 A A a g,

£

i

& 0.05 4
I:I T T 1
100 100n looon 1o0ooan

Suction {cm water)

Figure 3.8 Average relationship between gravimetrigvater content and suction applied for the Sodosol
samples treated with HSS water and normal tap wateamended with gypsum
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Figure 3.9 Average relationship between gravimetrigvater content and suction applied for the
Vertosol samples treated with HSS water and normabp water amended with gypsum

3.4 Conclusion

The uncontrolled application of the HSS water tohbsoils would be expected to
produce substantial impacts on soil structural props and sustainability of
irrigated production systems. However, the columpeeiments confirmed that the
pH amendment of the natural HSS water using suiphagid did not have any
significant effect on the changes observed in sstiluctural stability or

conductivity. The saturated hydraulic conductivisas found to decline with

increasing volumes of the HSS water applied.

The HSS water which had been diluted with deionisader and amended with
gypsum was found to have no adverse impact on adilessuctural stability or

conductivity. This suggests that the conductiviuld be maintained above an
acceptable target level by controlling the volunietre HSS water applied. The
results suggested that it may be possible to dpvidasible strategies by using
gypsum and mixing the HSS water with good qualitatew to ensure the

maintenance of the conductivity above an acceptabiet level.
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CHAPTER 4: Validation of the Hydraulic Reduction
Function in the UNSATCHEM Model

4.1 Introduction

Soil column experiments (chapter 3) were condudtednvestigate the effects of
different saline-sodic water treatments on soiuctiral stability and hydraulic
properties. Two disturbed soils were tested wiffedint water qualities. Two water
amendment options were investigated; 1) reducimgstiine-sodic water pH using
sulphuric acid, and 2) blending saline-sodic wati good quality water and adding
gypsum. The results showed that using sulphurid #&oireduce the pH has no

significant effect on the reduction ¢f,,. However, diluting highly saline-sodic water

and adding gypsum did maintain th€g,. The results also showed that different

management options could be implemented to imptiogesustainability of irrigation

with saline-sodic water.

Modelling can be an effective tool to investigatffedent irrigation management
options. The UNSATCHEM model has been used to dessoil-water and solute
movement, and dynamic soil chemical reactions undggation. The major ion
chemistry components have recently been extractech f{UNSATCHEM and

incorporated into HYDRUS 1D as an independent ned8imunek et al. 2005).
However, there are few evaluations reported in liberature of either the
UNSATCHEM model or the UNSATCHEM module incorpokhieto HYDRUS 1D

under sodicity levels that cause a significant céida in hydraulic conductivity. In
this chapter, the UNSATCHEM module in HYDRUS 1[®isluated.

The chapter contains six sections. Section 4.2igesvan overview of the main
UNSATCHEM sub-models. It also describes the phydieeis for model use and

the main chemical reactions included in the modction 4.3 outlines the
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methodology used to prepare the soil and waternpetexisation. Section 4.4
provides the results of simulation and sectionptesents the discussion. Section 4.6

presents the main outcomes.

4.2 Overview of the UNSATCHEM model

UNSATCHEM simulates water, heat, carbon dioxidedpotion and movement, and
solute transport in one-dimensional variably sédraoils. Major ion chemistry reactions
(extracted from UNSATCHEM) have recently been ipooated into HYDRUS 1D
Version 3 and 4 (Simunek et al. 2005). Hence, HYBRLD is a one-dimensional
numerical soil-water and solute transport moddé absimulate variably saturated flow,
heat transport, COproduction and transport, and major ions chemigthg major ion
chemistry module considers the transport of sevajomions and their ionic chemical
reactions including agueous complexation, predipitaand dissolution of solid phases,
and cation exchange. It should be noted that redeseto UNSATCHEM in this research
refer to the UNSATCHEM module as incorporated H¥DRUS 1D.

The UNSATCHEM model also solves three differentipbdifferential equations under
isothermic conditions by a simultaneous iteratioaocpss (Figure 4.1). These patrtial
differential equations are the Richards equation Viariable soil-water movement,
convection-dispersion equations (CDE) for unstesmyte species movement, and the
CO, movement equation. The sodicity effect is incoapenl via the hydraulic

conductivity reduction function and impacts prirhaan soil-water movement.

The simulation process under saline-sodic conditean be illustrated as follows. The
chemical reaction model provides information abdk concentration of the
individual chemical species in the soil solutiordamn adsorbing colloids, which
allows calculation of the ESP at any time and spéhe ESP is used to calculate the

change ofK_, via the hydraulic conductivity reduction functiofhe reduction in

sat

K., reduces the water movement and solute dispersimigddition, the reduction of

water movement will affect both solute and £@ovements, and influence the
temporal and spatial chemical species concentsat@alculated by the chemical

reaction model. These processes occur simultanedusing the simulation. Hence,
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the accuracy of UNSATCHEM at higher sodicity levelepends heavily on the
appropriateness of the hydraulic conductivity reduncfunction and its validity under

unsaturated conditions. Appendix C provides furttetails on the main sub-models

incorporated.
Water Movement |, R General Solute
Model ) " Movement Model
y W N A A
Reduction
function
\ 4 A 4
CO, Movement Model € » Soil Chemical
(in liquid and gaseous |- " Reactions Model
phase

Figure 4.1 Sodicity-salinity effects in water anda@ute movement model (UNSATCHEM) under
isothermic conditions

4.3 Methodology

UNSATCHEM was used to simulate the soil-water aoldte movement data from
selected column experiments reported in chaptere3réplication 3) for two water
treatments. These selected data are the three H$& wand diluted HSS water
treatments. The water movement in the soil columas assumed to be under
isothermic conditions. Theoretically, changes imgerature during the experiments
can affect water movement and chemical reactiottimihe soil columns. However,
the experiments were conducted under laboratorglitons with little variation in the
temperature2° C). Therefore, the temperature effect was notidensd and heat

transfer was ignored.

The model simulates GQproduction from the biological activities. Howey&O,
production was not included in the simulation asrehwere no plants in the soil
columns. The biological activities were also assineebe insignificant and the root

water uptake term in the water movement equatisseato zero.
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The main sub-models considered during simulatiore water movement, solute species
movement and reactions. The hydraulic conductigtiuction functionr( was included
during simulation of HSS water and diluted HSS weatenended with gypsum
applications. Therefore, the parameters neededpévae the model were the solil
hydraulic function parameters, solute movementrpeters (i.e. longitudinal dispersion
and water diffusion coefficient), exchangeable tteas parameters (i.e. adsorbed species
concentration, CEC, and Gapon selectivity coefitsle aqueous species concentrations,

and the exchangeable cation concentrations onxthaege complex.

Data from the soil column experiments (chapter 8jemused to obtain the model
parameters. The data for the tap water amendedgyibum treatment were used to
obtain values of solute parameters. The flux ardtsalata for replicate 3 of the
HSS water and diluted HSS water amended with gypsaatments were used to
evaluate the UNSATCHEM output. The process usaibtain the model parameters

is summarised as following:

1) Hydraulic function parameters were determined @thisoils.

2) Solute parameters (namely, dispersion coefficiedtlangitudinal dispersivity)
were obtained by analysing EC data for discharge fihe tap water amended
with gypsum treatment.

3) The chemical reaction parameters were obtainedhieyncal analysis and

Gapon selectivity coefficients assumed.

In the column experiments, water was added to tinace of a dry soil. Hence, the
initial soil-water suction was assumed to be -200Qar and -5000 CRgyer fOr the
Sodosol and Vertosol, respectively. The atmosph@@s concentration was left at

default values as recommended by Simunek et #86(19

4.3.1 Soil hydraulic parameters

The van Genuchten (1980) function was selected. Wdre Genuchten function
parameters were estimated from the average of W€ data for soil samples of
the tap water amended with gypsum treatmesstumption was made that
hysteresis is negligible), which were reported in chapter 3. Non-linearesgion

analyses were performed using the RETC progranbtairothese parameters. The
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maximum saturated hydraulic conductivity was senaasured in the soil column for

each replicate at the initial stage. The parameitai@ned are shown in Table 4.1.

Table 4.1 van Genuchten (1980) hydraulic functiongrameters obtained for the Sodosol and
Vertosol soils

Hydraulic parameters 6., 6., a I n
Sodosol 0.43 0.18 0.0056 0.5 5.12
Vertosol 0.51 0.238 0.0619 0.5 3.20

4.3.2 Dispersion coefficient and longitudinal dispsivity

The EC with time data obtained for the tap wateeraed with gypsum were used to
estimate the solute parameters (i.e. considermgadhntinues change in outflow salinity
with time). The outflow and EC measurement dataewextracted from different

replicates when 0.4 dS/m and 0.1dS /m water tredtwere applied for both soils.

The CXTFIT program (Toride et al. 1999) incorpodaieto STANDMOD (Simunek et
al. 1999) was used to estimate the solute parasr@inly the dispersion coefficient) for
both Sodosol and Vertosol soils. The solute parsietere determined by fitting the EC
measurements in the outflow with time to an appatgp@nalytical solution (included in
CXTFIT program) for CDE (i.e. steady one-dimensidioav and solute transport). A full

description of the method used to determine splatameters is presented in Appendix D.

4.3.3 Chemical reaction parameters

The concentrations of the aqueous species in wae obtained from the chemical
analysis for the HSS water and diluted HSS watabl@l 3.4). The CEC and
concentrations of the exchangeable cations adsoriiedhe soil complex were obtained
from the soil chemical analyses (Table 3.3) andredtin units of mmgkg. The Gapon
selectivity coefficient (i) describe the exchange reactions between Ca-N& dignd
Ca-K. The kscakWas assumed to be 0.37 (Robbins et al. 198Qu),-4& was assumed to
be 0.58 (Robbins et al. 1980b), and the-d, was calculated from Kopittke et al.
(2004).data to be 2.59 (mol/litt¥)and 3 (mol/litre}- for the Vertosol and Sodosol soils,
respectively (Appendix E).
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4.3.4 Operation of the UNSATCHEM model

The key soil and water parameters used in the atabid simulations are summarised
in Table 4.2.

Table 4.2 The UNSATCHEM input parameters for simuldion of the HSS water and diluted HSS
water amended with gypsum application for both theSodosol and Vertosol soils

P ‘ Soil Type
arameter Sodosol Vertosol
Soil Hydraulic parameters (van Genuchten- Mualem mdel (m=1-1/))
K, (cm/h) Rpl=2.95, Rp2 = 3.92] Rpl=2, Rp2=2.22,
and Rp3 =2.91 and Rp3 =2.26
Qr 0.18 0.238
Qs 0.43 0.51
Alpha (cm™) 0.0056 0.0069
n 5.116 3.202
I 0.5 0.5
Solution Composition (mmol/litre)
HSS Diluted HSS Diluted
water | HSS Water| water HSS Water
ca™ 0.2295 0.075 02295 0.075
Mg** 0.107 0.027 0107 0.027
Na’ 47.847 11.96 47.847 11.96
K* 0.128 0.032 0.128 0.032
Alkalinity 30.63 7.66 30.63 7.66
ClI 16.4B 4.12 16.43 4.12
SOy - 0.436 - 0.436
Exchangeable concentrations (mmglkg)
Ca 60 154
Mg 31 83
Na 4 29
K 4 4
other parameters
Bulk density (g/cnt) 1.50 1.28
Diffusion coefficient (cnt/s) 0.00001 0.00001
Dispersivity (cm) 0.964 1.592
CEC (mmol/kg) 99 270
Gapon selectivity coefficient
K(Mg/Ca) (1/Nmolllitre) 0.58 0.58
K(Ca/Na) (1~ molllitre) 2.59 3
K(Ca/K) (1/Vmoll/litre) 0.37 0.37

80 PhD Dissertation



Chapter 4: Validation of the Hydraulic ReductiomEtion in the UNSATCHEM

The simulations of the column experiments were gotetl under equilibrium
precipitation/dissolution of the calcite. The pdriof simulation differed between
replicates based on the experimental time. Onécatplof the diluted water amended

with gypsum for both soils was also simulated.

The water flux initial conditions were a constae@t at the top and -2000 cm for
Sodosol and -5000 cm for the Vertosol at the botdthe soil column, and decreased

linearly through the column with depth.

The convection-dispersion equations were solvedgugihe Galerkin finite-element
method with a Crank—Nicolson implicit scheme. Sieturet al. (2005) recommended
using the Crank-Nicholson implicit scheme to achiéNgh precision in the values of
solution concentrations. It was assumed that theiptation/dissolution reactions were in
equilibrium. It was also assumed that there wadiseplution of calcium or magnesium

from the soil solid matter. The critical ionic stggh was set to 0.5 mol/litre.

The maximum number of iterations for both the watevement and chemical
reactions models were set to 80 to ensure conveegeh the water, solute and
chemical reaction models. Evaluation of the modaffgpmance was based on a

comparison of the simulated and measured accurdidatéow.

It is worth noting that the simulations for the wnih experiments were also performed
using the kinetic precipitation/dissolution of d@c operation. The kinetic

precipitation/dissolution of calcite method was whoto cause a gradual change in
conductivity and chemical parameters (i.e. pH a®R)S Nonetheless, the kinetic

precipitation /dissolution condition did not sigcgintly improve the fit of the discharge
and hydraulic conductivity data. The data obtamh@ihg the experiments do not allow an
examination of whether the kinetic or the equilibmi model was most appropriate.

Therefore, the equilibrium precipitation/dissoluaticalcite was adopted in this study.
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4.3 Results

Figure 4.2 shows the model estimates of accumutatid#idw compared with time for the
Sodosol soil columns. In general, the model was &bldemonstrate a reduction in
outflow due to the application of the HSS waterwewer, there is a large variation
between the simulated outflow and the experimemaasurements. The model
underestimated the outflow for each of the thredaates. These results suggest that the
simulated conductivity was small compared with rieasured conductivity. The model
also underestimated the outflow for the Sodosolnathe diluted HSS water treatment

was applied (Figure 4.3).

The Vertosol soil columns were simulated for uy4® h. The Vertosol results show
that the model underestimated the outflow wherH88 water treatments were initially
applied (Figure 4.7). However, during the lategstathe difference in the simulated and
measured hydraulic conductivity is very small dmelautflow rate approaches zero. The
results for the simulation of the diluted HSS wateatment indicate that the model

underestimates the outflow over the whole periogaier application (Figure 4.8).

Figures 4.4 and 4.9 show the estimated changedratijc conductivity K ) with soil
depth during the water application. It can be nated the surface layers were severely
affected by the increasing sodicity and had lowi€stvalues. The differences in the
hydraulic conductivity within the soil column aredause the equilibrium model predicts a
large quantity of calcite precipitation in the $b,lsurface soils. However, there is also an
increase of the calcium concentration in the deelppth as a result of exchangeable

calcium being replaced by sodium and it moving Withwater.

The model provides SAR and pH data at each depthirae step (Figures 4.5, 4.6, 4.10
and 4.11). The SAR values showed maximum reduetioime surface. However, the
values of simulated SAR were less than the SARefapplied water (i.e. 117). These
results can be attributed to the soil chemicalti@as and the effect of calcium buffering
and the exchange reactions. Sodium cations rerhevadsorbed Ca from the exchange
complex. The calcium then reacts with the bicart®na the soil solution to form
precipitated calcium carbonate. Calcium carbonageigitation and an increase in sodium

hydroxyl then increase the surface soil pH (Figléa.
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Figure 4.2 Comparison of measured and simulated dilaw when HSS water applied for the Sodosol,
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Precipitation of the calcium carbonate in the sfsoil results in an increase of the SAR
of the soil solution. This increases the soil E8Buces the conductivity, and slows down
the water movement. These reactions occur simoitahe during application of HSS
water. However, the estimated SAR is still less ttiee initial SAR of applied solution
suggested that the calcium buffering and the exghasactions dominate the simulation

of the chemical reactions.
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Figure 4.3 Comparison of measured and simulated oilaw for the Sodosol soil column when diluted
HSS water amended with gypsum was applied
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Figure 4.5 Example of the estimated change in SAR the soil solution with depth at final time for the

Sodosol soil (replicate 1)
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Figure 4.6 Example of the estimated change in pH tiie soil solution with depth at final time for the

Sodosol soil (replicate 1)
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Figure 4.8 Comparison of measured and simulated ailaw for the Vertosol soil column when diluted

HSS water amended with gypsum was applied
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Figure 4.10 Example of the estimated change in SA® the soil solution with depth at final time for the

Vertosol soil (replicate 1)
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Figure 4.11 Example of the estimated change in pH the soil solution with depth at final time for the

Vertosol soil (replicate 1)
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Comparisons of the measured and estimated satimadeslilic conductivity for each soil
and water quality treatment are presented in Fgdr@2, 4.13, 4.14, and 4.15. The
simulation period for each soil column was extenttedllow for the same volume of
applied water during the experiment to percolatee dolumn outflow data was used to
calculate hydraulic conductivity. For the Sodosolumns treated with the HSS water

(Figures 4.12) the estimatddl,,, during the initial stages was low compared with th
measured values. However, the estimated, approaches the measuréd,,, as the

infiltrated volume increases and the entire sdlirom approaches equilibrium. This is
because the sodicity level at that late stagegisdnd the variation between the model
estimation and the measurkd,, is hard to identify. Clear sight of the underestion of
the model can be noted in the simulation resultghfe diluted HSS water applications
(Figure 4.13). The estimatdd, was lower than measured, which indicates clebsy t
the hydraulic conductivity reduction function daoex properly account for the change in

K ... in relation to the chemical conditions.

Sat

The estimatedK ¢, with percolated HSS water for the Vertosol treattmieexhibit the
same response as was noted in the simulation®i®fSdadosol treatments. Figure 4.14
shows that the estimatdtl,,, was very low compared with measured values imihel
stages of water application. However, the valuesstifmatedK ¢, are higher than the
measuredK ¢, in the final stage as the amount of percolate@matreases. However,
the results from simulation diluted HSS water shadearly that theK g, estimated is

lower than the measured values (Figure 4.15). Itlesr that the UNSATCHEM
demonstrates the change of conductivity due to $uglicity. However, it seems that there
are some limitations inherent in relating the cleaafysoil chemistry and sodicity to the

hydraulic properties of the soil and the chemicadled.
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Figure 4.15 Comparison of measured and estimatedtseated hydraulic conductivity for the Vertosol
when diluted HSS water amended with gypsum was apetl

4.5 Discussion

The simulation results for the application of HS&av to both Sodosol and Vertosol
soil columns suggests that there are inherentdtioits with either the chemical
reaction model or the hydraulic conductivity redoctfunction in UNSATCHEM.

However, the chemical reaction model has been ssecessfully in many research
projects around the world (e.g. Schoups et al. 2@B6ncalves et al. 2006).
Successful modelling of solute and chemical reastiasing UNSATCHEM has

been repeated in the literature. In most of thdsdies, the solute and sodium
concentration levels were lower than the threshekkls likely to cause soil

degradation, and the reduction of the hydraulicdoetivity either was stable or
assumed to be small. However, in this current sttldyydegradation of soil structure

and the reduction in conductivity are significant.

The simulation results for the Sodosol and Vertssis clearly shows that the model
failed to properly describe the HSS water dischéifgem the soil columns. Simulation
of water and solute movement under sodic conditensailtaneously considers the
relationships between the soil chemical reactiom$ laydraulic conductivity during

water application treatments. The variations betw#e measured and simulated
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outflow may be due to many factors that act togefigese factors include a number of
assumptions regarding water and solute movemeoitparated in UNSATCHEM. For
example, preferential flow pathways are not comsmien the simulation. However,
preferential flow could be expected to occur palidy during the early stage of
infiltration (as the water was applied to disturlsail columns) resulting in a higher

measuredK ¢,,. Consolidation processes reduce preferential dod conductivity. The

reduction in the hydraulic conductivity due to coliation was estimated from the
reference treatment (i.e. Tap water amended wigsgy) to be less than 14% of the
initial conductivity. However, the differences hretsimulated outflow reported in Figure
4.2 and 4.6 is greater, suggesting that consadidas not the only reason for these
differences. Furthermore, the chemical and phygiaeghmeters used in the simulation
were either assumed or an averaged of the valuesndeed for three replicates.
Individual replicate may slightly vary due to thacking of the soil columns. However,

packing processes are not expected to be the ohtlese significant variations.

The reasons behind the failure of the model togngsimulate the column experiments
can be identified primarily in limitations inherewith; (a) the hydraulic conductivity
reduction function, and (b) assumptions inhererthiwithe chemical reaction model.
The hydraulic conductivity function consists of twadependent and multiplicative
relationships that relate the chemical conditianthé change in conductivity within the
soil profile. The first relationship deals with glswelling (McNeal 1968) and relates the
change in the conductivity to the clay swellingadsinction of both ESP and electrolyte
concentration (Co) values. Simunek et al. (1996prporate the McNeal clay swelling
model into UNSATCHEM using parameter values catealaby McNeal (1968) for
small selections of American soils. These parametkould be characterised for local
soils and were incorporated only for demonstragomposes. In addition, the clay
swelling model was derived from data in which tt&PEof the soils was estimated from
the SAR of the soil-water using empirical USSL 5{a954) relationship. However, the
USSL Staff (1954) SAR-ESP relationship has beemdoto vary from soil to soil
(Qadir & Schubert 2002). Hence, using this relaip might result in errors when
estimating the soil ESP.
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The second relationship in the hydraulic condustikeéduction function is an empirical

pH-K,, relationship (Simunek et al. 1996) which is based limited number of soils
tested by Suarez et al. (1984) and relates thetiedun K, to soil pH. Simunek et al.
(1996) incorporated the pM-,, relationship into UNSATCHEM using parameter

values obtained from a small number of soils ams$dhcould vary with different soll

types. However, the manner Kf,,, decrease may vary from soil to soil. For example,

Aydin et al. (2004) showed that the increase of(pbbve 7) reduces the hydraulic

conductivity in two clayey soils differing in miredogy. However, the manner &,

decrease was varied from the -, relationship soil of Simunek et al. (1996).

In UNSATCHEM, the hydraulic conductivity reductifumction uses estimated chemical
parameters (i.e. pH for pHK ., functions, and ESP and, @r the McNeal model)

obtained by the soil chemical model at each sqikidéo calculate the values of the
reduction function, which will be used to calculdte hydraulic conductivity. It should be
noted that the reduction of hydraulic conductivég shown in Figures 4.4 and 4.9) occurs
at high sodicity (Figures 4.5 and 4.10) and pHesl{rigures 4.6 and 4.11). This suggests
that both parts of the reduction function prodwseer values and cause the conductivity
to be excessively decreased. Multiplication of betfms further reduces the hydraulic
conductivity. However, it was difficult to identifiwhich part of the hydraulic conductivity

reduction functionr( contribute significantly im limitations.

The main limitation in the chemical model is thlaeé teffects of pH have not been
completely incorporated in the chemistry model rpooated into UNSATCHEM, as

CEC and the ESP are both assumed to be indepesfdat This assumption may not
be correct, as evident by many researchers (eandgelou & McDonald Jr 1999;

Khajanchi & Meena 2008).

Simulation of water and solute movement under sadicditions is complicated.
Errors in assumption or calculating any componeming the simulation will result in
inaccurate outcomes. This is because the watersalute balance components are
interrelated. Water flow conveys the ions and deitees the exchangeable cation

concentrations and the chemical reactions thatpgkdae at any given depth of the soil
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profile. Therefore, the aforementioned limitatist®ould be considered separately. It
seems appropriate to start by investigating theapiateness of the McNeal (1968)

model and strategies to characterise its parameters

4.6 Conclusion

The UNSATCHEM model has been evaluated using daitaireed in chapter 3. The
aim of this evaluation was to test the capabilifytlme model to describe the
reduction of water flow due to sodicity in the gation water. The model provides
detailed information about the soil profile incladi SAR and pH and species
concentrations with depth. The model shows that tipdraulic conductivity is
reduced due to high sodicity in the applied wakéowever, it failed to properly
describe the magnitude of the conductivity reductamd inconsistently predicted
discharge from the soil columns. The differencetsvben estimated and measured
hydraulic conductivities were large, especiallyttoe Sodosol columns. The possible
mechanisms underlying the discrepancies were itkhtiin the hydraulic
conductivity reduction function and assumptionsoasged with the chemistry
reaction model. It has been shown that the hydraginductivity reduction function
overestimates the reduction of the conductivityoesged with high sodicity soll
chemistry reactions. In addition, as UNSATCHEM a&sss that the CEC and ESP

are independent of soil pH, the pRIK,, relationship may not be valid for soil with

different (especially variable charge) mineralogy.

Therefore, there is a need for more research taowepthe UNSATCHEM for

modelling highly sodic conditions before using dr fany further management
investigations. The main factors identified in thikapter should be considered
separately and investigate their interrelations ganed with experimental data. The
starting point is by investigating the McNeal (19&8del and providing a method to
characterise its parameters. The following chaptgestigates and describes the

development of an improved clay swelling model.
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CHAPTER 5: Development of a Generic Clay Swelling
Model

5.1 Introduction

UNSATCHEM has been shown (chapter 4) to underestinveater and solute

movement at higher sodicity levels in the Sodoswl ®ertosol soils. These results
suggest that there is a need to investigate theabljd conductivity reduction

function. The reduction function incorporates theNdal (1968) clay swelling

model and has generalised parameters. TherefadyitiNeal (1968) clay swelling

model may used to an under prediction of the hyldraonductivity. The attempt to

parameterise the clay swelling model suggested ttiexe are limitations in the

model and there is a need to identify a more ap@atepform of the model. Hence,
the purpose of this chapter is to evaluate the feslling model (McNeal 1968) and
to develop a strategy to estimate the model paemhéir local soils.

This chapter contains seven sections. Sectiont&r® &y reviewing the mechanisms of
clay dispersion andK,, reduction. Section 5.3 identifies inconsistenciesthe
assumptions underpinning the McNeal (1968) claylswgemodel. Section 5.4 provides
a mathematical evaluation of the clay swelling fiomc used in UNSATCHEM and
proposes adjustments to improve the model. Seétlrprovides a new form of clay
swelling model. Section 5.6 serves as a calibratibthe new generic clay swelling

model usingRKg,, data sourced from McNeal et al. (1968). Sectighcéncludes the

main findings of this chapter.
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5.2 Review of the McNeal clay swelling model

5.2.1 Background

Quirk and Schofield (1955) demonstrated that thbiktly of clay aggregates in soils
is a function of both the soil and the amount afism within the soil solution. These
factors interact to produce both swelling and disipa of clay particles. Swelling
creates an increase in the aggregate size dues tmélrement of water and cations
between the clay platelets while dispersion is phecess of separating the clay
platelets and suspending them in the soil-waterellyg is reversible. However,
dispersion is an irreversible process becauseocetflating suspended clay platelets

does not recreate the original particle associatiom orientations (Levy 2000).

Both swelling and dispersion can be explained ley@iffuse Double Layer theory
(DDL) which involves the attraction of cations thet negatively charged clay
surfaces. The clay platelets are attracted to etwdr by van der Waals forces while
the osmotic pressure created by the increase isaanentration in the DDL acts to
repulse the platelets (Sumner 1993). The effechefchanges in the bulk solution
electrolyte concentration and relative proportidnsodium ions is to change the
number and mix of ions present within the diffusmilole layer which affects the
osmotic pressure operating to repel the platelgtsere the electrolyte concentration
is low and/or the sodium level is high, both thi#usdie double layer and the osmotic
pressure exerted on adjoining platelets are lakdeere the osmotic pressure is large
enough that the adjoining platelets move beyondrttieence of the van der Waals
forces, the platelets move apart and become susgee. dispersed) in the soil-
water. The clay swelling model has been widely uged. Mustafa & Hamid 1977;
Simunek & Suarez 1997; Simunek et al. 1996; Su&e&Simunek 1997) to

determine and quantify the effect of sodicity ot Bgdraulic properties.

5.2.2 The McNeal approach

The McNeal (1968) clay swelling model was propaseduantify changes in saturated
hydraulic conductivity K,,) under sodic soil conditions. McNeal and Colent866)

found that for a given level of sodicity, the retfut in relative saturated hydraulic
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conductivity (RK,) was related by a sigmoidal function to the Idbarmi of the solute

concentration@,). McNeal (1968) subsequently used the conceptsuiadiing factor to
determine th&K,, with changes in solution concentration and sodiliire swelling
factor is used to predict whether the sodium aridtesa@oncentration will induce soill
physical degradation or flocculation (Warrence let2803). The relationship between

RK, and swelling factor (McNeal 1968, 1974) providedescription of theRKg,, at

various combinations of solute concentration arathargeable sodium percentage (ESP):

cx"
1-RK., =——— 51
Sat (1+an) ( )

where RKg, is relative hydraulic conductivityx is the swelling factor (i.e. the

calculated interlayer swelling of soil montmorillte), andc andn are constants for

a given soil within a specified range of ESP.

McNeal (1968) provided a graphical method (Figurg) Sor the estimation ok
based on the soil solution concentration and ansteljl ESP (i.€ESP) value.
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Figure 5.1 Graphical method for estimating the swéhg factor as a function ofESP" and salt
concentration in soil-water

Source: (McNeal 1968)
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In this case, thESP value is calculated as:
ESP*= ESP—ESH (5.2)

whereESP represents the threshold ESP at which Khg starts to decline. As the

reduction ofK g, depends on the solute concentration, the genamnictibn forESH

proposed by McNeal (1968) is:
ESR =1.24 + 11.63lo&, (5.3)

where C, is the solute concentration of the added wateshtiuld be noted that
equation 5.3 and the graphical method (Figure prbyide an average threshold
level for the set of soils studied by McNeal et @968). The McNeal (1968)
graphical method for determining the swelling facteas based on the modified
domain model (Norrish 1954):

x=(f, ) (36x10*)(ESP)(d") (5.4)

amount)

where f is the weighted fraction of montmorillonite in tiseil (i.e. mass of

amount

montmorillonite divided by the mass of the soil)cNeal (1968) assumed., . to

be at the ratio 0.1. If ., # 0.1, thec parameter in equation 5.1 should replaced by

¢’ calculated:

' famoun ctua ’
c =C{—tat ' J (5.5)
f d

amountssume
where ¢ is the adjusted parameter for different montmorillonite contentsla is
the same as in equation 5.1. McNeal (1968) idextifhed* variable in equation 5.4
as the adjusted interlayer spacing which can beigiexl (Norrish 1954) as:

d*=0 for C, >300medq/ litre (5.61)

d* =356.4(C,) > +1.2 for C, <300med/ litre (5.611)
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The transformation constant (3.65)0in equation 5.4 accounts for the relative
increase of the interlayer spacing volume {cmue to swelling. McNeal (1968)
calculated the transformation constant (i.e. 3.6} Es:

2
(800>< 100 M

g montmorillonite

)x 09x (1><10'ch/A)

10Cx 2 (5.7)

where 80810" cnf/g is the approximate specific surface area of monillonite
clay. The factor 0.9 represents the ratio of insygcific surface (i.e. inner pores of
clay platelets) which comprises 90% of the totalecsiic surfaces for
montmorillonite. The factor210® converts thel* from angstroms (A) to cm. Since
the shape of montmorillonite particles is sheetliknly one side area is used to
calculate the increase of the interlayer spacingus] the specific surface area is
divided by 2. To facilitate the use of ESP as iategumbers, 100 is also placed in
the denominator of the calculation. Note that t@idvconfusion, the transform
constant is reported here as angstrom units asMmdteal (1968), but when
appropriate, this value is converted into S| ufatscalculating the swelling factor.

McNeal (1968) suggested that the value ofrthmarameter in equation 5.1 was fixed
for a particular soil and was closely related te ESP. The recommended/alues
based on ESP were:

1 ESP<25
n={2 25<ESP<50 (5.8)
3  ESP>50

The c value in equation 5.1 is also closely relatedhsrt parameter and McNeal
(1968) suggested thatvalues could be assigned for each of the three ia8ges
listed above (equation 5.8). McNeal (1968) ideatlt values for Pachappa soils by
best fit as 35, 932, and 2500 for= 1, 2 and 3, respectively. However, where the
relative hydraulic conductivity is measured and B&P is known, equation 5.1 can

be directly used to calculate the value ofd¢lmarameter.
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5.2.3 Later modification to the McNeal model

Simunek et al. (1996), Suarez and Simunek (199d) @imunek et al. (2005)
adopted the McNeal clay swelling function in UNSAHEM along with the

suggestea andc values:

n=1 c=35 forESP <25 (5.91 )
n=2 c=932 for 25 ESP< 50 (5.911)
n=3 c = 2500 folESP > 50 (5.911)

However, Simunek et al. (1996) and Simunek and &ugk997) also modified the
(McNeal 1968) model to account for pH effects bgoirporating a general hydraulic

conductivity reduction functiorr) for K ,:
r (pH, SAR,C) =r1(SAR, Cy) ro(pH) (5.10)
wherer; is the reduction oK, due to the clay swelling and calculated as:

n

e
@L+cx")

r (5.11)
andr; is the reduction oK, due to an increase in the net negative charge¢beon

clay colloids associated with the increase in soilition pH. Values for, have been
suggested by Simunek et al. (1996) to be:

1 pH < 683
r, =< 346- 036pH 683< pH<93 (5.12)
01 pH > 93

The general hydraulic conductivity reduction fupati () used to predict the

saturated hydraulic conductivity(,,) is thus:

Ky = I K& (5.13)
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where K22 is the maximum saturated hydraulic conductivitygiaeed when the soil

is stable (i.e. no reduction noted due to sodmmitiow electrolyte concentration).

The effect of sodicity on soil physical propertiesn be practically evaluated by

observation of theK,, reduction. Simunek et al. (1996) assumed thaeffet of

sodicity on unsaturated hydraulic conductivit (.,,) was the same as fdg,.

Hence,K ., can be calculated fror o, as (van Genuchten 1980):
KUnsat = KSatK(h) (5-14)
where K ,, is the unsaturated hydraulic conductivity functiarmich can be written

(van Genuchten 1980):
Koy = 83’2[1— (- smi) ] (5.15)

where&; is the relative water saturation in the soil, andisan empirical parameter
dependent on the soil type. Hence, the reductiorKin, can be predicted by

substituting equations 5.13 and 5.15 in equati@n:5.

Kt = TK s“gfxsl’z[l s”m' ] (5.16)

The complexity of parameterising the clay swellmgdel, however, has led workers
to use general parameters developed on only awaeonge of soils. Simunek and
Suarez (1997) noted that using generalised parasniie different soils was not
likely to provide an accurate prediction of hydiawonductivity, but rather serve to
describe the type of changes that could occur dunfiltration under various sodic
conditions. To achieve accuracy in modelling solated water movement for

particular soils the parameters need to be caéiirat

105 PhD Dissertation



Chapter 5: Development of A Generic Clay Swellingddl

5.3 Assumptions underpinning the McNeal (1968) clayswelling

model

5.3.1 Clay swelling distance calculation

According to the domain model (Norrish 1954), ctayelling can be demonstrated
by considering two clay platelets which are partalfégure 5.2). When water is
added to dry montmorillonite the actual interlagpacing D*) increases. When
non-sodic saline water is added to dry montmoritlgrD* increases from about
0.95 nm (9.5 Angstrom (A)) to approximately 2 nn0 () (Iwata et al. 1995;
Norrish 1954; Quirk & Murray 1991). However, thistnce increases according to

the solution chemistry and is greater for absadoidic solutions.
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Figure 5.2 The effect of soil solution concentratibon montmorillonite swelling (ESP =100%) as
described by Norrish (1954)

Norrish (1954) used X-ray diffraction methods toasweD* on samples of pure
montmorillonite for two different sodic solutionge{ sodium chloride (NaCl) and
sodium sulphate (N&8Q,), which were assumed to have SARocy at different
electrolyte concentrations. The ESP of the claypdasnwas assumed to approach
100% as SAR approaches(Evangelou & McDonald Jr 1999). Norrish (1954)ridu
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that the distance between the two clay platelets Wwmh at low electrolyte
concentration (i.e. electrolyte concentration apphing zero). However, with
increasing electrolyte concentrationy)( the distance between the platelets decreased
dramatically. The conclusion was made thatincreased linearly with £ (Figure

5.3). McNeal (1968) later described the changadjusted interlayer spacingl*)
using an empirical equation based on the NorriSb4}Lfindings (equation 5.6).

A
88558

3858238

Interplanar spacing

2

| i | | |
5 & 7 8 9

1 |
I 2 3 4
C-

Figure 5.3 Lattice expansion up to 2 nm and more #n 40 nm) of montmorillonite under two Na-
solutions (i.e. x NaCl, o Ng8O,, and -— fitted line) with the square root of diferent concentrations

Source: (Norrish 1954)

According to the McNeal (1968) approach, the adpisnterlayer spacingdf) is
defined as the increase in the distance betweegldlyeplatelets due to the sodicity
effect at a given salinity. Swelling can occur dgrclay wetting with low sodicity. The
adjusted interlayer spacing accounts for the irserea the distance between the clay
platelets due to only sodicity and varies with solconcentration. McNeal (1968) also
suggests that sodicity has no significant effechmammtmorillonite swelling abov€,=
300 mmal/litre and the adjusted interlayer spacidt) (should be equal to zero at higher
concentrations. However, Equation 5.6(ll) produaeslue ford* of 21.78 A (2.178
nm) at an electrolyte concentration of 300 myftioe (Figure 5.4). This suggested that
there is a disjunction in tha¥ values derived using equation 5.6l and this egnahay

not describe the adjusted interlayer spacing phpper
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Figure 5.4 Demonstration ofd* equation under sodic condition (ESP= 100%) and itadjustment as
described by McNeal (1968)

The value of d* at 300 mmglitre calculated using equation 5.6(Il) approacties
normal interlayer spacing (2.178 nm) for montmoriite swelling when wetted with
low sodicity water (e.g. Norrish 1954; Iwata etE95; and Mering 1946). It is clear
evidently from Figure 5.4 that equation 5.6 dessibhe actual interlayer spacing
(D* not d*). Therefore, equation 5.6 should be rewritten ¢ooant only for the

increase of interlayer spacing due to maximum sodiglitions as:

d* =3564(C,) * -2058 for C,<300med/litre  (5.17)

Hence, the adjusted interlayer distance producied) @sjuation 5.17 accounts for only
the effect of sodicity which approaches zero a=@G00 mma/litre. Equation 5.17 is
applicable at electrolyte concentrations less 8@hmmo)/litre. For higher G, thed*

value is equal to zero.
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5.3.2 Threshold levels in the clay swelling model

A major assumption in the McNeal (1968) clay swgllimodel is that the cation

concentrations on the soil exchange surfaces atigeisoil solution have reached an
equilibrium with the applied water. Consequentig ESP of the soil is estimated from
the SAR of the applied water. The SAR-ESP relatignproposed by the USSL Staff
(1954) has been widely used (e.g. Department afrblaResources 1997; Skene 1965).

The d* represents the adjusted interlayer spacing dudatocation adsorption. At
ESP = 100 % (or SAR> «) (Evangelou & McDonald Jr 1999; Panabokke 1999)
and C, <300 mma//litre, the magnitude ofl* depends orC, (Norrish 1954). For
Na-Ca solutions, the expansion of the montmoriteomill be a function of the ESP.

Therefore, the change in interlayer spacing of mamillonite due to the differences
in sodium concentrationa() can be predicted if the threshold level of sagitor
montmorillonite inherent withC, is known (i.e. at which the adjusted interlayer

spacingd* begins to increase or d* > 0) as:

(100- ESR yon)
10C

d= (d*) (5.18)
where 100 represents the Exchangeable Sodium PRageer{all the exchange

surfaces are saturated by Nations) andESPvon: is the threshold ESP at which the

clay (i.e. montmorillonite) starts to swell.

In the clay swelling model, the effect of clay erpi@n depends on the proportion of
expansive clay present in the soil. Assuming that density of montmorillonite
aggregates are similar to the density of otheregaes, then the ratio by weight of
the montmorillonite clayf(amoun) to total soil amount may be used to calculate the
expansion of a given volume of soil. However, idiso necessary to assume that the
ESP of the montmorillonite in the soil is equatiie ESP of the bulk soil (i.e. there
IS no mineralogical preferences for cation adsompti If this is the case, the
expansion (i.e. increase of volume) within soilataning montmorillonitedV) due

to the effect of sodicity can be predicted as:

109 PhD Dissertation



Chapter 5: Development of A Generic Clay Swellingddl

dV = (ESP- ESR) (d*) (f amoun) (5.19)

The clay expansion under sodic condition occurliwitlay aggregates and leads to
a reduction in the size of the adjacent fine para¥/or increase in the volume of the
bulk aggregates. This, in turn, causes a reduati@uter pore size (large pores) and
an increase in the bulk soil volume. The changéefpore size depends on both the
degree of clay swelling and the initial pore sizstrdbution. The initial pore size
distribution depends on soil type and conditiog.(éllage, or intensive vegetation).
Reshaping of the pores due to clay swelling deteemithe magnitude of the

reduction in hydraulic conductivity.

The ESR varies withC, and is unique for each soil. Assuming that theewat
applied, soil solution, and adsorbed species ofoidokurfaces are chemically
equilibrated, then the ESP can be estimated frenBthR of the applied water. The
ESP identical to the threshold electrolyte concentrafiTEC) (discussed in section
2.3.4). Thus, th&SPR: can be predicted from the soil stability indicatas originally
provided by Quirk and Schofield (1955). The funetithat relatesC, with ESH
rather than SAR is (McNeal & Coleman 1966):

ESR =l + s In(Cy) (5.20)

where,| ands are empirical parameters, which depend on thetgpé and soil
condition. The common logarithnof)) herein was replaced by the natural logarithm
(In) for simplification purpose. Therefore, the adjdsteSP (i.e.ESP* which is

related to the adjusted interlayer spaci (s:

ESP* =ESP — (I+s In(Q)) (5.21)

It should be noted thatands are generalised in equations 5.20 and 5.21. Howtheer
ESRH value proposed by McNeal (1968) is based on dyarhsoils studied by McNeal
et al. (1968). Hence, the threshold values propossdbe unsuitable for other soils.
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5.3.3 Swelling and dispersion in the clay swellingnodel

The clay swelling model is based on measurementaaritmorillonite expansion in
open and pure clay systems. Under maximum (i.€4)@@dic conditions, the distance
between two clay platelets increases rapidly wittcreases in the electrolyte
concentration. Practically, soil structure may ¢@ms clay expansion (Oster &
Shainberg 2001) and prevent complete expansiotatdigts. On the other hand, larger
repulsive forces or higher expansion of the clalyces the attractive forces between the
platelets. This, in turn, increases the probabibfyseparating and displacing clay
fractions during water movement. The probabilityclafy fraction separation increases
with the increase in the distance between platedstsuming that clay dispersion can be
related tod* in the same manner as swelling behaviour, the ssaglling model will
account indirectly for the process of clay dispgrsand movement. Therefore, both
swelling and dispersion could happen concurreniilgimthe soil at different levels and

their combined effects oK ., reduction could be quantified by the clay swelingdel

irrespective of which process predominates.

Furthermore, the clay swelling model may also beengenerally used to describe

the reduction ofK, in soils that have any type of swelling clay maiegy. The

parameter for the weighted fraction of montmoriitenclay in the clay swelling
model (i.e.famountte€rm in equation 5.4) can be replaced by an engbiparameter

which depends on the amount of expanding clay witheé soil.

In this case, the use of the traditional swelliagtdr &) reflects the magnitude of clay

swelling and relates it directly tBK,, (equation 5.1), irrespective of soil mineralogy.

In any case, estimating the actual quantity ofdifierent clay minerals present in a

soil is not routinely conducted and is subjectamé errors due to the inability to

measure small amounts (Sumner 1993). Therefdeepften not appropriate to use the
actual montmorillonite fraction in the calculation (equation 5.4). Instead, it may be
most appropriate to replace the weighted fractibrmontmorillonite by a fitted

empirical parametdr which accounts for the effective clay swelling.
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5.4 Evaluation of the McNeal (1968) model of claylling

The difficulty of measuring the clay swelling mogarameters for specific soils has led
many researchers to use the generalised paranmtgsesed by McNeal (1968).
However, the use of these parameters is limitemhly particular levels of sodicity and
salinity. Validation of the clay swelling model farbroader range of ESP abglhas not
been found in the literature. The work reportedhis section is a demonstration and
discussion of the clay swelling model using theo$etandc parameters (equation 5.4)
as proposed by McNeal (1968; 1974), and that haga bard coded in UNSATCHEM.

5.4.1 Evaluation methodology

To evaluate the generalized clay swelling modelgiqn 5.1),RK,,, values were

calculated based on the setro&indc parameters (equation 5.91, 5.91I, and 5.9llII)
proposed by McNeal (1968). Numerical values for BE® electrolyte concentration
ranged from 0.1 to 100 and 1 to 120 mghible, respectively. The intervals for both

variables were chosen to equal unity.

A MATLAB program (Appendix F) was written (utilizanthe grid fit function) to
generate a three dimensional surface of the claflisgy equation. The evaluation

was conducted by comparing the calculaiRH, with observations ofRKg, as

reported in the literature.
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5.4.2 Results and discussion

The 3-D surface of the McNeal (1968) clay swellingdel is illustrated in Figure 5.5.
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Figure 5.5 Three dimensional representation of th#lcNeal function (RK_, versus ESP and )

The observations from the graphical surface in ledu5 are twofold.

1) At low electrolyte concentration and ESP valuesowethe threshold level

2)

proposed by McNeal (i.&£SR), the calculatedRK,, values are above 100 %.

However, the increase in aggregate stability asehBESP and £should

maintain but not increase thK, above the stable&K , condition (i.e.

RK,, =1). The incorrectRK, values produced are due to the negative

values of swelling factor] calculated because the model uses fixed values of

ESPR and does not properly accommodate the hydraalimlgy condition.

Discontinuous results foRKg, are found at the boundaries of the ESP

ranges (wher@ changes from 1 to 2 and atchanges from 2 to 3). These

results suggest that the McNealand c parameter values result in sharp

change in the calculate®RKg, around these values of ESP ang G
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addition, the shape of the surface indicates tbhasideringn andc as fixed
parameters might not be appropriate. A more ap@tprsurface would

likely result ifn andc were continuous functions of ESP.

To avoid the incorrect values &K, above 100%, Simunek et al. (2005) provided

an adjustment of thESP*as:

ESP = maq{0, ESP- (124+1163logC,] (5.22)

An alternative adjustment with a similar outcoma ba made to the model as:

Flocculation condition RKe,= 1 when x<0, (5.23I)

n

CX

-—— when x>0, (5.2311)
@L+cx")

Non-flocculation condition RKg, =1

When this latter correction was implemented theultast surface of the clay

swelling model was improved (Figure 5.6).
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Figure 5.6 Three dimensional plot of the McNeal fuetion with RK_, limited to 100%
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The parameters andc are functions of ESP (equation 5.9). Figures 518 a.9
diagrammatically demonstrate the setrofind ¢ values versus ESP. Figure 5.7
suggests that the versus ESP relationship might be close to lingaraddition,

Figure 5.8 suggests thamight have an exponential relationship WHEP
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Figure 5.7 McNeal (1968 values with ESP
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Figure 5.8 McNeal (1968 values with ESP

115 PhD Dissertation



Chapter 5: Development of A Generic Clay Swellingddl

5.5 Towards a generic clay swelling model

It has been shown (section 5.4) thatndc should vary continuously and are closely
related to ESP. The initial demonstration using mhand ¢ values proposed by
McNeal (1968) showed that might vary linearly with ESP and exponentially.
However, the change in bothandc with ESP may be determined precisely using
experimental data oRKg, and water quality. This provides the opportunity t
develop a generic clay swelling model which coutdparameterised for local soils.
The steps toward developing a generic clay swelimoglel were: (a) demonstration
of ESR and quantifying its effect om and RKg,, (b) determination of andc
functions empirically based on available data, &odvalidate the generic clay

swelling model with the experimental data available

55.1 RK., data

Sat

Experimental data (Table 5.1) for the reductionkaf, with different mixed NaCl-
CaCl solutions applied to three groups of soils wertaioled from McNeal et al.
(1968). The data are averagesRKg,, measurements that were obtained in a series of

column experiments. Soils were classed accordirpipocontent as: group (a) has an
average clay content of 5.7%, group (b) with averggy content of 16.2%, and group
(c) with higher average clay content of 48.5%. MalN&t al. (1968) indicated that alll
of the soils groups had an average montmorilloritetent of approximately 42% of

the total clay content. Th&K,, data were calculated frorK,, measured on a
particular soil column at the specific concentrataivided by the maximunKg,

measured for that column (i.e. with high at the same estimated ESP). The estimated

ESP was calculated from the SAR of the applied watee measurements &K,

were reported as an average for each soil grougdtal).
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Table 5.1 Relative saturated hydraulic conductivityof Imperial Valley soils in the presence of mixeilaCl-CaCl, solutions

Source: (McNeal et al. 1968)

Average Average Relative saturated hydraulic conductivity RK; (Ratio)
_ _ Estimated
Soil Group | clay content | maximum SAR

. ESP (%)

(%) Ksae (€m/h) 800 200 50 125 3.13

mmolJ/litre | mmol//litre mmol//litre | mmoly/litre | mmol//litre

0 o* 1.00 1.07 1.06 1.03 1.02

Group (a) 57 713 25 26.19 1.00 0.99 0.99 0.93 0.89

100 59.3 1.00 0.96 0.76 0.38 0.21

o0 100 1.00 0.82 0.29 0.14 0.14

0 o* 1.00 1.01 1.00 0.98 0.96

Group (b) 16.2 1.98 25 26.19 1.00 1.00 0.90 0.62 0.26

100 59.3 1.00 0.75 0.10 0.00 0.00

o0 100 1.00 0.35 0.07 0.00 0.00

0 o* 1.00 1.06 1.03 0.99 0.94

Group (c) 485 0.523 25 26.19 1.00 0.84 0.66 0.20 0.01

100 59.3 1.00 0.33 0.01 0.00 0.00

o0 100 1.00 0.03 0.00 0.00 0.00

* The calculated values of ESP at SAR=0 produceghtiee values, therefore, the ESP values were asguobe 0.
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5.5.2 Calculation ofESP;

The purpose of this step is to investigate theditgliof ESR- proposed by McNeal
(1968) and subsequently, to facilitate the accucateulation of the swelling factor
(X). Determining the threshold ESP at whiéh, begins to decline is arbitrary.
Therefore, the approach used for TEC as defineQuixk and Schofield (1955) and
Quirk (2001) (i.e.RKg, reduction by 10-15%) was used to predict B&R. The
TEC is a function of SAR and ESP. The thresholdgHe soils were determined by

(a) simple linear interpolation oRKg, at every electrolyte concentration level to
give the ESP at whiclRK,, reduced by 10%, and (b) fitting a logarithmic ftioo

to the interpolated ESP values. The resultingdiE&R- equations for the three soil

groups (a), (b) and (c) are shown in Figures 53),5and 5.11, respectively.

80 -
*
70 ESPr=12.186In(G) + 2.7863
R2 =0.8246
60 -
? 50 n
S
o 40 - 3
{0
304 /,
L/
20 A
10 # RKsat interpolated from experimental data of eldgte concentration and ESP
—Log. (RKsat interpolated from experimental datalefctrolyte concentration and ESP)
0 T T T T 1
0 50 100 150 200 250

Electrolyte concentration (mmditre)

Figure 5.9 Change of ESP and electrolyte concentiah at threshold level (i.e.RKg,, =0.9) for soil
group (a) having clay content of 5.7%

Data from McNeal et al. (1968)
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80 -
701  ESPr =9.5597In (Go) - 12.122
R2 =0.9399
60 -
/a\ 50 .
S
o 40
{0
30 -
20 -
10 - + RKsat obtained from experimental data of elegteotoncentration and ESP
. —Log. (RKsat obtained from experimental data et#blyte concentration and ESP)
O T T T T 1
0 50 100 150 200 250

Electrolyte concentration (mmulitre)

Figure 5.10 Change of ESP and electrolyte concentian at threshold level (i.e. RK,, =0.9) for soil
group (b) having average clay content of 16.2%

Data from McNeal et al. (1968)

80 -
20 ESPr = 4.2986In(Co) - 5.7142
i R*=0.9148
60 -
50 - + RKsat obtained from experimental data of electebdncentration and ESP
E’\i —Log. (RKsat obtained from experimental data of etdgte concentration and ESP)
a 40 -
0
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o /'
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Figure 5.11 Change of ESP and electrolyte concentian at threshold level (i.e.RK_.._. =0.9) for soil

Sat
group (c) having average clay content of 48.5 %

Data from McNeal et al. (1968)
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5.5.3 Effect ofESPron swelling factor and RK,,

It is clear that the thresholds for the differentl groups differ substantially. To
demonstrate the magnitude of the differences inthiheshold levels for each soill
group the fitted curves are shown in Figure 5.1dh@lwith theESR proposed by
McNeal (1968).

80 .
704
Group(@d) .= T

60 4 p( )\‘ PR
g 50 - - - Group (b)
a 40 .7 - X N J—
aols et

30 . I; _ _ - — -

20 _'./ -~ Threshold level in McNeal equation

10 el T T T Group (c) soils

0 T T T T 1

0 50 100 150 200 250
Electrolyte concentration (mmolc/litre)

Figure 5.12 Proposed threshold level by McNeal (185compared with threshold levels at 109%6RKg,,
reduction for three soils group obtained from McNeéaet al. (1968)

The soils from McNeal et al. (1968) were reportechave a similar percentage of
montmorillonite (approximately 42% of the clay cent). However, each soil group
has a different absolute montmorillonite contentause each has a different clay
content. The weighted fractions of montmorillonitegroup (a), (b), and (c) soils are
0.024, 0.068, and 0.204, respectively. For theds, gbe effect of the clay content

on ESFR is clear withESPR- decreasing with increasing clay content in thesls.s

Figure 5.12 also shows that the groupE&F is below the gener& SR proposed
by McNeal (1968). This suggests that the use af theeshold values will result in
the model accuracy to describe tR&,, reduction in soils that haveESPR below

the generaESR. It is clear that using the actuBSH for a particular soil will

enhance the accuracy of the model.
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5.5.4 Determination ofn and c functions

The McNeal et al. (1968) data has only a limitechbar of ESP levels at which the
reduction inRK,,, was measured. Amongst this data, oRl{,,, measurements for
two soils (group (b) and (c)) were able to be usedvaluate the change mandc

parameters with ESP. The rest of the data was inssetction 5.6 for the calibration

of then andc functions.

For both soils (b) and (c), thefactors corresponding to the measuRRK,,, were

calculated based on theSH: (as described in Figures 5.9, 5.10 and 5.11),thad
actualfamount predicted for each soil. Graphpsadftware was used to conduct a non-
linear regression analysis to obtairand c parameters at each level of ESP. The

results are presented in Table 5.2 for both soilkrae levels of ESP.

Table 5.2 Then and ¢ parameters obtained from non-linear regression angkis for soil groups (b) and
(c) at different levels of ESP

SAR | Estimated Data for group (b ) Data for group (c)
ESP n c R? n c R?
25 26.19 | 09772  17.89 0.9 2.205 266. 0.997
100 59.3 2.885| 83064 0.99 15| 1.xE™ | 1
o 100 4.965| 16460000 0.99 30 | 1.48E™'| 0.999

It is clear from Table 5.2 that andc increase with the increase of ESP. While the
low number of data points showing the change amdc with ESP are not sufficient to
establish significant relationships, the geneetdrcan be depicted. The relationships
betweem and ESP, and and ESP are shown in Figures 5.13, 5.14, 5.155&iti

An initial evaluation of the values of andc with different ESP levels reveals that a
linear relationship can be established betweemnd ESP, and an exponential

relationship for.
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Figure 5.13 Change oh parameter obtained (by best fit) with different lewels of exchangeable sodium
percentage (ESP) for soils group (b) of McNeal daid 968)

n parameter

0 20 40 60 80 10C
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Figure 5.14 Change oh parameter obtained (by best fit) with different lewels of exchangeable sodium
percentage (ESP) for soils group (c) of McNeal da{d968)
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Figure 5.15 Change o€ parameter obtained (by best fit) with different lewels of ESP for soils group (b)
of McNeal data (1968)
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Figure 5.16 Change of ¢ parameter obtained (by befit) with different levels of ESP for soils group(c)
of McNeal et al. (1968) data
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It should be noted that both parameteendc are interrelated at any particular ESP.
Thus, any change in one parameter will result ichange in the other and both
parameters should be used together.Mparameter controls the degree of curvature
in the clay swelling model. The primary conclusioade is thah varies with ESP

and could be described by:

n=(ESP*+b (5.24)

wherea and b are empirical fitted parameters. Furthermarés a function of ESP

and can be written as:
c=ge"®P (5.25)

where g anan are empirical fitted parameters.

5.5.5 Structure of the generic clay swelling model

The steps involved in developing the generic clagligng model were as follows. The
first step was to clarify the boundary betweendidation and deflocculation. This was
done by considering the swelling fac{®y value. The soil is flocculated ¥is equal to

or less than zero, while it will deflocculatexifs greater than zero. The second step was
that the constant andc values were replaced by their functions (i.e. #qné.24 and
5.25, respectively). The third adjustment was te e measureBSH for each soll
rather than the generalized McN&8HR. The final adjustment involved replacing the

famountby @n empirical parameter which represents tleetfe clay swelling.

The boundary conditions for the entire range of sodicity in the generic clay
swelling model can be concluded as:

Flocculation x=0 at ESP*<0 and d*=0

Deflocculation x>0 at ESP*>0 and  d*=356.4/C-20.58

Implementing these adjustments and incorporatiegitwn andc functions results

in a new generic clay swelling model for describthg change inRRKg, within a

given soil. The new model can be expressed as:
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Flocculation condition RKg, =1 at x<0, (5.26)
( em(%)) x )«%’)%b)
Non-flocculation condition RK, =1- 9 A atx>0 (5.27)
@+ (ge" ' )(x,) )

wherea, b, g andm are empirical parameters dependent on soil typecandition,

and x, is the adjusted effective swelling factor, whiclcamts for the effective

swelling and dispersion that inducB,, reduction.x, can be calculated as:

x, = (f)(36x107*)(ESP)(d") (5.28)

Where f is an empirical parameter related to effectiveghtsd fraction of expanding
clay content . Th&SP*can be calculated as:

ESP = ESP-(l +sIn(C,)) (5.29)

wherel ands are empirical parameters which depend on soil &yksoil condition.

5.6 Calibration of the generic clay swelling model

5.6.1 Calibration methodology

The calibration of the generic clay swelling modeleloped in the previous section
was carried out using non-linear regression (orglinaast squares method). The
model was fitted to the original experimental daben McNeal et al. (1966). The data
for electrolyte concentrations > 300 miidle were excluded as those levels of
salinity were not applicable. TableCurve 3D (vanstb0.01le) was used to fit a non-
linear surface equation 5.27 to the measuReqd,, data for each soil. The regression
analyses were performed for the three soil groojgetermine the seven parameters in

the generic clay swelling model (i.@. b, g, m1, s, andf). A full description of the

method used to perform the non-linear regressiatysais is presented in Appendix G.
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5.6.2 Non-linear regression results and discussion

The full results and statistical analyses from tlgression analyses are shown in
Appendix H. Table 5.3 shows the fitted parameterd the regression statistics. It
should be noted that thé Ralues for the surface fits are greater than 8r@Bthe F-test
values for the three groups are between 74.75 and3 (i.e. highly significant). This

indicates that the model appropriately describes d@kperimentalRK,, data. The

standard error values ranged between 0.055 an® @dGhe three soil groups. The

resultantRK,,, surfaces and residuals are demonstrated up te=ESP(assuming that

the SAR-ESP relationship is valid for the entinegeof SAR and ESP) in Figures 5.17,
5.18, and 5.19. The residuals between the estimattdheasure®Kg,, are low.

It is clear that the adjusted clay swelling modelable to describe overall the

reduction of RKg, for the data available. However, the t-test valdies the

parameters produced are insignificant (Appendix Which suggests that these
parameters are interrelated and have no significedning. For example, despite
the physical basis of theparameter, it should not be given any physical mmega

The results indicate that tiig,ountvalues are different from tHgparameter estimated
at the best fit. However, using its value estimdtedh the soil characterisations as

initial parameters provides the best fit for the+ioear regression.
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Table 5.3. Summary of the surface fit output for thiee group of soils from McNeal (1968)

Model parameters

_ ) Fit Std

Soil type CTEC R F-test
Error
a b g m f parameters
S [

Group (a) 0.649 0.0003 8.837 4.046 0.008 6.356 | 30.818| 0.98 74.75 0.065
Group (b) 1 0.912 1.438 7.29 0.204 4.105 | -5.054 | 0.987 112.48 0.065
Group (C) 0.449 1.005 0.846 | 10.967 0.53 40799 | -11.15| 0.991 157.63 0.055
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Figure 5.17 Three dimensional surface of best find the residuals ofRK,, (i.e. between predicted
and measured) for the for the group (a) soils

128 PhD Dissertation



Chapter 5: Development of A Generic Clay Swellingddl

]
1=
o 1.1
L
- 0.9
Wit 08 5
0.9 + A 0L 5
Rl 32 5
© ) :/// . [ind
£ de 5 5
® 04} 0.1 )
g 03 0 Ny
o 0.2 N
01 75 &
0 &
&
A
{\%
N
e gy .
YV \Qﬂ ¢ <
SP(%) O g@r
’60
oF
) )
& 3
i E
= o
w L
2 3
o o
o
o \.ﬁeﬁ

Figure 5.18 Three dimensional surface of best fitral the residuals of RK, (i.e. between predicted and
measured) for the group (b) soils
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Figure 5.19 Three dimensional surface of best fitral the residuals of RK,,, (i.e. between predicted and
measured) for the group (c) soils
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5.7 Conclusion

This chapter has shown that the traditional claglémg model has a number of
weak points that may limit its accuracy. It hasrbsbown that the calculation of the
adjusted interlayer spacing by McNeal (1968) wasimterpreted. Furthermore it has
been also concluded that main weaknesses are therajjsed thresholdESH
incorporated to calculate the swelling factey, (he uncertainty over the valuesrof
and c, and their relations to sodicity levels. A demornstra of the clay swelling
model using the generalised parameters incorporated UNSATCHEM reveals
that the values oh assigned for ranges of ESP are not appropriatereswudts in

ambiguous prediction of thK&,, reduction. Furthermore, bothandc are shown to

vary continuously with ESP.

The proposed generic clay swelling model includeadjusted interlayer spacing, an
ESPH function to be determined for the soil, replacthg montmorillonite fraction
by a fitted parameter, and substituting thand c parameters as functions of ESP.
The new form of the model contains seven paraméteoe determined by fitting the
model to experimental data. Calibration of the riesn of clay swelling model with
the original McNeal et al (1968) data for thred gpoups shows a good agreement

between predicted and measurB.,. The new generic form of clay swelling
model describes successfully the negative effesbdfcity on soiK g, for the data

used. However, further evaluation for a wider raafysoils is required.
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CHAPTER 6: Applicability of the Generic Clay Swell)
Model for a Broader Range of Soils

6.1 Introduction

The McNeal (1968) clay swelling model was modified chapter 5 to better
handle the effect of different water qualities .(idifferent sodicity level and
electrolyte concentration) on relative saturatedrhylic conductivity RKg,,). A

new generic clay swelling model (GCSM) was alsoleated with the original

RK,, data from McNeal et al. (1968). The evaluationuhessshowed a good
agreement between the estimated and the experim&Ka, data. However,
there is a need to validate the GCSM with m&kKg, data for different soils.

Therefore, this chapter provides additional valoaf the generic clay swelling
model using differenRKg,, data for a number of local soils. Data was obthine
by both experimental work (conducted during thisadg) and from published

studies. Two different sets of data groups from tRaln soils are used to
validate the GCSM.

This chapter contains six sections. Section 6.Xemts the summary of the
experimental work to obtailRKg,, data. Section 6.3 summarises tR&,, data
obtained from Jayawardane (1977). Section 6.4 ges/the methodology used to

evaluate the generic clay swelling model. Sectidn@esents and discusses the

results from the non-linear analysis, and secti@gnpéesents the conclusions.
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6.2 RKg;: data for the Sodosol and Vertosol soils

Short column experiments were carried out in thel@ooratory at the University of
Southern Queensland. The short column experimests eonducted to measure the

change inKg, under different mixed NaCl-Cag£li.e. varying in SAR and §

solutions for a Sodosol and two Vertosol soils.

6.2.1 Sodosol and Vertosol soils characteristics

Three local soils were used in the short columnedrpents. The Sodosol and
Brown Vertosol were the same soils that were uedtie long column experiments
(chapter 3). The physical and chemical propertestiese soils were presented in
chapter 3 (Tables 3.1, 3.2, and 3.3). The thirtwas collected from Moree, NSW.

This soil is classified as a Grey Vertosol and daswere obtained from the surface
20 cm depth. The soil texture is clayey with abod% clay content. The chemical

properties of this soil are summarised in Table 6.1

Table 6.1 Selected chemical properties for the Greyertosol soil

Chemical Analysis Results
ECse (dS/m) 0.04
pH 7.79
CEC (mmol/kg) 258.4
ESP % 3.3
Exch. Na" (mmoly/kg) 8.57
Exch. Ca'? (mmoly/kg) 153.59
Exch. Mg™ (mmoly/kg) 90.20
Exch. K" (mmoly/kg) 8.4
ClI" (mmolJ/kg) 1.02
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6.2.2 Experimental design

The procedure adopted for tle,,, reduction experiment involved preparing a range

of water quality treatments with different solutancentrations and SAR. Each water
quality treatment was applied to short soil coluraeparately. Each soil column was
treated as an independent experiment in whicheithection inK g, was measured for
every solution. The SAR of the water applied wasduse establish the ESP of the soil
using the USSL Staff (1954) relationship (equaBdiB).

The salinity values of greatest interest for adpiral purposes are up to 8 dS/m (i.e.
approximately 80 mmglitre), which is the salt tolerance threshold foe most salt
tolerant crops such as barley (Maas and Hoffma@)1$¥owever, 120 mmglitre (=12
dS/m) was chosen as the maximum salinity valughisrexperiment to further clarify
the effect of high electrolyte concentrations, als cover higher salinity levels for the
purpose of salinity management at which some yaddes may be acceptable (Maas
and Hoffman 1977, van Genuchten 1987, Maas 1990).

The relative saturated hydraulic conductivigi,,) values were obtained by dividing

the K, produced from application of the saline solutigntiee K ¥ obtained from

previous application of good quality water (i.e.FSAL and Gabout 15 mmadgllitre).

It is worth noting that replicates were sacrifidedprovide broader coverage of the

experimental variables, and facilitate evaluatibthe magnitude oK, at a wide

range of SAR and {evels.

6.2.3 SaturatedKg apparatus and soil packing

The K, apparatus as described in chapter 3 (Figure 3a$)wsed. The&g,, was

measured by the direct application of the Darcy ilaw vertical soil column using
the constant head method (Klute 1965).
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Soil columns were prepared in plastic cylindersch® diameter and 5.2 cm high.
The soils were packed by filling 236 g for the Sswlosoil, and 215 g for the both
Vertosol soils (i.e. Brown and Grey Vertosol) tonfosoil columns having about 2.6
cm height. Filter papers (Whatman No. 4) were plaatthe bottom and the top of
the soil columns to prevent any disturbance or &ddbe soil. Each soil column was
used once to examine the effect onKhg of a single solution. The water head at
the top of each soil column was measured after yapplthe solutions, and
monitored during the experiment. The data obtainech the experiment was used

to calculate theK ¢, for both treatments for each soil column.

6.2.4 Water treatments

Pre-treatment applications

The relativeK ¢, requires having a measurementkof,, when there is no reduction
of K, due to sodicity. Therefore, thK,, was measured for each soil column

independently using one litre of good quality wgier. about seven times the pore
volume in soil column that assumed to bring sorptex to chemical equilibrium
with solution added) having SAR less than 1 agalve 15 mmagllitre. The final

values ofK ., were assumed to be thel™* for the particular soil column. The pre-

treatment water was prepared by adding calciumriciddCaC}.H,0) to tap water

(Co = 6 mmol/litre) at the rate of 0.5¢ /litre to provide @bout 15 mmagllitre.

Water treatment applications

The various water quality solutions were prepangdixing sodium chloride (NacCl)
and calcium chloride (Ca&H,0) in deionised water. The relative amounts of each
salt were calculated based on maximugw@lues and the SAR desired (Appendix
). The G values of 120, 60, 30, 15, and 7.5, myftitde were chosen. The SAR

values were chosen arbitrarily, and ranged fronuabdo 168.

A simple procedure was used to prepare the sokutigth the desired £and SAR
values. The first step was preparing the highgrs@utions (i.e. 120 mmglitre)
with different values of the SAR. The lower, @nd SAR solutions were then

obtained by diluting the more concentrated solutdtt deionised water to produce
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solutions with G of 60, 30, 15, and 7.5 mmdlitre. The dilution process formed
solutions with different values of SAR. The caldida process is summarized in
Appendix I. An example of the&nd SAR values for the various solutions prepared

for the Sodosol and Brown Vertosol are shown irufegg.1.
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Figure 6.1 Electrolyte concentration and SAR of thevater quality treatments applied to the Sodosol
and Brown Vertosol

The water treatments for the Grey Vertosol wergamed at lower SAR levels as
shown in Figure 6.2, because initial experimentswad that this soil was more

sensitive to sodicity.
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Figure 6.2 Electrolyte concentration and SAR of thevater quality treatments applied to the Grey
Vertosol
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6.2.5 TheRKg for different sodicity and salinity levels for theSodosol and

Vertosol soils

The measuredRKg, values for the three soils are presented in Tahl2s6.3 and

6.4. The ESP values at equilibrium were estimatech the SAR of the water added
using the empirical relationship proposed by US&iff§1954).

Table 6.2 Saturated hydraulic conductivity RK,,,, measurements for the Sodosol soil columns at
different mixed NaCl-CaCl, solutions with different electrolyte concentration

E'ec”‘()xtn‘jocljlri‘t‘i;‘”a“o” Estimated ESP (%) RK,,, (Ratio)
70.7 0.58
66.3 0.72
120 57.7 0.96
48.4 1.00
27.9 1.00
63.0 0.61
58.1 0.72
00 39.7 1.00
213 0.95
546 0.60
49.4 0.81
30 404 0.87
316 0.98
158 0.98
458 0.59
40.7 0.85
15 244 0.93
322 0.93
114 1.00
373 058
325 0.79
75 24.9 0.01
184 0.08
8.0 0.04
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Table 6.3 Saturated hydraulic conductivity RK,, measurements for the Brown Vertosol soil columns
at different mixed NaCl-CaCl, solutions with different electrolyte concentration

EIeCtr?gﬁ;;ﬁti Z;‘ tration Estimated ESP (%) RK, (Ratio)
70.7 0.53
66.3 0.67
120 57.7 0.80
48.4 0.86
27.9 0.94
63.0 0.45
60 58.1 0.75
39.7 0.79
21.3 0.90
54.6 0.54
49.4 0.75
30 40.4 0.83
31.6 0.86
15.8 1.00
45.8 0.48
40.7 0.70
15 32.2 0.84
24.4 0.80
114 0.83
37.3 0.48
32,5 0.71
7.5 24.9 0.90
18.4 0.77
8.0 0.77
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Table 6.4 Saturated hydraulic conductivity RK,,, measurements for the Grey Vertosol soil columns at
different mixed NaCl-CaCl, solutions with different electrolyte concentration

Electiolyte concentiation | £imated ESP (o) | RKe, (Ratio
57.7 0.30
48.4 0.43
120 27.9 0.79
24.4 1.01
15.9 0.95
49.1 0.42
39.7 0.35
60 21.3 0.57
18.3 0.96
115 0.92
40.4 0.38
31.6 0.42
30 15.8 0.54
13.4 0.88
8.1 0.99
32.2 0.39
24.4 0.47
15 11.4 0.52
9.6 0.88
5.6 0.96
24.9 0.40
18.4 0.48
7.5 8.0 0.57
6.7 0.75
3.7 0.83
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6.3 Red brown and Alluvial soils
6.3.1 Characterisation of the soils

RK,, data were obtained for two Tasmanian soils fromrkwpublished by

Jayawardane (1977). The description of these s@lprovided by Jayawardane
(1977) is:

1) An alluvial soil (Loveday 1957) on a fairly broatbuaial plain near Sorell in
south-eastern Tasmania. The soil material was t&kem approximately 61
to 91 cm depth has a sandy clay loam texture.

2) A red brown soil on basalt near Sorell in southtegasTasmania. The soil
mapped as Stoneleigh clay loam (Loveday 1957).sbilenaterial was taken

from approximately 56 to 86 cm and has a clay loexture.

The physical and the chemical analyses for botk ac@ shown in Table 6.5. The Red-
brown soil was packed to a bulk density of 1.22n§/cThe alluvial soil was packed to a
bulk density of 1.13 g/cm3. The solution was pregaby mixing sodium chloride
(NaCl) and calcium chloride (CaCl2.H20) in deiodiseater. Different electrolyte
concentrations at each SAR level were appliedesdil column. The soil was leached
for 24h with a solution of the same SAR and neghést electrolyte concentration. The
saturated conductivity to this solution of loweeattolyte concentration was measured
as before. This process was continued until thelwdivity for the solution of lowest

electrolyte concentration at the same SAR was megsu

Table 6.5 Selected physical and chemical propertie$ the Alluvial and Red brown soils

Alluvial soll Red brown soil
Particle size analysis: | Sand (2.0-0.02 mm) 52.9 32.1
Silt (0.02-0.002 mm) 9.1 25.6
Clay (<0.002 mm) 36.9 40.6
Soil pH 7.1 6.9
Cation Exchange capacity (mmqf100g) 43.32 24.57
Exchangeable bases (mmgL00g) 29.79 23.81

Source: (Jayawardane 1977)
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6.3.2 RKg data

The data for the Red brown and alluvial soils drews in Tables 6.6 and 6.7. It

should be noted that points at highdhd ESP = 0 have been added WRK,, = 1.

These points were added based on the theoretioall&dge that at high levels of,C

and low ESP sodicity has no effect &K,. Hence, this step is consistent with the

physical results and is simply intended to enhdheeaegression fitting process.

Table 6.6 Relative saturated hydraulic conductivityof the Red brown soil for water quality treatments

Bulk density 1.22 g/crm
Estimated Electrolyte concentration
. RK
SAR ESP (mmolJ/litre) sat
640 1.000
160 0.815
40 36.52 80 0.260
40 0.011
20 0.001
160 1.000
40 0.528
20 21.96
20 0.169
10 0.019
160 1.000
40 0.882
10 11.85
10 0.496
2.5 0.110
. 640 1
0 0
160 1

Source: (Jayawardane 1977)
* SAR at zero level is added to enhance non-lifigiéng process
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Table 6.7 Relative saturated hydraulic conductivityof the Alluvial soil for different water quality
treatments. Bulk density 1.22 g/crh

SAR Estimated Electrolyte concentration RKg.
ESP (mmol//litre)
640 1.000
160 0.719
40 36.52 80 0.390
40 0.104
20 0.002
160 1
40 0.401
20 0.213
20 21.96
10 0.092
5 0.087
2.5 0.007
160 1.000
40 0.753
10 11.85
10 0.482
2.5 0.203
0 0 640 1
160 1

Source: (Jayawardane 1977)
* SAR at zero level is added to enhance non-lifigamg process

142 PhD Dissertation



Chapter 6: Applicability of the Generic Clay SwajjiModel for a Broader Range of Soils

6.4 Evaluation of the GCSM using the non-linear regession analysis

The calibration of the generic clay swelling models conducted using a non-linear
regression analysis with ordinary least squarehodetThe model was fitted to the
RK,, experimental data for the five soils. A non-lineanface fit was used as
described previously in chapter 5. TableCurve 3Bnvswe (version 4.0.01e) was used.
The regression analyses were performed to deterthmeseven parameters in the
generic clay swelling model (i.e, b, g, ml, s, andf). The processes of fitting for the

five soils are presented in Appendix G (section)G.2

6.5 Results and Discussion

The processes of fitting were conducted K., data obtained in view of the
physical interpretation for decrease Kf,, due to sodicity. As in chapter 5, the

initial values for the parameters fitted were @temany times to ensure the best fit.

Resultant parameters for the GCSM for differ&K,, data and statistical analyses

are shown in Appendix J. Table 6.8 shows the ddriBE€SM parameters and the

main statistical indices.
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Table 6.8 Summary of the GCSM surface fit output fothe five soils

Model parameters

R? . Fit Std
: -test
Soil type ESPr parameters Error

a b g m f

S |

Sodosol 8.7x10" 0526 | 4.417 | 7.105 | 0.061 | 8.256 0.692 0.895 | 24.11 0.0586
Brown 3.6710% | 0.024 | 0955 | 4.304 | 0.107 | 6.311 | -19.343 | 0.658 5.133 0.101
Vertosol
Grey Vertosol 0.99 0.0715 | 0.807 | 5.183 | 0.234 | 6.767 -7.983 0.881 | 22.21 0.098
Red brown 3.9x10" 0.47 452 | 9936 | 0.368 | 10.398| -31.14 0.975 | 38.40 0.093
Alluvial 0.786 0.686 | 0.345 | 12.67 0.36 | 31.285| -140.037 | 0.985 | 90.20 0.06
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The Figures 6.3, 6.4, 6.4, 6.5, and 6.6 prestiy,, surfaces predicted for the entire

range of ESP and electrolyte concentration fromm 020 mma)/litre for the various

soils. The Figures also show the residual betweaperenental and predictdK,, .
The data fitted is concentrated in only the eathgs of RK,,, decrease. However,

the model predictions were extended to demonstinagtéigher ranges of ESP levels
(assuming that SAR-ESP relationship is valid fa émtire range of SAR and ESP)

at the G range of concern in agriculture.

Generally, it can be noted from the residual plb&t the GCSM has higher errors at

lower electrolyte concentrations. In most cases,tiodel over-predicted thRK,,

at low salinity ranges (i.e. &approaches zero). These results can be interpireted
view of the original domain model. From Figure St3¢can be noted that the clay
expansion does not follow the domain model (eqnabd) at lower electrolyte

concentrations. The clay expansion was higher thah predicted by the domain
model and was inconsistent. However, in most csesoil solution in general has

electrolyte concentrations above that range, exaeger very intensive leaching.

From Table 6.9, the values for the parametebtained for the Sodosol, Vertosol
and Red brown soils are very small. Thus, the fest in equation 5.24 is nearly
one anch values at different levels of ESP are approxinyateual. Then values for
the Sodosol, Vertosol and Red brown soils are 1.52®4, and 1.47, respectively.
This suggests that threfor these soils are independent of ESP and carebted as a
constant. However, the values of théor the Grey Vertosol and Alluvial soils are

closely related to ESP.
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Figure 6.3 Three dimensional surface of best fit ahthe residuals of RK, (i.e. between predicted and
measured) for the Sodosol soil
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Figure 6.4 Three dimensional surface of best fit ahthe residuals of RK,, (i.e. between predicted and
measured) for the Brown Vertosol soil
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Figure 6.6 Three dimensional surface of best fit ahthe residuals of RK,, (i.e. between predicted and
measured) for the Red brown soil
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Figure 6.7 Three dimensional surface of best fit ahthe residuals of RK, (i.e. between predicted and
measured) for the Alluvial soil
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Except for the Brown Vertosol, the results showt tha generic clay swelling model

is able to describe the overall reductionRIKg,, for the soils tested. In Table 6.8, the

significant F-test values produced indicate thatgbneric clay swelling model is able

to describe the change 8K, with various water qualities. However, the valoés

test for the single parameters are insignificantiicating that the parameters are
interrelated. This means that a number of setauiameter values can satisfactorily fit
the data. However, the application of the parametedimited to a particular soil.

Once the model can fit the entire data availatiie, decrease oRK,, can be

calculated at any combined levels of @nd ESP for this soil irrespective of

parameters and their significance.

Having thef as a fitted (empirical) parameter increases tloeiracy of the model

prediction. However, it should not be given a pbggsmeaning.

The best fit for the Brown VertosdRK, data produced a significant F value (i.e.

5.133). However, the Rwvas low (i.e. 0.658). This low*Ralue compared with other

data may be due to inconsistency of the meastd,, as result of the delay in

achieving the equilibrium between water added amitbhid surface. The short soll
columns could also increase the probability of loisthe dispersed clay fraction with

water movement leading to an increase in the cdndiyc

Values of G and SAR that produce the saf®K,, reduction can be presented as

contour lines for the soil tested (Figures 6.8, 6.20, 6.11 and 6.12). The TEC curves

for the soils at whiclRK,, reduced by a certain percentage were extracteutfrese
graphs. The distribution of the contour lines révethat reduction ofRK,, at

different sodicity levels varies from soil to sdior example, the data from the Brown

Vertosol indicates that the reduction &K, occurs at lower values of SAR
compared with the Sodosol. However, as the SAReases, theRKg,, reduction in

the Sodosol is more rapid compared with the Veltoso

151 PhD Dissertation



Chapter 6: Applicability of the Generic Clay SwadjiModel for a Broader Range of Soils

60

SAR

' ' [
R R U [ Y
] ] [ R

0 . RN E R R
1 10 100
Electrolyte concentration {mmolc/litre)

Figure 6.8 Change ofRK_._, with electrolyte concentration and SAR for the Sodsol as produced using
the GCSM
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Figure 6.10 Change ofRK_ . with electrolyte concentration and SAR for the Grg Vertosol as

produced using the GCSM
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produced using the GCSM
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Figure 6.12 Change ofRKg,, with electrolyte concentration and SAR for the Allvial soil as produced
using the GCSM

For comparison, the change RK,, with electrolyte concentration and SAR produced

from the traditional clay swelling model is shownFigure 6.13. It can be noted that the
variation between this prediction and the Sodaslalrge. However, the variation between

the Vertosol and the McNe&®K_,, values is less, which explains the results from th

UNSATCHEM. Figure 6.13 shows also the ambiguoudigtien due to switching from

=1 to 2 (particularly in the contour line for 20RKg,, reduction). This result confirms

that the discrete values used are not appropriate.
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Figure 6.13 Change ofRKg,, with electrolyte concentration and SAR as produceétom the McNeal
(1968) clay swelling model using the parameters iagorated in the UNSATCHEM model for any soil
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6.6 Conclusion

It is clear that the generic swelling model is ableescribe the reduction &Kg,, for

most data fitted. F-test values were significamtédib the data fitted which indicates

that the generic clay swelling model describes taIRK,,, data. The coefficient of

determinations (B values are high except for the Brown Vertosole Tésidual plots

reveal that at lowC, some experimental values oRKg, were relatively

overestimated. That might be due the limitationrdomain model at lower £ The
buffering in such soils might reduce the effect swdicity during short term

experiments.

Despite the physical meaning for the weighted foacbf montmorillonite in the
McNeal model the producetl parameter in the generic model has no physical

meaning.

It should be noted that the GCSM parameters caredeced from seven to six by
considering then function as a constant for a given soil. This tesas noted in a

number of soils in which the function was independent of the ESP.
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CHAPTER 7: Evaluation of the UNSATCHEM with the
Generic Clay Swelling Model Incorporated

7.1 Introduction

The results from chapter 4 showed that there iertainty regarding the modelling of
water and solute movement under sodic conditionghich soil hydraulic properties are
degraded. The limitations were primarily attributedhe hydraulic conductivity reduction

function incorporated into the model (i.e. fRK,, function (Suarez et al. 1984) and the

McNeal clay swelling model). The review of the MelNelay swelling model (chapter 5)
confirms that the traditional clay swelling modaklta number of weaknesses that result in

an inaccurate in predicting tiRKg,,. The inaccuracy irRKg,, prediction can result in

error in simulations of water and solute movemandeu irrigation with saline-sodic
water. A new general form of clay swelling modes eeen developed. The new form

improves the prediction of thRKg,, under sodic conditions. The validation of the gene
clay swelling model withRK,, data for a number of Australian soils (chaptest&ws

agreement between the model predictions and treximgntal data.

This chapter investigates the effect of using t&S® in a simulation process. The
UNSATCHEM was used to simulate the same experintieatsvere used in chapter 4 for
both Sodosol and Vertosol data after the GCSM nawporated. The simulation results

are compared with the results reported in chapter 4

This chapter contains five sections. Section 7&ufises the methodology and
includes the process of incorporating the gendag swelling model. Section 7.3
provides the results. Section 7.4 discusses thétsemnd provides a new approach to
improve modelling water and solute movement unadelicsconditions. Section 7.5

documents the findings and potential future regearc¢his area.
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7.2 Methodology

7.2.1 Incorporating the generic clay swelling modeh the UNSATCHEM

The GCSM was integrated in the UNSATCHEM using tee provided by and
presented in Appendix K. The values of the GCSMapeters were entered
manually into UNSATCHEM using a DOS window (Figuf4.) prior to running the
simulation. The GCSM parameters used were presgdously in Table 6.10.
However, it was noted thatis approximately constant over the entire range P

for the two soils, with values of 1.526 and 1.024 the Sodosol and Vertosol,

respectively.

= Hydrus-1D Calculation: Vertosol B
Seepage face pressure [L]

. fraction=

6.311

Figure 7.1 DOS window to enter the GCSM parametermito UNSATCHEM (i.e. HYDRUS 1D)

7.2.2 The UNSATCHEM parameters for the Sodosol andertosol soils

The UNSATCHEM model with the GCSM was used to ratdate the column

experiments for the Sodosol and Vertosol soilsseslun chapter 4. The parameters
used are the same parameters presented in Tabl€nus$, differences between the
simulations reported in chapter 4 and the new tesnlthis chapter represent the

effect of the new form of clay swelling model.
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7.3 Results

The results from simulations after incorporating GCSM show that the predictions
of the outflow and the saturated hydraulic condufgtiare generally improved.
However, the differences between the predictiorstha experimental data are still
high. The results for the outflow and the hydraglonductivity for the Sodosol are
shown in Figures 7.2 and 7.3, respectively. Itlearcthat the prediction of water
movement is enhanced. The predicted hydraulic ociiudty especially at the final
stage approaches the measured values. However, pthdicted hydraulic

conductivity values are still low at the initiabge of application of the HSS water.

The estimated outflow an#{ ¢, for the Sodosol during the application of the tith
HSS water are shown in Figures 7.4 and 7.5, raspBctit can be noted that the
estimatedK ¢, is enhanced but the values are still underestonatas result suggests
that the pHRK,,, relationship incorporated in the hydraulic condutst reduction

function may also not be appropriate and causelfisigmt variations in hydraulic

conductivity.
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The estimated outflows anHl g, of the three replicates of the Vertosol during the
application of the HSS water are presented in [egur.6 and 7.7. The accumulated
outflows are further increased compared with theeeinental data. The comparison

between the estimated and measukeg, along with the estimate&, using the
McNeal (1968) model was presented. It can be nibtadthe predicteK ¢, are still
low at the initial time, however, the values ofimstted K, are higher in the last

stage. It should be noted that thé far the GCSM was low (about 0.65) for the
Vertosol during determination of the model paramgetdhis indicates that the
GCSM did not achieve high accuracy for this soibwéver, the discrepancy could
be caused due the limitation of the pRKg,, relationship that is incorporated in the
model. If this is the case, then the Vertosol ghly affected by the increase of pH
and the relationship underestimated the influerfade pH onKg,, at higher sodic

condition. However, the results from the dilutedSH8ater shown in Figures 7.8 and
7.9, respectively, for the accumulated outflow wiime and the change of
conductivity with the outflow are similar to thestdts noted from the Sodosol. This
suggests that the second part of the hydraulic wdaty reduction function that

relates theK ¢, to the pH needs further consideration
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Figure 7.6 The estimated outflow by the UNSATCHEMvhen the GCSM was used compared with the
estimated outflow using the UNSATCHEM that incorpolated the McNeal model for the Vertosol soil
columns during application of the HSS water (a) relicate 1, (b) replicate (2), and (c) replicate 3
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The results show that the incorporated GCSM dodisceethe variation between the
estimated and the measured saturated hydraulicuctadly. However, the variation
is still significant. The GCSM has been developad &ested with different soil

types. The estimate®K,, using the GCSM was in good agreement especiatly fo

the Sodosol (chapter 6). However, the results ptedeherein show that the

variations are still significant.
7.4 Discussion

The results raise questions about the equilibrilnendcal reaction model and the
second term of the hydraulic conductivity reductfanction incorporated into the
UNSATCHEM. Marsi and Evangelou (1991) found tha¢ k., decreased with

increasing pH in two soils different in their clayineralogy. The magnitude of K
reduction varied between the two soils. Bolan et(H96) related the change of
conductivity due to the change in pH to the chaingeariable charges initiated on

the clay surfaces. They noted that,, increases when the pH value increases and

approaches the point of zero net charge (PZNC). d¢dew as the pH increases

above this point the negative charge increasesanductivity is reduced. Aydin et

al. (2004) showed that the pHk,, relationship has an S-shape and varies from soil
to soil. Furthermore, they stated that the infleeatpH onKg,, depends on the clay

mineralogy and the increase of variable chargeitjens

The assumption inherent with the model is thatGC is pH independent. Many
researchers have shown that the CEC increasesinzitbase of soil pH in soils
containing variable charge minerals. The changtefCEC is determined by the
amount of variable charge minerals and organicendEvangelou & McDonald Jr
1999), which depends on the pH. As the pH incread®ms/e 7, the exchange
surfaces require more cations to neutralise thegeldasurfaces in the soil. This
increase of CEC is very important in relation te flonic and chemical balance
during water and solute movement. Ignoring the a¢ffef pH on CEC most
probably result in a soil chemical system that asied from the actual chemical

conditions within the soil profile.
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The pH seems to have also an effect on the valugSI®. It has been shown by many
researchers (e.g. Khajanchi & Meena 2008; RobbiMeger 1990) that when the soll

pH increases above 7, the ESP increases rapide/EBP increase was attributed to
an increase of the preference for the” Mations to be adsorbed. Similarly, early
results by Martin et al. (1964) showed that dedngesoil pH (from 8 to 4) reduces the
CEC and increases the ESP, causing the hydrauliductivity to drop sharply. The

reason given is that the lower pH decreases the &fldncreases the amount of the

sodium adsorbed (i.e. increases the ESP).

The above discussion suggests that the pH inflgetiee hydraulic conductivity and
ESP in the opposite manner (i.e. as the pH incsealseve 7 the ESP increases and

K, decreases). This suggests that the pH influedeesiydraulic conductivity by

affecting both the ESP and the CEC. Thereforera@taction of conductivity could be
considered in relation to the change in the ESPréhated directly to the soil pH. The
clay swelling model should be sufficient to accoiamtthe sodicity effect as it relates
the hydraulic conductivity to the ESP. This apploasimplifies the hydraulic
conductivity reduction function by considering tieeluction of conductivity regarding
the change of ESP only. It also enhances the ancwfathe ionic balance and the
performance of the chemical reaction model durirggsimulation of water and solute
movement. However, limited research has been coeduo clarify the effect of pH
on the CEC and the ESP. More research is requrgdantify the effect of the pH on
the ESP and their relation 6.

However, another reason that may contribute ta#iiency of the UNSATCHEM
model is that the ESP data used to predict the G@@Bkmeters values were
estimated from the SAR-ESP relationship providedUSSL Staff (1954). This
estimation has been showed by many researchees uaduitable for different soils.

Organic matter also can affect the soil chemistiy @ause a variation.

The process of simulation using HSS water rich Wittarbonate is very complicated
and requires further research to determine the meaitors that affect the soil
degradation. Further research is required to daterrtne role of pH on hydraulic

conductivity reduction and soil degradation undé&eckent soil conditions.
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7.5 Conclusion

The UNSATCHEM module incorporated in HYDRUS 1D haen evaluated using the
same data used in chapter 4 after replacing thedslic{1968) model with the GCSM.
The aim of this evaluation was to test the efféthe GCSM on simulation processes of
the water and solute movement under highly sodndliions. The results, in general,
show that the outflow and hydraulic conductivityegictions are improved compared
with results from the UNSATCHEM with the McNeal @& swelling function.
However, it failed to describe properly the expertal data and the magnitude of the
conductivity reduction and water movement withire thoil profile. The variations

between the estimated and the measured hydraulitictvities were high.

It is concluded that UNSATCHEM still has limitat®@nThe limitations are mainly

identified in the pHRKg,, function integrated in the hydraulic conductiwigduction

function and chemical reaction model. Many reseascihave pointed out that CEC
and ESP can be increased by several orders of tndgnwith an increase of pH above
7. Therefore, the assumption that the ESP and GEGndependent from pH is not
appropriate. The change of CEC and ESP can afigaifisantly clay stability, the
conductivity and the chemical reaction system withe soil profile. Therefore, there is
a need for a further research to improve UNSATCH©BMmodelling highly sodic
conditions before using it for any further managetriavestigation. The modelling
processes should consider the effect of pH on E#PPCEC and their influence on

K- Thus, further research is required to better tifyathe pH effect on the

hydraulic conductivity along with the chemical reac model.
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CHAPTER 8: Conclusion and Recommendations

8.1 Introduction

In this chapter, conclusions are drawn from theeagments and outcomes of this
research regarding improvement modelling of sodi@ftfect on soil hydraulic
properties and solute movement. This chapter amnfaur main section provides the
achievement of the objectives and the outcomeigfréisearch. Section 8.2 provides a
review of the research. Section 8.3 concludes¢h&@ement of the main objective of
this research. Section 8.4 serves as a generalgsmydecommendations and potential

future research in this area.

8.2 Review of research

The need for food and fibre production necessitatese water to be used in irrigated
agriculture. Due to the scarcity of fresh watepueses there is a trend to use relatively
low water quality, which is relative saline and isodJsing low quality waters
containing significant concentration of WNaor irrigation requires appropriate
management. The main problem for these waterseisitih level of sodicity. Using
these waters can cause soil degradation, whickl comhpound the problems associated

with waterlogging, erosion, salinity, and crop giel

The sodicity problem is usually managed using ammerds such as gypsum, which
is added either to the soil or to the irrigatiort@vaThe process of investigating good
management to use such water can be done usingpaopaiate model. However,
modelling water and solute movement under highlgic@onditions taking into
consideration the soil chemical reaction system switl structure degradation is

limited in the literature. Therefore, this reseapbject focuses on improving the
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modelling of water and solute movement under sodiditions and the main issues

that need to be addressed.

This PhD study addressed successfully these isswbsipters 3, 4, 5, and 7 of this

dissertation that are focussed on:

1) Characterise the soil structural degradation aasstiwith the application of

saline sodic water.

2) Evaluation of modelling the water and solute mowvetwathin a soil profile

under sodic conditions and diagnose the problem.

3) Evaluation of McNeal (1968) model and propositiéra mew generic form

as a first step to improve the modelling process.

4) Addressing the further needs to improve modellirgervand solute

movement within the soil profile under sodic cormais.

8.3 General conclusions

8.3.1 Characterise the soil structural degradatiorssociated with the

application of highly saline and sodic water

The uncontrolled irrigation using highly salinessodvater is expected to have a
significant effect on soil structural stability. fhermore, it is expected to produce
substantial long term impacts on soil structurapprties and sustainability of production
of the irrigated areas. The column experimentsepted in chapter 3 showed that
reducing water pH using sulphuric acid did not ham significant effect on the changes
observed in soil structural stability or infiltrati rates. Soil infiltration rates were found to
decline with increasing volumes of HSS water appireespective of its pH. However,

HSS water which had been diluted with deioniseceinatd amended with gypsum was

found to have no adverse impact on the soil straicstability or infiltration.

The results showed that using sulphuric acid &t t#SS water has no significant effect
as long as the relative sodium concentration i$.highe results from dilution and

gypsum application treatments suggested that it beaypossible to develop feasible
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strategies by using gypsum and mixing HSS waten gitod quality water. This can
ensure the maintenance of infiltration rates al@vacceptable target level. The process
of investigation can be done primarily by modellikdpwever, modelling the effect
water and solute movement under sodic conditionshith soil degrades is inherent

with uncertainty and still limited and requiresthar consideration.

8.3.2 Evaluation of modelling water and solute moveent within soll

profile under sodic conditions and diagnosis of thémitations

The UNSATCHEM model has been used to simulate atiwg under sodic
conditions and has the ability to quantify soil cetation due to sodicity. The
UNSATCHEM module incorporated in HYDRUS 1D has besmluated with the
experimental data obtained from the soil columnpeements. However, results
show that the model overestimates the effect ofcggd It is concluded that the
UNSATCHEM can be used to simulate water and sofotement under sodic
condition if the hydraulic conductivity reductioarfction which relates the decrease

of water movement to the estimated soil-water sgdend salinity is improved.

The model was able to demonstrate the type of tliBow change similar to the
experimental data. However, the variation betwestmated and actual accumulated
outflow was large for the Sodosol soil columns. €seémated hydraulic conductivities
for the whole simulation were lower than measura@des during the percolation of the
water treatments applied. The underestimation efaltflow and conductivity in the
Sodosol is attributed mainly to the limitation imethydraulic conductivity reduction
function. The first term is the semi- empirical Mzl (1968) clay swelling model and

the second term is the empirical fRK,,, relationship proposed by Simunek et al.

(1996). The McNeal (1968) clay swelling model wasorporated with a general values
for its parameters. Therefore, it was assumedtitieasimulation of highly saline-sodic
water percolation using the UNSATCHEM would be ioyad if the parameters of the
clay swelling model were determined for both Sotlesal Vertosol soils used in this
study. A conclusion is made that the clay swellimgpdel and the hydraulic conductivity

reduction function required further consideration.
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8.3.3 Evaluation of McNeal (1968) model and propa®y a new generic form

A review of the McNeal (1968) clay swelling modebe/ed clearly that the model has a
number of weak points that may limit its accurdclias been shown that a soil's response
to the levels of sodicity and salinity varies. Ttheeshold of the exchangeable sodium
percentage HSP) incorporated in the McNeal model should not beegalised. In
addition, the review showed that the model incdrecounts for the weighted fraction
of expanding clay and has uncertainty regardingntiied c parameters and their relations
to sodicity levels. Based on these findings, nejushthents were involved to provide a
new generic form of clay swelling model. The newmage clay swelling model can be

used to determine the magnitudeRiK,,, reduction at any sodicity and salinity levels for

a given soil. The generic clay swelling model haerb successfully calibrated and

evaluated with the relative saturated hydrauliddoetivity RK,, data obtained for nine

soils. These soails include the original McNeal @Qdata and data obtained for local soils.

8.3.4 Improved modelling of water and solute movenme within soil

profiles under sodic conditions and diagnosis of thproblem

The degree of improvement in modelling water antitesomovement using the
UNSATCHEM module incorporated in HYDRUS 1D was éesin chapter 7. The
process of investigation was by substituting theNikll (1968) clay swelling model
(incorporated into the UNSATCHEM) with the genesiay swelling model developed
in this research. The UNSATCHEM was used to sireula¢ same experiment data for

both Sodosol and Vertosol that were used in chdpter

The UNSATCHEM estimates for the outflow for diffatesoil columns showed slight
improvement compared the results from UNSATCHEMuhie McNeal (1968) model.
However, the variations between the experimentéh dlar both soils varied. This
indicates that modelling of water and solute mov@meder sodic conditions using the
UNSATCHEM still has limitations. Further researshrequired to investigate the role of
the pH on the ESP and CEC and its effect on thealnid conductivity along with the

chemical reaction model.
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8.4 Recommendations and further research
The main findings and recommendation of this redeare:

1) The management of irrigation using highly salindisavater requires a thorough
evaluation of water quality, soil type and condifiand irrigation management.
Management practices should be developed in vidhesk interrelating factors.

2) It has been shown in this research that soils respto the increase of sodicity are
significantly different. Thus, considering genemlidelines for soils is not
appropriate. It is recommended to evaluate theceffié sodicity on a local soil

before using saline-sodic waters in irrigation.

3)Modelling water and solute movement under highlylisoconditions using
UNSATCHEM requires further consideration includitige pH effect on the
hydraulic conductivity and the chemical reactiond®lo It is recommended that
the generic clay swelling model be used in anyhintresearch in this area.
However, the chemical reaction processes are comatel require further

consideration.

4) This research focussed on the clay swelling functidowever, more research is
required to evaluate the second term of the hydracdnductivity reduction

function (i.e. pHRK,,, relationship). Evidence can be found in the ltier@ that

the pH affecting the values of ESP and CEC. Thggeats that the pH influences
the hydraulic conductivity by increasing the valudsthe ESP. Therefore; the
assumption in UNSATCHEM that the CEC and consedyeht ESP are pH
independent is not appropriate. It is recommendeidvestigate the effect of pH
on the ESP and CEC and relate that effect to tlamgdn of conductivity. This
approach can improve modelling the chemical reacsigstem and simplify the

hydraulic conductivity reduction function terms.

5) It is worth noting that the results presented is tesearch are based on laboratory

work. Further research is required consideringl fld crop growth conditions.
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Appendix A: Standard Chemical Analysis for HSS Wate

CTW.2603022

SAMPLE NUMBER; 2006009982 SAMPLE(S) RECEIVED: 15 June 2006
COMMODITY: Water 15/06/2006 CERTIFICATE ISSUED: 03 July 2006
MARKINGS: Ber.South well 38
TEST IDENTITY RESULT UNITS METHOD

Total Dissolved Solids 2958.0 mg/L TDS001

Fluoride 3.06 mg/L FLUOOS

pH 8.6 pH WATO001

Sodium Adsofption Ratio 1184 WATO040

Bicarbonate Alkalinity 1500.2 mg CaCO3L WAT040

Carbonate Alkalinity 618 mg/kg WATO040

Hydroxide Alkalinity 0.2 mg CaCO3L - WATOD40

Selenium 0.0 mg/L MINDO2

Aluminium 1.5 mgfL MINOO1

Boron 0.97 mg/L MINOO1

Calcium 46 mg/L MINOO1

Iron 0.24 mglL MINDO1

Potassium 50 mg/L MINOO1

Magnesium 1.3 mg/L MINDO1

Sodium 1100 mafL MINOO1

Sulphate <1 mgfL MINOO1

Chioride 584 mg/L SAL0O3

Note: <is Less Than.

Page 22 of 34 Robert Lascelles
For and on benalf of
of on
N X2 ===~ 568 Australia Pty Ltd

The results apply only to the sample analysed. The sample on which the test was performed was not collected by
or on behalf of SGS Agritach. This certificate is discrete and can only be reproduced in full. The analysis was
performed between 15/06/2008 and 3/07/2008

SG5 Australia Py Lrd |2|4 McDougall Street, Po Box 549, Toowoomba 0ld 4350 1 +61 [0)7 4633 0559 1 +61 (017 4633 0711 WWW.AL. 505.COM

ERM i OO 964 273 Mumbar of SBS Growp
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Appendix B: Data Obtained From Long Columns Expernits

B.1 Introduction

The saturated hydraulic conductivitiK(,,) is a most important soil parameter that has been

used widely to diagnose soil structure degradatioder sodic condition. Th& . can be

sat

defined as a Darcian flux through a saturatedaadl hydraulic gradient equals to unity. The

K, can be expressed by rearrangement of Darcy’ssaw a

_qdi
K. =21—" Al
sat A dh ( )

Where q is Darcy flux (L/T)dl designated to the length of the soil (L), adidis the
hydraulic gradient weight unit (i.e. water head)(L)

Measuring K_.. in laboratory

sat
The K, can be measured by two different ways which anstemt head core and falling head

core. The constant head core method can be camuiety saturating a known length of soil
column (could be disturbed or intact soil) and rtsining constant water head at the top of the
soil column. The water is drained and collectedhat bottom of the soil column at time

increments (Figure A.1). Th&_, can be calculated by a direct application of Dardgw

(equation A.1).

Constant water head

Sol column L

Leachate (‘

Figure A.1 Graphical description of constant head rathod for measuringK

sat
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Appendix B: Data Obtained From Long Columns Experinents

The falling head method can be carried out by a#ihg the soil column and applying a
variable water head (in a tiny tube) at the toghefsoil column (Figure A.2). The decrease of
the water head at different time increments isnd®d. At a given timet{), the water head is
ath;, and at, the water head is decreased as the water moveis whe soil column to bls,.
Assuming that the flow in the soil column is equalthe reduction of the water head,
conservation mass equation can be written as:

dtha= AKsat% (A.2)

Wherea is the across section area of the tiny tube ablmwesoil column, L soil length, t time,

and A is the cross section area of the soil column.

The resultant integration of equation (A.2) betwgendt; is:

k=2 o[ (A.3)
AAt |\ h,
The falling head method is recommended for finguexsoils that have low permeability

because the measurement requires only the changatef head in the tiny tube above the

soil column (Figure A.2).

Variable water head [

ol column

Figure A.2 Graphical description of falling head mehod for measuring K
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It should be noted that measuring,,, is inherent with difficulties in the laboratoryh&
packaging of the soil and water movement can causiscrepancy of measurdd,,, due to
movement of finer particles with percolated watenjch could result in variation of thK _,

values measured for the same soil.

Long column experiments data
Leachate (i.e. outflow) volume was determined atament time for each experiment. EC of
each leachate volume collected was measured utilessater volume was not enough to

conduct EC measurement. Geometry information netxlediculateK _, such as water head

sat

at the top soil column were also measured. The dalkected were transferred to

spreadsheets to calculdte,. It should be noted that the water treatments teen added

incrementally because of difficulties associatethwnonitoring the columns for more than
10 hours. Therefore, the time increments were et time at which the experiment started

again for each replicate.

In addition, the replicates were flexible and migktexposed to different conditions. In the

first two replicates only the average finidl,, under treatment were reported. However, the

changes ofK_. with applied treatments were recorded in the iy two replicates. In

sat

replicate four, HSS water treatments were appliedloager time to determine the

minimumK,,,.

The following Tables contain th&_, calculated and EC measured at increment time and

sat
water head applied. The processes of calculatioe baen not reported. The first part is the
four replicates of each water treatment for thedSot soil and the second part is the data
obtained for Grey Vertosol. It is worth noting thélten the time is reset to zero indicates that

the measurements resumed again after pausingeiarhaurs:
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B.2 Part I: Sodosol columns experiment results

Table B.1K

sat

1.3 dS/m) during applying water with EC = 0.4 dSfihe AverageK
treatment for this replicate was 3.84 cm/h.

sat

measured with time for replicate 1 (Sodosol),waper amended with gypsum treatment (EC =

measured at the final stage of water

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 9.1 0.00
0.25 9.1 3.48 1.27
0.5 9.2 3.79 2.66
0.75 9.2 3.74 4.04
1 9.2 3.81 5.44
1.25 9.1 3.80 6.83
1.5 9.1 3.69 8.18
1.75 9.1 3.65 9.52
2 9.1 3.67 10.86
2.25 9.1 3.69 12.21
25 9.1 3.67 13.56
2.75 8.6 3.76 14.91
3 8.6 3.67 16.23
3.25 8.6 3.61 17.53
3.5 8.6 3.63 18.83
3.75 8.6 3.58 20.12
4 8.6 3.54 21.39
4.25 8.5 3.55 22.67
4.5 8.5 3.53 23.93
4.75 8.5 3.55 25.21
5 8.5 3.46 26.45
5.25 8.5 3.51 27.70
0 9
0.25 9 2.95 35.08
0.5 9.2 3.32 36.30
0.75 9.2 3.34 37.53
1 9.2 3.23 38.72
1.25 9.2 3.25 39.91
15 8.9 3.29 41.11
1.75 8.9 3.26 42.29
2 8.9 3.26 43.48
2.25 8.8 3.32 44.68
25 8.8 3.28 45.87
2.75 8.8 3.21 47.03
3 8.8 3.86 48.43
3.25 8.8 2.58 49.37
3.5 8.8 3.21 50.53
3.75 8.8 3.19 51.68
4 8.8 3.21 52.85
4.257 8.8 3.23 54.05
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Table B.2K

sat

measured with time for replicate 1(Sodosol), tapervamended with gypsum treatment (EC

1.3 dS/m) during applying water with EC = 0.1 d{fter applying water with EC=0.4.

. Water head EC in drained Kat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.9 0.00
0.25 7.9 0.80
0.5 7.9 2.76 1.77
0.75 7.9 0.566 2.83 2.76
1 7.9 2.74 3.72
1.25 7.9 2.78 4.69
1.5 7.9 2.78 5.67
1.75 7.9 2.78 6.64
2 7.9 0.391 2.78 7.62
2.25 7.9 2.76 8.58
2.5 7.9 0.234 2.69 9.53
2.75 7.9 2.72 10.48
3 7.9 2.72 11.43
3.25 7.9 2.69 12.37
3.5 7.9 0.1589 2.67 13.31
3.75 7.9 2.69 14.25
4 7.9 2.65 15.18
4.25 7.9 2.65 16.10
4.5 7.9 0.1381 2.65 17.03
4.75 7.9 2.60 17.94
5 7.9 2.65 18.87
5.25 7.9 2.65 19.80
5.5 7.9 0.1323 2.67 20.73
5.75 7.9 2.65 21.66
6 7.9 2.65 22.59
6.25 7.9 2.60 23.50
6.5 7.9 0.127 2.65 24.43
6.75 7.9 2.60 25.34
7 7.9 2.60 26.25
7.25
7.5 7.9 0.1239 2.63 28.09
7.75 7.9 2.60 29.00
8 7.9 2.56 29.90
8.25 7.9 2.58 30.80
8.5 7.9 0.1218 2.60 31.71
8.75 7.9 2.58 32.62
9 7.9 2.58 33.52
9.25 7.9 2.60 34.43
9.5 7.9 0.1192 2.58 35.34
9.75 7.9 2.60 36.25
10 7.9 0.1194 2.65 37.18
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Table B.3K

1.3 dS/m) during applying water with EC = 0.4 dSfihe AverageK_,, measured at the final stage of water
treatment for this replicate was 3.07 cm/h.

measured with time for replicate 2 (Sodosol),waper amended with gypsum treatment (EC

. Water head EC in leachate Kaat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 9.6 0.00
0.25 9.6 1.522 0.68
0.5 9.6 1.613 1.95 1.40
0.75 9.6 1.669 1.95 2.12
1 9.6 1.672 2.03 2.88
1.25 9.6 1.670 1.95 3.60
1.5 9.6 1.710 1.99 4.34
1.75 9.6 1.715 1.99 5.08
2 9.6 1.590 1.86 5.77
2.25 9.6 1.345 1.91 6.48
2.5 8.9 1.095 2.04 7.22
2.75 8.9 0.908 2.08 7.97
3 8.9 0.789 2.04 8.71
3.25 8.9 2.00 9.43
35 8.9 2.04 10.17
3.75 8.8 2.07 10.92
4 8.9 0.549 2.00 11.64
5 8.9 0.472 2.00 14.53
6 8.9 0.433 2.01 17.44
7 8.9 0.398 2.01 20.36
8 8.9 0.390 2.00 23.25
0 8.8 0.00
0.25 8.8 0.434 26.48
0.5 8.8 0.465 1.61 27.06
0.75 8.8 0.473 1.83 27.72
1 8.8 0.480 1.78 28.36
1.25 8.8 0.480 1.81 29.02
15 8.8 0.487 1.78 29.66
1.75 8.8 0.500 1.87 30.34
2 8.8 0.497 1.96 31.05
2.25 8.8 0.491 1.65 31.64
25 8.8 0.491 1.83 32.30
3 8.8 0.464 1.83 33.62
4 8.8 0.439 1.80 36.22
5 8.8 0.398 1.83 38.86
6 8.8 0.380 1.78 41.44
7 8.8 0.386 1.82 44.06
8 8.8 0.387 1.83 46.71
9 8.8 0.383 1.82 49.33
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.4K,, measured with time for replicate 2 (Sodosol),waper amended with gypsum treatment (EC
1.3 dS/m) during applying water with EC = 0.1 d{fter applying water with EC=0.4.

. Water head EC in drained Kaat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)

0 8.1 0.00

0.25 8.1 0.382 0.42
0.5 8.1 0.454 1.65 1.01

0.75 8.1 0.454 1.61 1.57
1 8.1 0.467 1.61 2.14
2 8.1 0.471 1.57 4.35
3 8.1 0.385 1.58 6.59
4 8.2 0.264 1.62 8.88
5 8.2 0.200 1.56 11.08
6 8.2 0.161 1.57 13.30
7 8.2 0.142 1.52 15.44
8 8.2 0.131 1.53 17.61
9 8.2 0.126 1.52 19.77
10 8.2 0.123 151 21.90
0

0.5 84 0.465 1.07
1 8.4 0.480 1.57 1.12
2 8.4 0.497 1.48 3.22
3 8.4 0.464 1.55 5.43
4 8.1 0.439 1.52 7.57
5 8.1 0.398 1.50 9.68
6 8.1 0.380 1.48 11.77
7 8.1 0.386 1.49 13.88
8 8.1 0.387 1.48 15.96
9 8.1 0.383 1.48 18.05
10 8.1 0.378 1.51 20.18

Table B.5K,, measured with time for replicate 3 (Sodosol),waper amended with gypsum treatment (EC
1.3 dS/m), during applying water treatment.

Time (h) Water head EC in leachate Keat Accumulated
(cm) (dS/m) (cm/h) leachate (cm)
0 7.8 0.00
1 7.8 2.639 3.13
2 7.8 1.451 4.09 8.82
3 7.8 1.29 3.81 14.12
4 8.1 1.251 3.71 19.33
5 8.1 1.24 3.68 2451
6 8.1 1.192 3.61 29.58
7 7.7 1.172 3.61 34.59
8 7.7 1.133 3.55 39.51
9 7.7 1.109 3.54 44.41
10 7.35 1.069 3.57 49.30
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.6 K, measured with time for replicate 3 (Sodosol),waper amended with gypsum treatment (EC
1.3 dS/m), during applying water with EC = 0.4 dS/m
. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.3 0.00
1 7.3 1.136 2.89
2 7.3 1.137 2.24 5.95
3 7.8 0.72 2.22 9.03
55 7.8 0.42 2.20 16.68
6 7.8 0.36 2.19 18.20
7 7.8 0.356 2.23 21.31
8 7.8 0.351 2.17 24.33
9 7.8 0.338 2.03 27.15
10 4.8 0.33 1.98 29.61
0 0 0.00 0.00
1 6.9 0.405 2.33 34.54
2 6.9 0.41 2.49 37.89
3 7.1 0.376 2.51 41.29
4.02 7.1 0.34 2.50 44.74
6 7.1 0.339 2.43 51.26
7 7.1 0.355 2.52 54.67
8 6.2 0.328 2.47 57.91
9 3.75 0.323 2.38 60.74
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.7K,, measured with time for replicate 3 (Sodosol),waper amended with gypsum treatment (EC
1.3 dS/m) during applying water with EC = 0.1 dS/m.
. Water head EC in drained Kt Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 4.4 0.00
1.01 7.4 0.389 3.51
2.1667 7.4 0.33 2.57 7.59
3 7.7 0.1884 2.56 10.55
4.007 7.7 0.1451 2.49 14.01
6.6667 7.7 0.1201 2.39 22.80
8 7.6 0.12 2.36 27.14
9.03 7.6 0.1207 2.37 30.50
10 7.6 0.1054 231 33.60
11 7.6 0.1157 2.31 36.79
0 0 0.00 0.00
1 7.7 0.2205 2.36 50.52
2 7.7 0.214 2.45 53.92
3 6.9 0.1229 2.45 57.21

Table B.8 KSat measured with time for replicate 4 (Sodosol),ueper amended with gypsum treatment (£C
1.3 dS/m), during applying water treatment.

. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 8 0.00
1 8 2.941 2.00
2 8 1.594 3.13 6.38
3 8 1.292 2.91 10.46
4 8 1.192 2.80 14.38
5 7.5 1.17 2.81 18.23
6 7.5 1.22 2.73 21.99
7 7.5 1.228 2.74 25.76
8.5 7.5 1.145 2.71 31.36
10 0 1.202 3.71 36.92
1 7 1.214 1.24 44.23
2 7 1.183 2.46 47.56
3.083 7 1.193 2.45 51.13
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.9K,, measured with time for replicate 4 (Sodosol),waper amended with gypsum treatment (EC
1.3 dS/m), during applying water with EC = 0.4 dS/m
. Water head EC in drained Kaat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.7 0.00
0.5 7.7 1.313 0.79
2 7.7 1.2 1.34 3.57
3 7.7 1.18 1.32 5.40
4 7.7 0.916 1.32 7.22
5 7.6 0.661 1.34 9.08
6 7.6 0.475 1.34 10.93
7 7.6 0.448 141 12.88
1 7.4 0.44 1.29 24.62
2 7.4 0.671 1.35 26.47
3 7.4 0.473 1.37 28.35
4 7.4 0.43 1.35 30.20
5 7.6 0.386 1.33 32.04
6 7.6 0.375 1.33 33.87
7 7.6 0.366 1.33 35.70
8 7.6 0.366 1.29 37.47
9 7.6 0.345 1.29 39.25
17.25 4.5 0.339 1.31 52.50
Table B.10K ., measured with time for replicate 4 (Sodosol),weper amended with gypsum treatment (EC
~ 1.3 dS/m), during applying water with EC = 0.1mS/
. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.9 0.00
1.01 7.9 0.36 1.71
2 7.9 0.363 1.23 3.42
3 7.9 0.335 1.21 5.11
5 8.2 0.265 1.16 8.39
6 8.2 0.1771 1.11 9.97
1 7.7 0.86 31.93
2 7.7 0.86 33.12
5 7.7 0.82 36.52
6 7.7 0.78 37.60
0 8.2 0.00 0.00
0.5 8.2 0.71 47.06
1 8.2 0.80 47.63
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.11K _,, measured with time for replicate 1 (Sodosol), @iLUHSS water and amended with gypsum

treatment during applying water with EC = 0.4 dSTine AverageK,, measured at the final stage of water
treatment for this replicate was 2.86 cm/h.

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 9.4 0.00
0.25 9.4 1.16
0.5 9.3 3.67 2.52
0.75 9.3 3.63 3.85
1 9.3 3.55 5.16
1.25 9.4 3.53 6.46
1.5 9.4 3.53 7.77
1.75 9.4 3.62 9.10
2 9.2 3.60 10.42
2.25 9.2 3.60 11.74
2.5 9.2 3.51 13.03
2.75 8.8 3.59 14.33
3 8.8 3.50 15.59
3.25 8.8 3.43 16.84
3.5 9 3.39 18.07
3.75 9 3.37 19.30
4 9 3.41 20.54
4.25 9 3.43 21.79
4.5 8.9 3.38 23.01
4.75 8.9 3.42 24.25
5 8.9 3.38 25.48
5.25 8.9 3.38 26.71
0 8.3
0.25 8.3 3.43 34.35
0.5 8.2 3.62 35.63
0.75 8.2 3.68 36.93
1 8.2 3.46 38.16
1.25 8.5 3.51 39.42
1.5 8.5 3.54 40.68
1.75 8.5 3.47 41.92
2.25 8.2 3.49 43.16
2.5 8.2 3.49 44.39
2.75 8.2 3.46 45.62
3.05 8 3.50 47.09
3.25 8 3.47 48.07
3.5 8 3.42 49.27
3.75 8 3.44 50.48
4 8 3.44 51.69
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.12K __. measured with time for replicate 1 (Sodosol), RitUHSS water and amended with gypsum

sat

treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 dSffter applying water with EC=0.4.

, Water head EC in drained Keat Accumulated
Time (h)

(cm) water (dS/m) (cm/h) leachate (cm)
0 7.8 0.00
0.25 7.8 0.90
0.5 7.8 2.93 1.93
0.75 7.8 0.577 2.75 2.88
1 7.8 2.93 3.91
1.25 7.8 2.95 4.94
1.5 7.8 2.95 5.97
1.75 7.8 0.4 2.93 6.99
2 8.2 2.89 8.01
2.25 8.2 2.84 9.01
2.5 8.2 0.2423 2.89 10.04
2.75 8.2 2.89 11.06
3 8.2 2.84 12.06
3.25 8.2 2.80 13.05
3.5 8.2 0.1657 2.80 14.04
3.75 8.2 2.84 15.05
4 8.2 2.80 16.04
4.25 8.2 2.82 17.04
4.5 8.2 0.1419 2.77 18.02
4.75 8.2 2.77 19.00
5 8.2 2.75 19.98
5.25 8.2 2.75 20.95
5.5 8.2 0.1334 2.77 21.94
5.75 7.9 2.80 22.92
6 7.9 2.74 23.88
6.25 7.9 2.76 24.84
6.5 7.9 0.1294 2.76 25.81
6.75 7.9 2.74 26.77
7 7.9 2.74 27.73
7.5 7.9 0.1267 2.72 29.63
7.75 7.9 2.74 30.59
8 7.9 2.69 31.53
8.25 7.9 2.76 32.50
8.5 7.9 0.1245 2.74 33.46
8.75 7.9 2.72 34.41
9 7.9 2.74 35.37
9.25 7.9 2.72 36.32
9.5 7.9 0.1214 2.74 37.28
9.75 7.9 2.74 38.24
10 8.4 0.1216 2.69 39.20
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.13K ., measured with time for replicate 2 (Sodosol), @iLUHSS water and amended with gypsum

treatment during applying water with EC = 0.4 dSTine AverageK,, measured at the final stage of water
treatment for this replicate was 2.78 cm/h.

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 8.9 0.00
0.25 8.9 1.738 1.01
0.5 8.9 1.954 3.13 2.14
0.7517 8.9 2.026 3.07 3.25
1 8.9 2.039 3.15 4.39
1.25 8.9 2.009 3.05 5.49
1.5 8.9 1.697 3.09 6.60
1.75 8.9 1.255 3.07 7.71
2 8 0.925 2.92 8.73
2.25 8.9 0.726 3.22 9.90
2.5 8.9 0.619 2.96 10.96
2.75 8.9 0.550 3.00 12.05
3 8.9 0.512 2.96 13.12
3.25 8.9 3.00 14.20
3.5 8.9 2.92 15.26
3.7523 8.9 2.93 16.32
4 8.9 0.440 2.90 17.36
5 8.9 0.425 2.94 21.61
6 7.5 0.409 3.01 25.75
7 7.5 0.395 3.04 29.93
8 7.5 0.380 3.06 34.14
0 7.9
0.2527 7.9 0.490 39.25
0.5 7.9 0.506 2.60 40.15
0.75 7.9 0.488 2.75 41.11
1 7.9 0.482 2.75 42.06
1.25 7.9 0.485 2.79 43.04
1.5 7.9 0.497 2.79 44.01
1.7525 7.9 0.495 2.81 45.00
2 7.9 0.483 2.96 46.03
2.25 7.9 0.456 2.70 46.97
25 7.9 0.440 2.70 47.91
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.14K _,, measured with time for replicate 2 (Sodosol), @iLUHSS water and amended with gypsum
treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 dSffter applying water with EC=0.4.

. Water head EC in drained Kat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.7 0.00
0.25 7.7 0.463 0.63
0.5 7.7 0.478 2.13 1.37
0.75 7.7 0.477 2.13 2.11
1 7.7 0.475 2.09 2.83
2 7.7 0.469 211 5.75
3 7.1 0.338 2.14 8.65
4 8 0.217 2.07 11.55
5 8 0.164 2.07 14.44
6 8 0.143 2.08 17.35
7 8 0.132 2.03 20.18
8 8 0.126 2.03 23.03
9 8 0.124 2.05 25.90
0
0.5 7.4 0.139 30.14
1 7.4 0.129 2.16 31.62
2 7.4 0.129 2.13 34.54
3 7.4 0.126 2.09 37.41
4 6 0.125 2.10 40.14
Table B.15K _,, measured with time for replicate 3 (Sodosol), RiUHSS water and amended with gypsum
treatment during applying water treatment.
. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 7.8 0.00
1 7.8 3.05 2.39
2 7.8 1.709 4.22 8.25
3 7.8 1.531 4.00 13.82
4 7.6 1.56 3.95 19.27
5 7.6 1.568 3.78 24.48
6 7.6 1.565 3.76 29.67
7 7.6 1.519 3.70 34.77
8 7.6 1.565 3.70 39.87
9 7.7 1.565 3.57 44.81
10 7.35 1.549 3.64 49.80
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.16K ., measured with time for replicate 3 (Sodosol), @iLUHSS water and amended with gypsum
treatment during applying water with EC = 0.4 dS/m.

Time (h) Water head EC in drained Kt Accumulated

(cm) water (dS/m) (cm/h) leachate (cm)
0 7.2 0.00
1 7.2 1.617 2.96
2 7.2 1.5 2.25 6.02
3 7.6 0.893 2.19 9.05
55 7.6 0.469 1.90 15.59
6 7.6 0.406 211 17.04
7 7.6 0.395 2.17 20.03
0 0 0.00 0.00
1 7.5 0.453 2.30 32.83
2 7.5 0.451 2.55 36.33
3 7.5 0.366 2.47 39.73
4.02 7.5 0.357 2.33 43.00
6 7.5 0.367 2.37 49.46
7 7.5 0.363 2.34 52.68
8 6.3 0.351 2.38 55.81

Table B.17K_,, measured with time for replicate 3 (Sodosol), @itUHSS water and amended with gypsum
treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 dS¥fter applying water with EC=0.4.

Time (h) Water head EC in drained Keat Accumulated
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.3 0.00
1.01 7.3 0.391 3.69
2.167 7.8 0.322 2.64 7.93
3 7.8 0.1879 2.73 11.09
4 7.8 0.1462 2.66 14.79
6.667 7.4 0.1186 2.63 24.40
8 7.4 0.1185 3.37 29.01
9.03 7.4 0.1139 2.51 32.55
10 7.4 0.1137 2.47 35.83
1 7.8 0.145 2.39 50.76
7.8 0.1287 2.57 54.32
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.18K ., measured with time for replicate 4 (Sodosol), @iUHSS water and amended with gypsum
treatment during applying water treatment.

. Water head EC in leachate Kaat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 7.7 0.00
1 7.7 2.634 2.72
2 7.7 1.580 3.50 7.56
3 7.7 1.458 3.27 12.09
4 7.7 1.436 3.14 16.44
5 7.9 1.452 2.98 20.60
6 7.9 1.461 3.00 24.79
7 7.9 1.472 2.96 28.92
0
0.5 7 1.559 41.97
1 7 1.652 2.38 43.57
2 7 1.674 2.37 46.77
3.083 7 1.582 2.34 50.19

Table B.19Ksat measured with time for replicate 4 (Sodosol), @tLUHSS water and amended with gypsum
treatment during applying water with EC = 0.4 dS/m.

. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)

0 7.3 0.00

0.5 7.3 1.751 1.07
2 7.3 1.491 2.03 5.23
3 7.3 0.996 1.96 7.91
4 7.1 0.714 1.86 10.42
5 7.1 0.520 1.89 12.98
6 7.1 0.454 1.78 15.40
7 7.1 0.423 1.79 17.82
0
1 7.8 0.526 1.09 32.04
2 7.8 0.537 1.12 33.60
3 7.8 0.546 1.11 35.14
4 7.8 0.522 1.10 36.67
5 7.8 0.477 1.07 38.17
6 7.8 0.425 1.05 39.62
7 7.8 0.414 1.04 41.07
8 7.8 0.394 1.02 42.48
9 7.8 0.386 1.01 43.88

17.25 7.5 0.374 0.97 54.93
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.20K ., measured with time for replicate 4 (Sodosol), @iLUHSS water and amended with gypsum
treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 dSffter applying water with EC=0.4.

. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.9 0.00
1.01 7.9 0.480 1.62
2 7.9 0.387 1.17 3.23
3 7.9 0.345 1.13 4.80
5 8.2 0.279 1.04 7.73
6 8.2 0.214 0.96 9.09
0
1 7.7 0.126 27.73
2 7.7 0.124 0.64 28.61
5 7.7 0.130 0.62 31.18
6 7.7 0.133 0.60 32.01
0
0.5 8.200 46.75
1 8.2 0.49 47.09
Table B.21K _,, measured with time for replicate 1 (Sodosol), W&er amended with sulphuric acid to

reduce pH at 5 treatment during applying water \Ei@h= 0.4 dS/m. The Averagl ., measured at the
final stage of water treatment for this replicatesv@.24 cm/h.

Time (h) Water head EC in drained Kaat Accumulated

(cm) water (dS/m) (cm/h) leachate (cm)
0 7.1 0.00
1 7.1 0.03 0.04
2 7.1 0.03 0.08
3 7.1 0.02 0.10
5 7.1 0.02 0.17
7 7.1 0.01 0.20
10 7.1 0.01 0.25
23 7.1 0.01 0.35
33 7.1 0.00 0.39
48 7.1 0.00 0.42
80 7.1 0.00 0.42

207

PhD Dissertation



Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.22K

pH at 5 treatment during applying water with EC.4 @S/m. The Averagi ., measured at the final stage of
water treatment for this replicate was 0.25 cm/h.

<at Measured with time for replicate 2 (Sodosol), h&Eer amended with sulphuric acid to reduce

Time (h) Water head EC in drained Keat Accumulated
(cm) water (dS/m) (cm/h) leachate (cm)
0 8.1 0.00
14.5 8.1 0.12
17.5 8.1 0.01 0.15
20.5 8.1 0.00 0.16
24.5 8.1 0.00 0.17
34.5 8.1 0.00 0.20
Water with EC = 0.4 added HSS water
pH= 5 treatment (falling head method)
Time (h) Ka (cm/h)
0
2 0.00352
4 0.00289
6 0.00280
8 0.00302
23 0.00213

Table B.23KSat measured with time for replicate 3 (Sodosol), H&er amended with sulphuric acid to
reduce pH at 5 treatment during applying waterttneat.

. Water head EC in leachate Kt Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 7.4 0.00
1 7.4 491 4.04
2 7.4 4.35 411 9.67
3 7.4 4.3 3.33 14.23
4 10 4.38 2.50 17.98
5 7.7 4.23 2.12 20.91
6 7.7 4.32 1.78 23.37
7 7.7 4.27 1.50 25.45
8 7.7 4.27 1.32 27.28
9 7.7 4.25 1.16 28.89
10 7.7 4.31 1.04 30.34
11 7.7 0.96 31.67
12 7.7 0.89 32.90
20 7.8 0.61 39.68
22 7.8 0.49 41.03
24 7.8 0.44 42.26
26 7.8 0.40 43.36
28 7.8 0.36 44.36
30 7.8 0.32 45.26
33 7.8 0.30 46.51
45,55 7.8 0.25 50.94
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Appendix B: Data Obtained From Long Columns Expenits Part I: Sodosol

Table B.24K _,, measured with time for replicate 3 (Sodosol), H&er amended with sulphuric acid to
reduce pH at 5 treatment during applying water \&ith= 0.4 dS/m.
. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 8.1 0.00
2 8.1 0.03300 0.09
6 8.1 0.01762 0.19
10 8.1 0.00559 0.22
22 8.1 EC in whole drained 0.00140 0.25
46 8.1 water 5.29 0.00224 0.32
70 8.1 0.00098 0.36
96 8.1 0.00120 0.40
144 8.1 0.00112 0.47
169 8.1 0.00116 0.52

Water with EC = 0.4 added HSS water pH=5

treatment (falling head method)

Time (h) K, (cm/h)

0 0
4 0.025913736
23 0.022320104

27.6 0.018792304
48 0.022883204
96 0.007729955

Table B.25K _. measured with time for replicate 4 (Sodosol), h&er amended with sulphuric acid to

sat

reduce pH at 5 treatment during applying watertitneat.

. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)

0 7.6 0.00

1 7.6 5.440 2.09

2 7.6 4.180 3.20645 6.52

3 7.6 4.130 2.85334 10.45

4 7.6 4.120 2.58566 14.02

5 7.6 4.040 2.32368 17.23

6 7.5 4.150 2.11492 20.14
7 7.5 3.970 1.89771 22.75
8.5 7.5 4.160 1.67669 26.20
10 7.5 4.160 1.51284 29.32

0

1 7 39.96
2 7 0.06637 40.05
3 7 0.07685 40.15
9 7 4.310 0.06889 40.71
22 7 4.400 0.06091 41.78
30 7 4.550 0.06841 42.52
198 7 4.780 0.02367 47.89
332 7.3 4.790 0.01018 49.75
500 7.3 4.850 0.00679 51.31
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Table B.26K _. measured with time for replicate 1 (Sodosol), hi@&$r amended with sulphuric acid to reduce

sat
pH at 7 treatment during applying water with EC.4 @S/m. The Averag¥ .,
water treatment for this soil replicate was 0.27kcm

measured at the final stage of

Time (h) Water head EC in drained Kt Accumulated

(cm) water (dS/m) (cm/h) leachate (cm)
0 8.1 0.00
1 8.1 0.01678 0.02
2 8.1 0.02238 0.06
3 8.1 0.02238 0.09
5 8.1 0.02517 0.16
7 8.1 0.01678 0.20
10 8.1 0.01305 0.26
23 8.1 0.00688 0.39
33 8.1 0.00392 0.44
48 8.1 0.00224 0.49
80 8.1 0.00052 0.51

Table B.27Ksat measured with time for replicate 2 (Sodosol), H&$er amended with sulphuric acid to

reduce pH at 7 treatment during applying water &= 0.4 dS/m. The Averadé ,, measured at the final
stage of water treatment for this replicate wadg @r@/h.

Time (h) Wat(t(e:rmr;ead ECin cé(rjasl?r(re]()j water K., (cm/h) Accumulzact;? leachate
0 8.1 0.00
14.5 8.1 0.00331 0.06
17.5 8.1 0.00892 0.10
20.5 8.1 0.00707 0.13
24.5 8.1 0.00614 0.17
34.5 8.1 0.00469 0.23
Water with EC = 0.4 added HSS water
pH= 5 treatment (falling head method)
Time (h) Ka (cm/h)
0
2 0.00466
4 0.00414
6 0.00438
8 0.00281
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Table B.28K ., measured with time for replicate 3 (Sodosol), H&er amended with sulphuric acid to
reduce pH at 7 treatment during applying watertitneat.

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 7.5 0.00
1 7.5 4.48 3.01
2 7.5 3.92 3.927 8.41
3 7.5 3.79 3.110 12.69
4 7.5 4.04 2.509 16.14
5 7.4 4.02 1.973 18.84
6 7.4 3.98 1.624 21.06
7 7.4 4 1.474 23.08
8 7.4 3.98 1.182 24.70
9 7.4 4.04 1.050 26.14
10 7.4 4.04 0.935 27.42
11 7.4 0.849 28.59
12 7.4 3.99 0.786 29.66
20 7.2 3.98 0.561 35.76
22 7.2 4.06 0.445 36.97
24 7.2 4.08 0.416 38.10
26 7.2 4.06 0.373 39.12
28 7.2 4.08 0.329 40.01
30 7.2 4.06 0.295 40.81
33 7.2 4.12 0.266 41.90
45,55 7.2 4.02 0.218 45.62
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Table B.29K ., measured with time for replicate 3 (Sodosol), H&er amended with sulphuric acid to
reduce pH at 7 treatment during applying water &= 0.4 dS/m.

Time (h) Water head EC in leachate Keat Accumulated
(cm) (dS/m) (cm/h) leachate (cm)
0 8.1 0.00
2 8.1 0.03133 0.09
6 8.1 0.02238 0.21
10 8.1 0.00727 0.25
22 8.1 0.00158 0.28
46 8.1 0.00247 0.36
70 8.1 0.00135 0.41
96 8.1 0.00069 0.44
144 8.1 0.00082 0.49
169 8.1 0.00112 0.53
Water with EC = 0.4 added HSS water pH= 7 treatment
(falling head method)
Time (h) K., (cm/h) @;f;ﬂtuelaztcerg)

0 0.00000 0.00

4 0.00119 0.01

23 0.00089 0.04

27.6 0.00091 0.01

48 0.00086 0.04

96 0.00017 0.02

Table B.30K _,; measured with time for replicate 4 (Sodosol), k&er amended with sulphuric acid to

reduce pH at 7 treatment during applying waterttneat.

Time (h) Water head EC in leachate K sat Accumulated
(cm) (dS/m) (cm/h) leachate (cm)
0 7.5 0.00
1 7.5 5.050 1.86
2 7.5 3.790 3.0466 6.05
3 7.5 3.860 2.7208 9.79
4 7.5 3.790 2.4750 13.20
5 7.5 3.790 2.2121 16.24
6 7.6 3.880 1.9649 18.95
7 7.6 3.860 1.7542 21.37
8.5 7.6 3.910 1.4998 24.47
10 7.6 3.740 1.3099 27.19
0
1 7.6 36.19
2 7.6 36.19
3 7.6 0.0296 36.23
9 7.6 0.0256 36.44
22 7.6 0.0215 36.82
30 7.6 0.0164 37.00
198 7.6 4.550 0.0096 39.22
332 7.6 4.680 0.0065 40.42
634 7.6 5.260 0.0029 41.62
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Table B.31K _,, measured with time for replicate 1 (Sodosol), retiSS water having pH 8.36 treatment

during applying water with EC = 0.4 dS/m. The Age _,, measured at the final stage of water
treatment for this soil replicate was 0.34 cm/h.

Time (h) Water head EC in drained Keat Accumulated
(cm) water (dS/m) (cm/h) leachate (cm)

0 8 0.00

1 8 0.04478 0.06

2 8 0.05598 0.14

3 8 0.04478 0.20

5 8 0.03359 0.30

7 8 0.02239 0.36

10 8 0.01493 0.42

23 8 0.00689 0.55

33 8 0.00392 0.61

48 8 0.00299 0.67

80 8 0.00175 0.75

Table B.32K _,, measured with time for replicate 2 (Sodosol), rattiSS water having pH 8.36 treatment

during applying water with EC = 0.4 dS/m. The Age & _,, measured at the final stage of water

treatment for this soil replicate was 0.30 cm/h.

Time (h) Water head EC in drained Kaat Accumulated
(cm) water (dS/m) (cm/h) leachate (cm)
0 8 0.00
14.5 8 0.02325 0.44
17.5 8 0.01345 0.50
20.5 8 0.01345 0.55
24.5 8 0.00589 0.59
34.5 8 0.00460 0.65
Falling head method
Water with EC = 0.4 added HSS water
pH= 5 treatment (falling head method)
Time (h) K, (cm/h)
0
2 0.00478
4 0.00487
6 0.00403
8 0.00435
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Table B.33K ., measured with time for replicate 3 (Sodosol), redttiSS water having pH = 8.6 treatment
during applying water treatment.
. Water head EC in leachate Kaat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)

0 7.6 0.00
1 7.6 1.74
2 7.6 3.32 2.910 5.76
3 7.6 3.43 2.426 9.11
4 7.6 3.49 2.062 11.95
5 7.6 3.56 1.692 14.29
6 7.6 3.48 1.458 16.30
7 8.1 3.43 1.242 18.05
8 8.1 3.59 1.085 19.57
9 8.1 3.62 0.979 20.95
10 8.1 3.57 0.895 22.20
11 8.1 3.64 0.828 23.37
12 8.1 3.63 0.772 24.45
20 8.1 3.71 0.559 30.74
22 8.1 3.68 0.515 32.18
24 8.1 3.71 0.498 33.58
26 8.1 3.8 0.464 34.89
28 8.1 3.85 0.428 36.09
30 8.1 3.85 0.397 37.21
33 8.1 3.79 0.369 38.76

45.55 8.1 3.98 0.324 44.48
61 6.3 3.75 0.261 49.78

Table B'34Ksat measured with time for replicate 3 (Sodosol), rdtHlSS water having pH =8.6 treatment
during applying water with EC = 0.4 dS/m.

. Water head EC in leachate Kt Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 7.8 0.00
2 7.8 0.06785 0.19
6 7.8 0.03336 0.37
10 7.8 0.01244 0.44
22 7.8 0.00377 0.51
46 7.8 0.00339 0.62
70 7.8 0.00198 0.69
96 7.8 0.00178 0.75
144 7.8 0.00151 0.85
169 7.8 0.00154 0.90
Water with EC = 0.4 added natural HSS water pH=8.6
treatment (falling head method)
Time (h) K., (cm/h) @‘;‘;L;]’;‘:‘e""zfrﬁ)

0 0.00000 0.00

4 0.00133 0.01

23 0.00118 0.05

27.6 0.00108 0.01

48 0.00124 0.05

96 0.00041 0.05
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Table B.35K ., measured with time for replicate 4 (Sodosol), redttiSS water having pH = 8.6 treatment
during applying water treatment.

. Water head EC in leachate Kat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 8.4 0.00
1 8.4 4.330 2.39
2 8.4 3.170 2.95562 6.59
3 8.4 3.230 2.66780 10.37
4 8.4 3.310 2.38553 13.76
5 8.4 3.330 2.10878 16.76
6 8.7 3.520 1.87314 19.44
7 8.7 3.430 1.70883 21.90
8.5 8.7 3.480 1.52991 25.19
10 8.7 3.480 1.38386 28.17
0
1 8.6 37.76
2 8.6 0.09673 37.90
3 8.6 0.11212 38.06
9 8.6 3.740 0.08794 38.82
22 8.6 3.820 0.09470 40.58
30 8.6 3.940 0.10718 41.80
198 0 4.080 0.02901 46.68
0
134 8.5 4.150 0.03927 54.18
302 8.5 4.310 0.03526 62.62
215

PhD Dissertation



Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

B.3 Part Il: Vertosol columns experiment results

Table B.36K ., measured with time for replicate 1(Vertosol), tegter amended with gypsum treatment (EC

= 1.3 dS/m) during applying water with EC = 0.4mSThe AverageK ., measured at the final stage of water
treatment for this soil column (this replicate) v@&a84 cm/h.

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 9.1 0.00
0.25 9.1 3.11 1.13
0.5 9.1 2.33 1.98
0.75 8.6 2.40 2.84
1 8.6 2.29 3.65
1.25 8.6 2.22 4.45
1.5 8.6 2.15 5.22
1.75 8.6 2.15 5.99
2 8.6 2.11 6.74
2.25 8.6 2.11 7.50
2.5 8.6 2.11 8.25
2.75 8.6 2.15 9.02
3 8.6 2.11 9.78
3.25 8.6 2.07 10.52
3.5 8.7 2.13 11.28
3.75 8.7 2.08 12.03
4 8.7 2.08 12.77
4.25 8.7 2.08 13.52
4.5 8.7 2.04 14.25
4.75 8.8 2.07 15.00
5 8.8 2.10 15.75
5.25 8.8 2.07 16.50
55 8.8 2.03 17.23
5.75 8.8 2.01 17.95
6 8.8 2.03 18.68
6.25 8.8 2.05 19.42
0.000 8.7
0.250 8.7 1.77 21.41
0.500 8.7 2.10 22.16
0.750 8.7 2.06 22.90
1.000 8.7 1.97 23.61
1.250 8.9 1.94 24.31
1.500 8.9 1.94 25.01
1.750 8.9 1.94 25.71
2.250 8.9 1.91 26.40
2.500 8.9 1.89 27.08
2.750 8.9 1.89 27.77
3.050 8.9 1.85 28.57
3.250 8.9 1.88 29.11
3.500 8.9 1.85 29.78
3.750 8.9 1.83 30.44
4.000 8.9 1.81 31.09
4.257 9.2 1.80 31.77
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Continue in Table B.36

, Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
4.500 9.2 1.86 32.43
4.750 9.2 1.81 33.09
5.000 9.2 1.81 33.75
5.250 9.2 1.81 34.41
5.500 9.2 1.79 35.06
5.750 8.7 1.82 35.71
6.000 8.7 1.77 36.35
6.255 8.7 1.76 36.99
6.513 8.7 1.76 37.65
6.750 8.7 1.73 38.24
7.000 8.7 1.75 38.87
7.250 8.7 1.77 39.50
7.500 8.7 1.75 40.13
7.750 8.7 1.75 40.76
8.000 8.7 1.73 41.38
8.250 8.7 1.75 42.01
8.500 8.7 1.71 42.62
8.750 8.6 1.74 43.24
9.000 8.6 1.71 43.86
9.250 8.6 1.71 44 .47
Table B.37K _,, measured with time for replicate 1 (Vertosol), vester amended with gypsum treatment (EC

~ 1.3 dS/m) during applying water with EC = 0.1 d@ffter applying water with EC=0.4.

. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 8.2 0.00
0.25 8.2 1.71 0.61
0.5 8.2 1.60 1.17
0.75 8.2 0.488 1.63 1.74
1 8.2 1.60 2.31
1.25 8.2 1.60 2.88
1.5 8.2 1.60 3.44
1.75 8.2 0.573 1.58 4.00
2 8.2 1.60 457
2.25 8.2 1.58 5.12
2.5 8.2 0.53 1.60 5.69
2.75 8.2 1.56 6.24
3 8.2 1.56 6.79
3.25 8.2 1.56 7.34
3.5 8.2 0.42 1.54 7.88
3.75 8.2 1.56 8.43
4 8.2 1.56 8.98
4.25 8.2 1.54 9.53
4.5 8.2 0.337 1.51 10.06
4.75 8.2 1.54 10.60
5 8.2 1.54 11.14
5.25 8.2 1.54 11.69
217

PhD Dissertation



Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Continue in Table B37

. Water head EC in drained Kaat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
55 8.2 0.288 1.54 12.23
5.75 8.2 151 12.76
6 8.2 151 13.30
6.25 8.2 1.47 13.82
6.5 8.2 0.257 1.49 14.34
6.75 8.2 1.47 14.86
7 8.2 1.49 15.39
7.5 8.2 0.2453 1.47 16.43
7.75 8.2 1.47 16.95
8 8.2 1.45 17.46
8.25 8.2 1.45 17.97
8.5 8.2 0.2317 1.45 18.48
8.75 8.2 1.42 18.98
9 8.2 1.42 19.48
9.25 8.2 0.225 1.42 19.99
9.5 8.2 1.45 20.50
9.75 8.2 1.45 21.01
10 8.2 0.2209 1.45 21.52
0.00 8.1
0.25 8.1 1.27 21.97
0.50 8.1 0.2452 1.30 22.42
0.75 8.1 0.2353 1.39 22.91
1.00 8.1 1.34 23.38
1.25 8.1 1.34 23.85
1.50 8.1 0.2291 1.36 24.33
1.75 8.1 1.36 24.81
2.00 8.1 1.34 25.28
2.25 8.1 1.39 25.77
2.50 8.1 0.2293 1.34 26.24
2.75 8.1 1.34 26.71
3.00 8.1 1.36 27.19
3.25 8.1 1.34 27.67
3.50 8.1 0.2217 1.36 28.14
3.75 8.1 1.34 28.62
4.00 8.1 1.34 29.09
4.50 8.3 0.2175 1.31 30.02
4.75 8.3 1.33 30.49
5.00 8.3 0.2155 1.33 30.96
5.25 8.3 1.31 31.42
5.50 8.3 0.2117 1.31 31.89
5.75 8.3 1.33 32.36
6.00 8.3 1.31 32.82
6.25 0.2032
6.50 8.3 1.29 33.73
7.50 8.3 0.1993 1.30 35.57
8.70 8.3 0.1942 1.26 37.71
9.00 8.3 0.1903 1.33 38.28
9.25 8.3 1.24 38.72
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Table B.38K

~ 1.3 dS/m), during applying water with EC = 0.4miSThe AverageK ., measured at the final stage of water
treatment for this replicate was 3.84 cm/h.

measured with time for replicate 2 (Vertosol), vegter amended with gypsum treatment (EC

. Water head EC in leachate Kaat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 9.5 0.00
0.25 9.5 1.593 0.61
0.5 9.5 1.731 1.83 1.29
0.75 9.5 1.740 1.83 1.96
1 9.5 1.717 1.90 2.66
1.25 9.5 1.755 1.81 3.33
1.5 9.5 1.738 1.83 4.01
1.75 9.5 1.761 1.83 4.68
2 9.5 1.716 1.79 5.34
2.25 9.5 1.702 1.79 6.00
2.5 9.5 1.607 1.83 6.68
2.75 9 1.443 1.91 7.37
3 9 1.286 1.86 8.05
3.25 9 1.89 8.73
3.5 9 1.86 9.41
3.7523 9 1.89 10.10
4 9 0.800 1.84 10.76
5 9 0.659 1.87 13.47
6 9 0.538 1.88 16.19
7 9 0.504 1.87 18.90
8 9 0.474 1.83 21.56
9 9 0.462 1.83 24.21
0 8.6
0.2527 8.6 0.551 24.79
0.5 8.6 0.590 1.62 25.36
0.75 8.6 0.572 1.67 25.96
1 8.6 0.574 1.67 26.56
1.25 8.6 0.556 1.69 27.16
1.5 8.6 0.563 1.69 27.77
1.7525 8.6 0.560 1.65 28.36
2.017 8.6 0.563 1.70 29.01
2.25 8.6 0.567 1.70 29.58
2.5 8.6 0.574 1.69 30.18
3 8.6 0.580 1.67 31.38
4 8.6 0.548 1.66 33.75
5 8.6 0.489 1.68 36.15
7 8.6 0.446 1.68 40.94
8 8.6 0.442 1.67 43.33
9 8.6 0.437 1.70 45.76
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Table B.39K ., measured with time for replicate 2 (Vertosol), tester amended with gypsum treatment (EC
~ 1.3 dS/m), during applying water with EC = 0.1 mSfter applying water with EC=0.4.

. Water head EC in drained Kat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)

0 8.5 0.00

0.25 8.5 0.478 0.42
0.5 8.5 0.553 1.43 0.93

0.75 8.5 1.41 1.43
1 8.5 0.526 1.39 1.93
2 8.5 0.540 1.36 3.87
3 8.5 0.500 1.38 5.83
4 9 0.418 1.34 7.78
5 9 0.343 1.34 9.73
6 9 0.283 1.34 11.67
7 9 0.250 1.33 13.60
8 9 0.226 1.33 15.54
9 9 0.216 1.32 17.46
0

0.5 8.7 0.216 20.38
1 8.7 0.204 1.40 21.39
2 8.7 0.196 1.45 23.46
3 8.7 0.196 1.41 25.49
4 8.5 0.194 1.42 27.52
5 8.5 0.186 1.41 29.53
6 8.5 0.179 1.41 31.54
7 8.5 0.186 1.43 33.58
8 8.5 0.171 1.41 35.59
9 8.5 0.170 1.42 37.61
10 8.5 0.164 1.42 39.64

220

PhD Dissertation



Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.40K ., measured with time for replicate 3 (Vertosol), tester amended with gypsum treatment (EC
~ 1.3 dS/m), during applying water treatment.
. Water head EC in leachate Kot Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 7.6 0.00
1 7.4 2.101 1.90
2 7.4 1.391 3.28 6.40
3 7.4 1.255 3.04 10.56
4 7.4 1.201 2.98 14.65
5 7.7 1.186 2.84 18.58
6 7.7 1.168 2.88 22.56
7 7.7 1.167 2.85 26.51
8 7.7 1.177 2.84 30.44
9 7.7 1.169 2.79 34.30
10 7.7 1.147 2.63 37.94
11 7.7 1.162 2.72 41.71

Table B.41Ksat measured with time for replicate 3 (Vertosol), tegter amended with gypsum treatment (EC

~ 1.3 dS/m), during applying water with EC = 0.4mS/

. Water head EC in drained Kaat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.4 0.00
1 7.4 1.269 2.29
2 7.4 1.237 1.86 4.84
3 7.4 1.118 1.88 7.42
5.5 7.4 0.634 1.72 13.30
6 7.4 0.481 1.84 14.56
7 7.4 0.455 1.87 17.12
8 7.4 0.432 1.82 19.62
9 7.4 0.414 1.80 22.08
10 6.95 0.392 1.79 24.49
11 5.3 0.392 1.75 26.71
0
1 6.9 0.409 1.62 32.59
2 6.9 0.484 1.74 34.93
3 7.1 0.5 1.74 37.29
4.02 7.1 0.463 1.76 39.71
6 7.1 0.421 1.80 44.56
7 7.1 0.406 1.78 46.97
8 5.3 0.393 1.91 49.39
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Table B.42K _,, measured with time for replicate 3 (Vertosol), tester amended with gypsum treatment
(EC= 1.3 dS/m) during applying water with EC = 0.1 dS/m
. Water head EC in drained Kot Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.7 0.00
1 7.7 0.461 2.01 2.79
2.167 7.7 0.441 1.98 6.00
3 7.8 0.346 1.97 8.28
4.001 7.8 0.288 1.93 10.96
6.6667 7.8 0.2391 1.89 17.97
8 7.8 0.2069 1.68 21.08
9.03 7.8 0.1954 1.81 23.67
10 7.8 0.1871 1.78 26.08
0 0 0.00 0.00
1 8.1 0.202 1.61 44.39
2 8.1 0.198 1.82 46.95
3 8.1 0.179 1.81 49.50
Table B.43K _,, measured with time for replicate 4 (Vertosol), teater amended with gypsum treatment (EC

~ 1.3 dS/m), during applying water treatment.

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 7.9 0.00
1 7.9 2.357 0.92
2 7.9 1.459 2.30 4.13
3 7.9 1.232 2.06 6.99
4 7.9 1.198 1.94 9.71
5 7.9 1.171 1.90 12.36
6 7.9 1.152 1.87 14.96
7 8.1 1.142 1.82 17.53
8.5 8.1 1.157 1.80 21.33
10 8.1 1.105 1.81 25.14
0
1 7.6 1.473 0.72 41.90
2 7.6 1.491 1.42 43.86
3.083 7.6 1.487 1.42 45.99
5.333 7.6 1.424 1.41 50.36
222

PhD Dissertation



Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.44K _,, measured with time for replicate 4 (Vertosol), tester amended with gypsum treatment (EC
~ 1.3 dS/m), during applying water with EC = 0.4mS/
. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.7 0.00
0.5 7.7 0.55
2 7.7 1.442 1.18 3.01
3 7.7 1.434 1.16 4.62
4 7.7 1.292 1.13 6.19
5 7.6 1.088 1.14 7.77
6 7.5 0.900 1.07 9.25
7 7.5 0.736 1.10 10.76
0
1 7.5 0.650 1.02 31.41
2 7.5 0.641 1.14 32.99
3 7.5 0.653 1.14 34.56
4 7.5 0.634 1.14 36.13
5 7.5 0.606 1.14 37.69
6 7.7 0.559 1.12 39.25
7 7.7 0.509 1.13 40.82
8 7.7 0.490 1.10 42.35
9 7.7 0.462 1.11 43.89
17.25 6.65 0.431 1.11 56.11
Table B.45K _,, measured with time for replicate 4 (Vertosol), wegter amended with gypsum treatment (EC
~ 1.3 dS/m) during applying water with EC = 0.1 dS/m
. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.5 0.00
1.01 7.5 0.585 1.55
2 7.5 0.485 1.20 3.18
3 7.5 0.479 1.17 4.79
5 7.4 0.403 1.16 7.99
6 7.4 0.319 1.12 9.53
1 7.3 0.194 0.90 32.40
2 7.3 0.186 0.92 33.66
5 7.3 0.191 0.92 37.43
6 7.3 0.190 0.90 38.66
0 7.3
0.5 7.300 0.266 0.88 47.36
1 7.3 0.259 0.99 48.04
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.46K __. measured with time for replicate 1 (Vertosol),ubed HSS water and amended with gypsum

sat
treatment during applying water with EC = 0.4 dSTime AverageK ., measured at the final stage of water
treatment for this soil s replicate was 2.11 cm/h.

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)
0 9.5 0.00
0.25 9.5 0.65
0.50 9.5 2.13 1.44
0.75 9.5 2.09 2.21
1.00 9.4 2.14 2.99
1.25 9.4 2.05 3.75
1.50 9.4 2.03 4.50
1.75 9.4 2.03 5.24
2.00 9.4 1.92 5.95
2.25 9.4 1.99 6.68
2.50 9.4 1.97 7.40
2.75 9.4 1.95 8.12
3.00 9.4 1.90 8.82
3.25 9.4 1.90 9.52
3.50 9.4 1.88 10.21
3.75 8.9 1.91 10.90
4.00 8.9 1.89 11.58
4.25 8.9 1.89 12.27
4.50 8.9 1.85 12.94
4.75 8.9 1.85 13.60
5.00 8.9 1.83 14.26
5.25 8.9 1.81 14.92
5.50 8.9 1.83 15.58
5.75 8.9 1.81 16.23
6.00 8.9 1.83 16.89
6.25 8.9 1.81 17.54
0 8.9
0.25 8.9 1.47 19.33
0.5 8.9 1.78 19.98
0.75 8.9 1.78 20.62
1 8.9 1.73 21.25
1.25 9.2 1.69 21.87
1.5 9.2 1.74 22.51
1.75 9.2 1.67 23.12
2 9.2 1.69 23.74
2.25 9.2 1.69 24.36
2.5 9.2 1.65 24.97
2.75 9.2 1.61 25.56
3 9.1 1.94 26.27
3.25 9.1 1.31 26.75
3.5 9.1 1.63 27.34
3.75 9.1 1.57 27.92
4 9.1 1.57 28.49
4.25 9.1 1.59 29.07
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Continue in Table 46

. Water head EC in leachate Keat Accumulated leachate
Time (h)

(cm) (dS/m) (cm/h) (cm)

4.5 9.1 1.46 29.61
4.75 9.1 1.55 30.17
5 9.1 1.55 30.74
5.25 9.1 1.55 31.30
5.5 9.1 1.53 31.86
5.75 9.1 1.51 32.41
6 9.4 1.51 32.97
6.25 9.4 1.53 33.54
6.5 9.4 1.53 34.10
6.75 9.4 1.38 34.61
7 9.4 1.49 35.16
7.25 9.4 1.49 35.71
7.5 9.4 1.45 36.25
7.75 9.4 1.45 36.78
8 8.9 1.47 37.32
8.25 8.9 1.47 37.85
8.5 8.9 1.47 38.39
8.75 8.9 1.47 38.92
9 8.9 1.47 39.45
9.25 8.9 1.43 39.97
10 8.9 41.64

Table B.47K _,, measured with time for replicate 1 (Vertosol),ub#id HSS water and amended with gypsum

treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 d¥fter applying water with EC=0.4.

Time (h) Water head EC in drained Keat Accumulated leachate

(cm) water (dS/m) (cm/h) (cm)

0 7.7 0.00
0.25 7.7 0.38
0.5 7.7 1.41 0.86
0.75 7.7 0.465 1.41 1.35
1 7.7 1.41 1.84
1.25 7.7 1.41 2.33
1.5 7.7 1.41 2.81
1.75 7.7 0.567 1.38 3.29
2 7.7 1.36 3.76
2.25 7.7 1.38 4.24
2.5 7.7 0.522 1.41 4.73
2.75 7.7 1.36 5.20
3 7.7 1.38 5.68
3.25 7.7 1.36 6.15
35 7.7 0.464 1.36 6.63
3.75 7.7 1.36 7.10
4 7.7 1.31 7.55
4.25 7.7 1.34 8.02
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Continue in table B.47

. Water head EC in drained Keat Accumulated leachate
Time (h)
(cm) water (dS/m) (cm/h) (cm)
4.5 8 0.38 1.35 8.49
4.75 8 1.32 8.95
5 8 1.26 9.39
5.25 8 1.28 9.84
55 8 0.327 1.30 10.30
5.75 8 1.30 10.75
6 8 1.28 11.20
6.25 8 1.26 11.64
6.5 8 0.29 1.30 12.10
6.75 8 1.26 12.54
7 8 1.28 12.98
7.5 8 0.275 1.26 13.86
7.75 8 1.28 14.31
8 8 1.23 14.74
8.25 8 1.26 15.18
8.5 8 0.253 1.23 15.62
8.75 8 1.23 16.05
9 8 1.21 16.47
9.25 8 1.23 16.91
9.5 8 0.2404 1.21 17.33
9.75 8 1.21 17.75
10 8 0.2367 1.23 18.19
0 8.1
0.25 8.1 0.2293 1.21 18.61
0.5 8.1 1.25 19.05
0.75 8.1 1.23 19.48
1 8.1 0.2345 1.23 19.92
1.25 8.1 1.21 20.34
1.5 8.1 1.21 20.76
1.75 8.1 1.21 21.19
2 8.1 0.2234 1.21 21.61
2.25 8.1 1.18 22.03
2.5 8.1 1.21 22.45
2.75 8.1 1.18 22.87
3 8.1 0.1979 1.21 23.30
3.25 8.1 1.18 23.71
35 8.1 1.18 24.13
4 8.1 0.2189 1.17 24.95
4.25 8.1 1.18 25.37
4.5 8.1 1.18 25.79
4.75 8.1 1.18 26.20
5 8.1 0.213 1.14 26.60
5.25 7.9 1.15 27.01
55 7.9 1.19 27.42
6 7.9 0.2075 1.18 28.25
7 7.9 0.2035 1.26 30.01
8.2 7.9 0.201 1.13 31.91
8.5 7.9 0.196.2 1.22 32.42
8.75 7.9 1.10 32.81
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.48K __. measured with time for replicate 2 (Vertosol),ubed HSS water and amended with gypsum

sat
treatment during applying water with EC = 0.4 dSTime AverageK ., measured at the final stage of water
treatment for this replicate was 2.33 cm/h.

. Water head EC in leachate Kaat Accumulated
Time (h)
(cm) (dsS/m) (cm/h) leachate (cm)
0 8.9 0.00
0.25 8.9 1.666 0.44
0.5 8.9 1.975 1.63 1.03
0.75 8.9 1.958 1.69 1.64
1 8.9 2.021 1.65 2.24
1.25 8.9 2.027 1.65 2.84
1.5 8.9 2.026 1.63 3.43
1.75 8.9 2.039 1.63 4.02
2 8.9 2.033 1.52 457
2.25 8.9 2.067 1.74 5.20
2.5 8.9 2.034 1.61 5.78
2.75 8.9 1.971 1.63 6.37
3 8.3 1.811 1.69 6.96
3.25 8.3 1.69 7.56
3.5 8.3 1.69 8.16
3.7523 8.3 1.63 8.74
4 8.3 1.135 1.57 9.29
5 8.3 0.857 1.62 11.58
6 8.3 0.671 1.59 13.84
7 8.3 0.590 1.59 16.10
8 8.3 0.546 1.57 18.32
9 8.3 0.514 1.55 20.52
0
0.2527 8.2 0.601 1.32 20.99
0.5 8.2 0.622 1.42 21.49
0.75 8.2 0.610 1.47 22.01
1 8.2 0.615 1.42 22.51
1.25 8.2 0.601 1.49 23.04
1.5 8.2 0.607 1.45 23.55
1.7525 8.2 0.608 1.45 24.07
2.017 8.2 0.599 1.45 24.61
2.25 8.2 0.593 1.46 25.09
2.5 8.2 0.602 1.42 25.59
3 8.2 0.601 1.45 26.61
4 8.2 0.567 1.48 28.70
5 7.05 0.522 1.47 30.70
7 8.2 0.465 1.47 34.82
8 8.2 0.462 1.49 36.92
9 8.2 0.449 1.48 39.01
10 8.2 0.440 1.50 41.14
11 8.2 0.436 1.49 43.24
12.017 8.2 0.429 1.48 45.37
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.49K __. measured with time for replicate 2 (Vertosol),ubsld HSS water and amended with gypsum

sat

treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 dSffter applying water with EC=0.4.

. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)

0 8.2 0.00
0.25 8.2 0.536 0.39
0.5 8.2 0.587 1.42 0.90
0.75 8.2 0.567 1.42 1.40
1 8.2 1.40 1.89
2 8.2 0.570 1.40 3.87
3 8.2 0.530 1.40 5.85
4 8.2 0.437 1.39 7.81
5 8.2 0.360 1.45 9.86
6 8.2 0.303 1.45 11.90
7 8.2 0.263 1.42 13.90
8 8.2 0.240 1.40 15.88
9 8.2 0.225 1.44 17.91
10 8.2 0.214 1.40 19.88
0

0.5 8 0.228 1.44 20.89
1 8 0.212 1.78 22.14
2 8 0.205 1.52 24.28
3 8 0.197 1.51 26.40
4 8 0.193 1.52 28.54
5 8 0.189 1.52 30.68
6 8 0.182 1.52 32.81
7 8 0.193 1.55 34.98
8 8 0.171 1.56 37.17
9 8 0.183 1.56 39.36
10 8 0.164 1.55 41.54
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.50KSat measured with time for replicate 3 (Vertosol),ubéd HSS water and amended with gypsum
treatment during applying water treatment.
. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (dS/m) (cm/h) leachate (cm)

0 7.5 0.00
1 7.6 2.369 1.63
2 7.6 1.614 3.04 5.83
3 7.6 1.549 2.79 9.68
4 7.6 1.561 2.70 13.41
5 7.6 1.557 2.57 16.96
6 7.8 1.576 2.50 20.43
7 7.8 1.537 2.44 23.83
8 7.8 1.572 2.40 27.16
9 7.8 1.587 2.35 30.42
10 7.25 1.582 2.37 33.65
0 7.9

1 7.9 1.591 1.54 43.39
2 7.9 1.657 1.65 45.69
3 7.9 1.581 1.43 47.68
5.5 5.4 1.667 1.20 51.48

Table B.51K _,, measured with time for replicate 3 (Vertosol),ubsid HSS water and amended with gypsum
treatment during applying water with EC = 0.4 dS/m.

. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)

0 7.7 0.00
1 7.7 1.583 2.17
2 7.7 1.597 1.65 4.45
3 7.7 1.48 1.62 6.70
4 7.8 1.03 1.60 8.92
6 7.8 0.651 1.53 13.18
7 7.8 0.538 151 15.28
8 7.8 0.527 1.47 17.32
9 7.8 0.484 1.48 19.37
10 0 0.475 2.02 21.39
11 0 0.46 2.00 23.39
1 8.1 0.555 1.68 31.92
2 8.1 0.544 1.97 34.69
3 8.1 0.517 2.00 37.51

4.02 7.8 0.463 1.66 39.86

6.6667 10 1.55 46.03
8 7.8 0.393 1.62 49.04
9 7.8 0.389 1.66 51.35
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.52K _,, measured with time for replicate 3 (Vertosol),ubé#d HSS water and amended with gypsum
treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 dSffter applying water with EC=0.4.
. Water head EC in drained Kat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 8.9 0.00
1 8.9 0.489 2.34
2 8.9 0.402 1.86 5.03
3 9.1 0.405 1.77 7.61
4 9.1 0.369 1.74 10.14
5.0167 9.1 0.287 1.68 12.63
7.5 9.1 0.265 1.70 18.77
8 9.1 1.60 19.93
9 9.1 0.2414 1.59 23.41
10 9.1 0.1894 1.57 25.68
1 7.8 0.443 1.63 33.45
2 7.8 0.437 1.76 35.90
3 7.8 0.378 1.72 38.29
4.0256 7.8 0.3 1.64 40.63
5 7.8 1.58 42.78
6 7.6 0.2434 1.57 44.95
8 7.6 0.2234 1.53 49.17
9.5 7.6 0.2142 1.49 52.25
Table B.53K ., measured with time for replicate 4 (Vertosol),ubsid HSS water and amended with gypsum

treatment during applying water treatment.

. Water head EC in leachate Keat Accumulated
Time (h)
(cm) (ds/m) (cm/h) leachate (cm)
0 7.5 0.00
1 7.5 0.27
2 7.7 1.802 2.09 3.16
3 7.7 1.542 1.85 5.72
4 7.7 1.485 1.75 8.14
5 7.7 1.437 1.69 10.48
6 7.7 1.497 1.63 12.75
7 7.7 1.474 1.61 14.98
0
1 7 1.626 0.68 25.97
2 7 1.627 1.34 27.78
3.083 7 1.663 1.33 29.72
5.333 7 1.695 1.31 33.72
0
1 2.5 1.520 1.26 41.22
2 2.5 1.674 1.28 42.66
3 2.5 1.628 1.31 44.13
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.54K _,, measured with time for replicate 4 (Vertosol),ub#d HSS water and amended with gypsum
treatment during applying water with EC = 0.4 dS/m.
. Water head EC in drained Keat Accumulated
Time (h)
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.3 0.00
0.5 7.3 1.528 0.41
2 7.3 1.743 0.92 2.29
3 7.3 1.780 0.88 3.50
4 7.3 1.778 0.88 4.69
5 7.3 1.655 0.88 5.89
6 7.3 1.411 0.85 7.04
7 7.3 1.106 0.86 8.21
0
1 7.8 0.759 0.71 16.01
2 7.8 0.863 0.77 17.09
3 7.8 0.825 0.79 18.19
4 7.8 0.810 0.80 19.30
5 7.8 0.786 0.78 20.38
6 7.8 0.77 21.46
7 7.8 0.686 0.78 22.54
8 7.8 0.638 0.75 23.58
9 7.8 0.605 0.75 24.62
17.25 7.8 0.512 0.73 32.98
Table B.55K ., measured with time for replicate 4 (Vertosol),ubsid HSS water and amended with gypsum

treatment (EG: 1.3 dS/m) during applying water with EC = 0.1 d@ffter applying water with EC=0.4.

Time (h) Water head EC in drained Kat Accumulated
(cm) water (dS/m) (cm/h) leachate (cm)
0 7.3 0.00
1 7.3 0.562 1.15
2 7.3 0.513 0.96 2.45
3 7.3 0.503 0.94 3.74
5 7.3 0.450 0.91 6.23
6 7.3 0.376 0.90 7.46
0
1 7.7 0.214 0.76 27.07
2 7.7 0.208 0.82 28.20
5 7.7 0.213 0.81 31.56
6 7.7 0.258 0.79 32.66
0 6.6
0.5 6.600 0.284 0.76 38.82
1 6.6 0.259 0.80 39.35
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.56K ., measured with time for replicate 1 (VertosthSS water amended with sulphuric acid

to reduce pH at Beatment during applying water with EC = 0.4 dSTine AverageK ., measured at the
final stage of water treatment for this soil repteewas 0.09 cm/h.

. Water head EC in drained Keat Accumulated
Time (h)

(cm) water (dS/m) (cm/h) leachate (cm)

0 7.1 0.00

1 7.1 0.03498 0.05

2 7.1 0.02332 0.08

3 7.1 0.01166 0.09

5 7.1 0.01166 0.13

7 7.1 0.00875 0.15

10 7.1 0.00389 0.17

23 7.1 0.00224 0.19

33 7.1 0.00292 0.23

48 7.1 0.00078 0.24

80 7.1 0.24

Table B.57K ,, measured with time for replicate 2 (Vertosol), H8&er amended with sulphuric acid to

reduce pH at 5 treatment during applying water &€= 0.4 dS/m. The Averagl .,, measured at the final

stage of water treatment for this soil replicates\Wa7 cm/h.

Time (h) Water head EC in drained Kaat Accumulated leachate

(cm) water (dS/m) (cm/h) (cm)

0 7.8 0.00

14.5 7.8 0.00010500(L 0.01

17.5 7.8 0.00010710 0.01

20.5 7.8 7.56009E-0b 0.00

24.5 7.8 4.25255E-0p 0.00

34.5 7.8 2.45703E-05 0.00

Falling head method
Water with EC = 0.4 added HSS
water pH= 5 treatment (falling
head method)

Time (h) | K, (cm/h)

0.002761607
0.002666679
0.002758879
0.002856769

o~ (NO
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.58K ., measured with time for replicate 3 (Vertosol), H8&er amended with sulphuric acid to
reduce pH at 5 treatment during applying waterttneat.
. Water head EC in leachate Kt Accumulated leachate
Time (h)
(cm) (dS/m) (cm/h) (cm)
0 7.4 0
1 7.4 4.17
2 7.4 4.14 7.23
3 7.4 4.1 1.82432 9.73
4 10 4.08 0.75975 10.87
5 7.7 4.14 0.47100 11.52
6 7.7 4.1 0.33481 11.99
7 7.7 0.26104 12.35
8 7.7 4.08 0.21564 12.65
9 7.7 0.18727 12.91
10 7.7 4 0.16457 13.13
11 7.7 0.14754 13.34
12 7.7 0.12484 13.51
20 7.8 4.21 0.10107 14.63
22 7.8 0 0.08481 14.87
24 7.8 4.26 0.08764 15.11
26 7.8 0.07916 15.33
28 7.8 4.14 0.07351 15.54
30 7.8 0.06502 15.72
33 7.8 0.05843 15.96
45.55 7.8 4.3 0.05136 16.86
61 7.8 4.31 0.04977 17.93
71 7.8 4.31 0.04354 18.53
82 7.8 4.39 0.04523 19.22
95 7.8 45 0.03915 19.93
105.67 7.8 4.36 0.03974 20.52
120 7.8 4.5 0.03354 21.19
129.67 7.8 0.03158 21.61
142 7.8 0.02476 22.04
166 7.8 4.32 0.02686 22.93
190 7.8 4.32 0.02592 23.80
215 7.8 4.37 0.02578 24.69
239 7.8 4.47 0.02427 25.50
263 7.8 4.67 0.02262 26.26
289 7.8 4.65 0.02131 27.03
312 7.8 4.37 0.01795 27.60
337 7.8 4.46 0.01515 28.13
385 7.8 4.31 0.02191 29.59
611.5 8.2 4.84 0.00662 31.71
746 8.2 4.77 0.00605 32.85
Water with EC = 0.4 added HSS water pH=7
treatment (falling head method)
Time (h) K (cm/h)
0
1.5 0.010531505
3 0.009706586
4 0.007371487
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Appendix B: Data Obtained From Long Columns Experinents Part II: Vertosol

Table B.59K ., measured with time for replicate 4 (Vertosol), H8&er amended with sulphuric acid to
reduce pH at 5 treatment during applying waterttneat.
. Water head EC in drained Kaat Accumulated leachate
Time (h)
(cm) water (dS/m) (cm/h) (cm)
0 7.5 0.00
1 7.5 4.920 0.42
2 7.4 4.040 1.98495 3.14
3 7.4 3.840 1.84153 5.66
4 7.4 3.670 1.73827 8.04
5 7.4 3.790 1.58337 10.21
6 7.4 3.980 1.58911 12.39
7 7.4 3.850 1.50306 14.45
8.5 7.4 3.920 1.36537 17.25
10 7.4 3.860 1.15885 19.63
0
22 7.7 0.00384 24.49
30 7.7 0.00837 24.58
198 7.7 5.010 0.00402 25.52
332 7.7 5.000 0.00288 26.05
500 7.7 5.270 0.00284 26.71
Table B.60K _,. measured with time for replicate 1 (Vertosol), H&8er amended with sulphuric acid to reduce

sat

pH at 7 treatment during applying water with EC.4 @S/m. The Averag&

<at Measured at the final stage of

water treatment for this soil replicate was 0.09rcm

Time (h) Water head EC in drained Kaat Accumulated leachate

(cm) water (dS/m) (cm/h) (cm)
0 9.5 0.00
1 9.5 0.02669 0.04
2 9.5 0.02135 0.07
3 9.5 0.02135 0.10
5 9.5 0.01868 0.16
7 9.5 0.01601 0.20
10 9.5 0.01067 0.25
23 9.5 0.00657 0.38
33 9.5 0.00480 0.45
48 9.5 0.00178 0.49
80 9.5 0.00100 0.53
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Table B.61K _,, measured with time for replicate 2 (Vertosol), H&8er amended with sulphuric acid to reduce

pH at 7 treatment during applying water with EC.4 @S/m. The Averagi ., measured at the final stage of
water treatment for this soil replicate was 0.09rcm

Time (h) Water head | EC in drained water Keat Accumulated leachate

(cm) (dS/m) (cm/h) (cm)

0 8 0.00
14.5 8 0.01001 0.20
17.5 8 0.00938 0.24
20.5 8 0.00751 0.28
245 8 0.00563 0.31
34.5 8 0.00608 0.39

Falling head method

Water with EC = 0.4 added HS{

water pH= 5 treatment (falling
head method)

Time (h) Ka (cm/h)
0
2 0.007101904
4 0.007037996
6 0.013537403
8 0.010456379
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Table B.62K _,, measured with time for replicate 3 (Vertosol), H8&er amended with sulphuric acid to
reduce pH at 7 treatment during applying watertineat.
Time (h) Water head EC in leachate (dS/m Kat Accumulated leachate
(cm) (cm/h) (cm)
0 7.6 0.00
1 7.6 0.04
2 8.1 3.89 2.22080 3.16
3 8.1 3.82 1.96907 5.93
4 8.1 3.84 1.84041 8.51
5 8.1 3.86 1.71734 10.93
6 8.1 3.92 1.63903 13.23
7 8.1 3.94 1.49918 15.34
8 8.1 3.95 1.35933 17.25
9 8 3.98 1.14524 18.85
10 8 3.92 0.88700 20.09
11 8 3.97 0.69051 21.06
12 8 3.98 0.53894 21.81
20 8 4.02 0.28631 25.02
22 8 3.86 0.16842 25.49
24 8 3.89 0.15719 25.93
26 8 0.14035 26.32
28 8 0.11789 26.65
30 8 3.85 0.10666 26.95
33 8 0 0.08982 27.33
45.55 8 3.87 0.07336 28.62
61 0 3.75 0.08851 29.99
71 8 3.94 0.07972 31.10
82 8 3.87 0.05155 31.90
95 8 3.94 0.04189 32.66
105.67 8 3.85 0.03630 33.20
120 8 3.74 0.02899 33.78
129.67 8 0.02671 34.14
142 8 3.6 0.02003 34.49
166 8 3.8 0.02479 35.32
190 8 3.68 0.02386 36.12
215 8 3.83 0.02785 37.10
239 7.8 4.47 0.02167 37.82
263 7.8 4.67 0.02026 38.50
289 7.8 4.65 0.01936 39.20
312 7.8 4.37 0.01475 39.67
337 7.8 4.46 0.01425 40.16
385 7.8 4.31 0.01955 41.47
611.5 8.4 4.84 0.00650 43.56
746 8.4 4.77 0.00700 44.90
Water with EC = 0.4 added HSS water pH=7
treatment (falling head method)
Time (h) K., (cm/h) Accumulated leachate
(cm)
0
15 0.007127825 0
3 0.009070902 0.02357851
4 0.007044049 0.02986611
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Table B.63K _,, measured with time for replicate 4 (Vertosol), H8&er amended with sulphuric acid to
reduce pH at 7 treatment during applying watertineat.
Time (h) Water head EC in leachate (dS/m) Keat Accumulated leachate
(cm) (cm/h) (cm)
0 8.4 0.00
1 8.4 4.460 0.60
2 8.4 3.700 2.31357 3.88
3 8.4 3.660 1.97595 6.69
4 8.4 3.620 1.80436 9.25
5 8.4 3.840 1.67706 11.63
6 8.4 3.860 1.58297 13.88
7 8.4 3.790 1.46674 15.96
8.5 8.4 3.820 1.28778 18.71
10 8.4 3.820 1.20291 21.27
0
22 8.3 0.00402 24.67
30 8.3 0.01041 24.79
198 8.3 4.120 0.00575 26.16
332 8.3 5.170 0.00464 27.04
500 8.3 4.460 0.00410 28.01
Table B.64K _,, measured with time for replicate 1 (Vertosol),unat HSS water treatment having pH=8.6

during applying water with EC = 0.4 dS/m. The Awe & _,, measured at the final stage of water treatment for
this soil replicate was 0.1 cm/h.

Time (h) Water head | EC in drained water Kaat Accumulated leachate

(cm) (dS/m) (cm/h) (cm)
0 9.6 0.00
1 9.6 0.05310 0.08
2 9.6 0.04248 0.14
3 9.6 0.01593 0.17
5 9.6 0.01859 0.22
7 9.6 0.01328 0.26
10 9.6 0.01062 0.31
23 9.6 0.00531 0.41
33 9.6 0.00478 0.48
48 9.6 0.00177 0.52
80 9.6 0.00166 0.60
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Table B.65K ., measured with time for replicate 2, natural HS$ewé&reatment having pH=8.6 during

applying water with EC = 0.4 dS/m. The Averalfe,,, measured at the final stage of water treatmenthiisr
soil replicate was 0.09 cm/h.

, Water head | EC in drained water Keat Accumulated leachate
Time (h)
(cm) (dS/m) (cm/h) (cm)
0 8 0.00
1 8 0.01126 0.02
14.5 8 0.01251 0.25
17.5 8 0.00938 0.29
20.5 8 0.00901 0.33
24.5 8 0.00479 0.36
34.5 8 0.00417 0.41
Falling head method
Water with EC = 0.4 added
HSS water pH= 5 treatment
(falling head method)
Time (h) K (cm/h)
0
2 0.00434
4 0.00394
6 0.00393
8 0.00467
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Table B.66K _,, measured with time for replicate 3, natural HS$ewéhaving pH =8.6) treatment during

applying water treatment.

. Water head EC in leachate Kt Accumulated leachate
Time (h)
(cm) (dS/m) (cm/h) (cm)
0 7.5 0.00
1 7.5 0.24
2 7.4 3.43 2.26032 3.33
3 7.4 3.45 1.88169 5.91
4 7.4 3.46 1.67516 8.21
5 7.4 3.46 1.41701 10.15
6 7.4 3.4 1.14164 11.71
7 7.4 3.51 0.87200 12.91
8 7.4 3.56 0.68269 13.84
9 7.4 3.49 0.55074 14.60
10 7.4 3.45 0.44174 15.20
11 7.4 3.48 0.37290 15.71
12 7.4 3.32 0.31553 16.14
20 8 3.46 0.20421 18.43
22 8 3.4 0.15438 18.86
24 8 3.28 0.14596 19.27
26 8 0.13473 19.65
28 8 3.31 0.11789 19.98
30 8 0.10386 20.27
33 8 3.23 0.08982 20.65
45.55 8 3.28 0.07336 21.94
61 0 3.23 0.09462 23.40
71 8 3.29 0.05670 24.19
82 8 3.31 24.98
95 8 3.26 0.04837 25.86
105.67 8 3.28 0.04525 26.53
120 8 3.23 0.03722 27.28
129.67 8 3.08 0.03483 27.75
142 8 3.02 0.02914 28.25
166 8 3.16 0.02947 29.25
190 8 3.22 0.02386 30.05
215 8 3.24 0.02874 31.05
239 8 4.47 0.02737 31.97
263 8 4.67 0.02596 32.84
289 8 4.65 0.02656 33.81
312 8 4.37 0.02075 34.48
337 8 4.46 0.02111 35.22
385 8 4.31 0.02620 36.98
611.5 7.6 4.84 0.01071 40.33
746 7.6 4.77 0.01080 42.33
Water with EC = 0.4 added HSS water pH=7
treatment (falling head method)
Time (h) K., (cm/h) Accumulated leachate
(cm)
0 0.00000 0.00
1.5 0.01084 0.04
3 0.01474 0.04
4 0.01065 0.02
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Table B.67K ., measured with time for replicate 4 (Vertosol),unat HSS water (having pH = 8.6) treatment

during applying water treatment.

Time (h) Water head EC in leachate (dS/m) K., (cm/h) Accumulated leachate
(cm) (cm)

0 7.4 0.00

1 7.4 3.660 1.28
2 7.6 3.310 2.64262 4.93
3 7.6 3.260 2.31798 8.13
4 7.6 3.360 2.14713 11.09
5 7.6 3.310 2.02183 13.88
6 7.6 3.510 1.87945 16.47
7 7.6 3.330 1.75415 18.89
8.5 7.6 3.360 1.60228 22.21
10 7.6 3.940 1.47318 25.26

0

2 8.3 0.01111 34.79

3 8.3 0.00889 34.80
22 8.3 0.00316 34.88
30 8.3 0.00889 34.98
198 8.3 3.570 0.00522 36.23
332 8.3 3.780 0.00398 36.98
500 8.3 3.540 0.00357 37.83
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Appendix C: the UNSATCHEM Sub-Models

This Appendix provides a review of the sub-modelsorporated into the UNSATCHEM
model. It is also provides details about the sbygical and chemical functions used and
methods to estimated their parameters.

C.1 Water movement sub-model

The water movement sub-model numerically solves Riehards equation for variably
saturated water flow at specific initial and bouryd&onditions. Plant water uptake is
included as a sink term. The decrease in water il to sodicity is included in the
Richards equation through the hydraulic condugtivieduction function r). The r
represents the relative reduction (as a ratio)nsaturated hydraulic conductivity(;,.,.)
due to the increase in sodicity. It accounts foe #ffect of salinity and sodicity as

influenced by both soil solution pH and clay swelli The Richards equation describing

vertical one dimensional flow in UNSATCHEM is:

99, =i(rKg@+rng—S (C.1)
ot o0z 0z

where h is the soil-water pressure heaf,, is volumetric soil-water content<, is the

hydraulic conductivityt is time, z is soil depth (positive upward), anfl defines the root

water uptake term.

The main input data needed to solve the Richardatien are bulk densiti{,, and the soil-
water characteristic curve (SWCC). The SWCC is eegdd calculate soil-water content and
Kunsae Change corresponding to the soil-water matricrgise UNSATCHEM permits the use
of four different non-linear analytical models fdescribing the hydraulic properties. These

functions are Brooks and Corey (1966), van Genuactit®80), modified van Genuchten and van

Genuchten-Mualem with air-entry value of -2 cm (¥b§ Cislerova 1988).

The Brooks and Corey (1966) function is a simplection having four parameters to be

determined from experimental volumetric soil-watesntent - matric potential data.
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However, the main limitation of the Brooks and Gof#966) function is its failure to describe
SWCC at water contents near saturation. van Gesnudi980) used the statistical pore-size
distribution model of Mualem (1976)o obtain predictive functions for the soil-water

characteristic curve and the relatig, .., in the range between saturated volumetric soiewat
content @,,) to residual volumetric soil-water conterd, (). It has five parameters that need to

be determined. However, Simunek et al. (2005) aidit that this equation does not describe

properly theK at higher water contents in very fine texturessoll

Unsat

Vogel and Cislerova (1988) modified the equatiohgam Genuchteif1980) to add flexibility

for description of the hydraulic properties nedusaion. In this approach, th,, parameter

in the van Genuchten retention function was repldnean extrapolated volumetric soil-water

content which is slightly higher than the saturatim addition, thed,, is replaced by a lower

extrapolated water content. Simunek et al. (2008icated that this change has no effect on the
soil-water characteristic curve, but it has a pasieffect on the shape and value of the
hydraulic conductivity function, especially for &ftextured soils. The approach maintains the

physical meaning ob,, and 6,, as measurable quantities. This model contains umkaown

parameters. Simunek et al. (2005) simplified thgaland Cislerova (1988) model in which

extrapolated water content higher théy, calculated at air entry equal to —2 cm. The Vogel

and Cislerova (1988) model is incorporated intoWNSATCHEM under the “van Genuchten-
Mualem with air-entry value of -2 cm” option. Sineknet al. (2005) recommended using this

model for simulation of water flow in heavy clayilso

The parameters required for each soil hydraulictians discussed above can be determined from
an experimental SWCC data for the range of sudtmm O to 15 bars. Non-linear regression

analysis programs are usually used to obtain thenpers, such as the RETC software (van
Genuchten et al. 1991). Furthermore, the UNSATCH#gdrporates a neural network (Schaap et
al. 2001) that can be used to predict such parssrfedpen the main soil physical properties (based
on the American textural classification system)wieer, it is not recommended to use this neural

network prediction for local soil as long as the GUata are available.

The Richards equation requires specification ofritel condition in terms of the pressure head

distribution within the soil profile. The initialondition could be also specified in term of
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moisture content distribution. The software has i@itial condition option which allows
specifying either initial pressure head or volumsesoil-water content at any soil depth. In
addition, the software offers a variety of uselirdef boundary conditions that specify different

soil conditions at both the top and bottom of thiemofile.

Simunek et al. (2005) categorised the boundaryitons in the UNSATCHEM for the water
movement within the flow domain in two groups. Tirst group are independent boundary
conditions that must be specified at the soil sarfar at the bottom of the soil profile. The main
boundaries in this group are the prescribed valtiise pressure head and/or the soil-water flux.
The second group are dependent boundary conditidrish cannot be defined prior to
simulation. Rather, they are defined based on titerilow condition during simulation at each
space and time. An example of these boundary ¢onslis the seepage face at the bottom of the
finite soil column in which water can leave thetbot. This type of boundary condition assumes
that a zero-flux boundary condition applies as lasghe local pressure head at the bottom of the
soil column is negative. However, a zero pressegshindicates that the bottom of the profile

becomes saturated and water comes out as seepage.

The UNSATCHEM permits the change of the boundamydittions and input variables with
time via time variable boundary conditions optiamich allows some variable inputs to be

accounted, such as rainfall, evaporation, and vatkmity along the period of simulation.

C.2 Solute movement sub-model

The transport of solute ions are described indallgwsing convection-dispersion type equations.
The UNSATCHEM considers the transport of seven miajos, namely Ca, Mg*, N&', K,
HCOs, SQ?, and Cl Transport of each ion is simulated in one dinmrai flow with the

advection—dispersion equation, which can be expiaagyeneral form as (Simunek et al. 2005):

26,C, . oC, ., doC, 0 aC,
w + + =—|8. D - C k= 2, ...... y Nc C.2
a  Pa P az{ W oy t (©2)

where ,, is volumetric soil-water conter is the total dissolved concentration of the agseou

specie, C_:k is the total surface species concentration chtjuous componekt ék is the total

solid phase concentration of aqueous compdient is the soil bulk density) is the dispersion
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coefficient, g,, is the volumetric flux calculated by BuckinghanmarBy law, andN, is the number

of primary aqueous species. The second and tldetéinms on the left side of equation C.2 are zero
for non-exchangeable ions. However, these termdedeemined by solving the reaction system for

species that go through ion exchange or precimit@tissolution processes.

The dispersion coefficienD in equation C.2 represents the combined effectofecular

diffusion and mechanical dispersion on solute cotiwe transport. Th® is given by:

8WD = DL|qw| +8WDWTW (C3)
whereD,, is the molecular diffusion coefficient in free wgtr,, is a tortuosity factor in the
liquid phase,|qw| is the absolute value of the Darcian water fluxisily andD, is the

longitudinal dispersivity . The tortuosity facter evaluated in the UNSATCHEM as a function
of the water content using the relationship of iMgton and Quirk (1961):

r, =— (C.4)

where 6, is the saturation moisture content. While the muller diffusion values can be

found in the literature, the longitudinal dispeisiwcan be determined from analysing break

through curves for the aqueous species.

Solute movement boundary condition

The UNSATCHEM permits specifying three types oluselconcentration boundary conditions
(BC) which are concentration flux BC, concentrati&@, and stagnant BC for volatile solutes.
Concentration flux BC (a third-type BC) prescrilbes solute flux (not the concentration) at the
boundary, while constant concentration BC (a tiype BC) prescribes the concentration at the
boundary (not the flux into the domain). ConceraratBC is not physical and does not
conserve mass (van Genuchten & Parker 1984). TdrerefSimunek et al. (2005)
recommended using the concentration flux BC as ihore physically realistic. Soil surface
BC is incorporated into the UNSATCHEM for volatdelutes, when they are present in both
liquid and gas phases. This BC is a third-type bam condition with an additional term to

account for gaseous diffusion through a boundastaginant layer on the soil surface.
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CDE solute parameters

Solute parameters are usually determined by fitanganalytical solution of CDE under
appropriate initial conditions to experimental dafBhis can be conducted using a
measurement of the solute concentrations at aicelégth with time or at a given time with
different soil depth. The main parameters that te&n determined are the dispersion
coefficient, average pore velocity, retardation gmdduction coefficients (in the case of

solute chemically reacts with soil surfaces).

The deterministic equilibrium CDE for steady statge dimensional transport of reactive
solute subject to adsorption, first order degrastatand zero order production, in a
homogeneous soil can be written as (Toride et989}

aC,

9°C, oC
=D -V
ot 0z 0

R TG (D) (C.5)

where Cr is the volume averaged or resident concentratioliquid phaseD is the dispersion

coefficient,v is average pore water velocitys time, 1 is the combined first order decay coefficients
for degradation of the solute in the liquid andogloisd phaséy; is the retardation factor, andz i9

combined zero order production coefficients initiqmhase as a function of soil depth.

Equation C.5 could be modified in dimensionlesapaaters for non-reactive solute transport

and without solute sink source (Cote et al. 2001):

aC, _9°C, aC,
oT Poz? 0z

(C.6)

Wherec, is a characteristic solute concentration], T is the pore volume and represents the
C

0

amount of water passed through the soil accordirtbe total amount of water present in soil,
Z Is the relative soil depth according to the ergiod column lengthP is the peclet number
(i.e. the ratio between the convective and dispersansport termsp indicates which solute
transport type is predominant in relation to inceaintravel distance within soil profile. The

peclet number is expressed as:
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p="° (C.7)

wherez is the length of soil column.

Assuming that solute reaction during movement igligible, the non-reactive solute
transport equation (equation C.6) incorporated XTEIT program (Toride et al. 1999) can
be used to obtain the solute parameters. The &wlgblution for equation C.5 is based on
third type boundary conditions. The initial condliticould be expressed for solute third type
boundary condition as (Toride et al. 1999):

10C (OT) _

¢ 0D- P 0z

C,(T) (C.8)

The flux-averaged concentrations boundary conditiged usually to describe the solute
inflow. The outflow (bottom of the soil column) badary condition which is often used for a
finite soil column is the zero concentration gradi@oride et al. 1999). The zero concentration

gradient can be expressed as (Toride et al. 1999):

®eam=0 (.9)

It is worth noting that the description of the delumovement in the previous equations is
based on an average residual concentration (ineetdration in soil-water). The average flux
concentrations could be obtained from residualteatoncentration as (Toride et al. 1999):

r (C.10)

C.3 The CO2 production and transport sub-model

Carbon dioxide (C¢) has a significant role in dissolution/ precipdatreactions for a number of
soil components (e.g. gypsum and calcite). Thestioas have a direct impact on soil sodicity and
salinity levels. The concentrations of £i@ soil solution depend on its concentration iih gi.
The concentration of CQOn atmosphere is about 0.035% (Simunek et al. )1996wever, CQ
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concentration in soils may be much higher duest@ibduction mainly from biological reaction
(Simunek et al. 1996). The biological productionGa, is by soil microbes and plant roots. The
increase of C@concentration in soil air increases the amounilofed CQ in soil solution which

forms carbonic dioxide acid (B0O;) Carbonic dioxide acid involves in a series of

dissolute/precipitate reactions within soil profile

The CQ sub-model into the UNSATCHEM considers only theldgical production.
Simunek et al. (2005) assumed that the individuad, @roduction processes are a sum of the

production by the soil micro-organismg,j and the production by plant rootg, | as:

Pecz = Vst 1: (C.11)

Simunek et al. (1996) explained that the productib@0,, in both terms is affected by many
factors such as soil depth, temperature, wateeogrgoil-water salinity, availability of oxygen
in soil (i.e. oxygen stress), nutrient status ef $bil. These factors are changing with time. The
effects of these factors were incorporated asi@ (is. production coefficients) in the optimum

CGO;, production for both micro-organisms and root pidaun as (Simunek et al. 2005):

ys:ysonfsi yrzyronfri (C].Z)

[1fi =@ f(h) £(T) f(ceor) F(h,) f() (C.13)

Where y, is the optimum C@production from micro-organismg;, is the optimum C®
production from plant rootsf(z }he reduction coefficient of the soil deptli(h the
reduction coefficient of pressure head (soil-watentent), f (T )is temperature coefficient
which could be more than one at temperature abd&¥€,2f(C,,) is the reduction
coefficient of oxygen (@) gas concentrationf (h, i the reduction coefficient of osmotic

effect. The actual COproduction rate is obtained by integrating the,@@duction for the

entire soil profile depth as:

Peoz = | Pecy 02 (C.14)

0
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The total CQ production needs to be specified. Furthermore JNSATCHEM assumes that
the CQ produced from plant root is about 40% of the t6@} produced.

CGO; in soil solution defined into the UNSATCHEM as thiem of diluted C®in soil solution
and HCQ, and is related to the G soil air as (Sturnm & Morgan 1981):

CWCOZ = KCOZ RTC%OZ (C15)

where K., Henry law constanR is the universal gas constant which is 8.314nkg/ s. x

Kx mol, K’ is the absolute temperature.

The UNSATCHEM assumes that the main transport op @O gaseous and liquid phase
occurs by diffusion and dispersion. Therefore, @@ transport in both phases is described
by the convection-dispersion type equation. The-dimeensional C@transport is described

by the following mass balance equation (SimuneX.e2005):

0(Caros6, +CV0sb,) 0Care,  0(0.Cac0s) CWe, (0, CV0s)
. *-=6,D -—= 6,D -
ot a7 oz PR M oz (C.16)

-SCwt P,

where Ca,, is the volumetric concentration of ¢@ the gaseous phas€w, is the CQ
concentration in the liquid phasé,, is the soil air contentg,, is the volumetric soil-water
content,D, is the diffusivity of the C@in soil air, D, is the CQ diffusivity in soil solution,
SCw is the dissolved COremoved from soil by root water uptake afg,, is the CQ

production term as defined in equation C.14.
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C.4 Chemical reactions sub-model

The chemical reactions sub-model incorporatedtimdJNSATCHEM includes ion complexation,
cation exchange, and mineral precipitation-dis&wiuteactions for 37 species (Table C.1). The
species include seven primary dissolved ion§'(®&y", Na', K*, SO4, CI, and NO3. Simunek et

al. (1996) explained that about 36 or 35 equilirthemical reaction equations are needed to solve
the chemical system. However, they stated thahdtaadissolution is treated as kinetic reaction and
not included in the equilibrium system. Furthermadne UNSATCHEM allows excluding calcite
from the equilibrium system to be treated as dikipescipitation-dissolution reaction.

The kinetic calcite precipitation/dissolution reant are described in UNSATCHM using the
model of Plummer et al. (1978) in the pH range leetw?2 to 8, while the Inskeep and Bloom
(1985) expression is used at the range of pH aBoW the kinetic reactions models the rate
of reactions is determined by the surface areaaflufite and set as input parameter. Suarez
and Simunek (1997) indicated that the kinetic t¢algprecipitation/dissolution model
produces values closer to the field measuremetis. résult was demonstrated in a number
of published data (e.g. Suarez, 1977; Suarez andd®is, 1982).

Table C.1 Chemical species considered in the chemlceaction sub-model
1 | Aqueous componenty 7 | C&*, Mg®*, Na', K*, SQ7, CI, NOy
CaCQ®, CaHCQ", CaSQ°’, MgCOs°, MgHCG;"
MgSQ,°, NaCQ', NaHCQ®, NaSQy, KSOy
CaCQ, CaSQ.2H20, MgCQ.3H0,
3 | Precipitated species | 6 | Mgs(COs)4(OH)2.4H,0, Mg:Si;sO7.5(OH).3H,0,

2 | Complexed species | 10

CaMg(CQ)2
4 | Sorbed species 4 | Ca, Mg, Na, K
5 | CO,-H,0 species 7 | Peoa HoCOs, CO5™, HCO;, HY, OH, H,O
6 | Silica species 3 | HsSiOy4, HsSiOy, HoSiOf”

Source: (Simunek et al. 2005)

UNSATCHEM uses modified Debye-Huckel equation (Bdedl & Jones 1974) to calculate
single ion activities at solute concentration ks a critical value, which is defined by the user
The recommended critical concentration by Simurtedl.e(2005) is 0.5M. For concentration

more the critical solution and up to 16M it useggunation based on Pitzer theory (Pitzer 1973).
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The major ions (i.e. G4 Mg®, Na', K*, SO4, CI, and NO3 are assumed to be in
instantaneous equilibrium with exchangeable susfatewhich the total net negative charge
of the clay minerals and organic matter are baldndéus, the cation exchange capacity

(CEC) of the soil is calculated as:

CEC = C&" + Mg + N& + K" (C.17)

It should be noted that the ionic exchange betwssehsolution and exchangeable surface
reported in (Simunek et al. 2005; Suarez & Simub®87) is described by adjusted Gapon
equation (White & Zelazny 1986) as:

_exne e )"
Gij — EXNJX+ (Ciy+)1/y

(C.18)

whereEXNis denoted to adsorbed species concentration ia (mbl/kg), andC is designated
to an ion concentration in soil solution in unitsaly/litre). The subscriptg andx are valence

of species andj, respectivelyKg;j is the Gapon selectivity coefficient for spediesid].

The exchange reaction govern by equation C.18 ssimasd to be reversible. Thus, the

UNSATCHEM considers the exchange reaction betwes#raNd C4" species as following:

_Ca” (Na*)
KGCa—Na - Nax* (Ca2+ )1/2

(C.19)

From equation C.12, it can be noted that the vafu€scanaiS inverse of the value of Gapon
selectivity coefficient that can be found in marmerhture. The adjusted Gapon equation
requires determining the Gapon selectivity coeffits for Ca-Na, Mg-Ca- Mg, and Ca-K
exchange equations.

The exchangeable sodium percentage (ESP) is dettras in equation 2.4 (in chapter 2). It is
worth noting that the ESP could be varied with pbll (Khajanchi & Meena 2008) as discussed
in section 2.3.3. However, the UNSATCHEM assumasttie ESP is independent from soil pH.
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C.5 Heat transport sub-model

The UNSATCHEM considers the effect of the tempeeatthange and heat transport in water
and solute movement, chemical reaction system eobeation process within soil profile. The

heat transport in the UNSATCHEM is described byna-dimensional convection-dispersion

type equation assuming that the effect of watepuagiffusion on transport is negligible. The

eqguation is expressed as (Sophocleous 1979):

oT _ 0 oT oT
Co(0,) = =—|A(6,)— |-Coly— C.20
p(Gu) 5 az{ ) az} Wl (C.20)

whereT is the absolute temperaturg,, is Darcy flux densityA(d,) is the coefficient of the

apparent thermal conductivity of the s@ik(6) andCware the volumetric heat capacities of the soil

system and water, respectively. The first termhanright-hand side of equation C.20 represents
heat flow due to conduction, the second term repteghe heat transported by flowing water, and
the third term represents the energy uptake by mats associated with root water uptake.
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Appendix D: Determination of the Dispersivity Caoeiéént and
Longitudinal Dispersivity for the Sodosol and VestbSoils

The CXTFIT program (Toride et al. 1999) incorpodaiteto STANDMOD (Simunek et al. 1999)
was used to estimate the solute parameters (mbaljispersion coefficient) for both Sodosol and
Vertosol soils. Assuming that solute is non-reagtihe solute parameters were determined by
fitting the EC measurements in outflow with timeatoappropriate analytical solution (included in
CXTFIT program) for the CDE (i.e. steady one-dimamal flow and solute transport). The inverse
problem is solved in CXTFIT using non-linear regres based on least-squares inversion method
(Levenberg and Marquardt method).the process oérrdete dispersion coefficient and

longitudinal dispersivity are as following.

CXTFIT graphic interface inputs

The data of column experiments for normal tap watel amended with gypsum treatment
followed by normal water with EC 0.4 and then 0SL/th were used. The applications of either
water with 0.4 or 0.1 dS/m were used as an indegerekperiment. The processes of analysing
data selected using STANMOD software, CXTFIT modsilas following: For every set of EC
versus time data, a new file was created. In tts¢ Window, the option inverse solution was
specified. An assumption was made that the saolnsport is in equilibrium state, the deterministic
equilibrium CDE button was chosen in second windbe third window permits to determine the
type of the data for the indirect problem. Since éiperimental data is the EC measured in the
outflow with time, assumption was made that thetedyte concentration passes the bottom of the
soil column is equal to that in outflow. Thus, time and concentration button at specified depth of
the soil column (i.e. 20 cm) was chosen. In fowthdow, the units for the length and time were
specified as cm and hours while the solute coratamiris left dimensionless. In the fifth window,

the boundary condition at the top of the soil caluas specified as a flux average concentration.

In the following windows, no constraint was settfoe parameter values with maximum alteration
about 20. Assumption was made that no chemicaioaatan cause change of the solute balance
during water and solute percolation. Thereforey palameters need to be optimised are dispersion
coefficient O) and average soil pore velocity).(The retardationR;) and production coefficient

() can be used only if the solute percolated inimechemical reaction within soil profile. The
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experimental data represent one side solute leathat has been added prior to apply lower
concentration solution. Thus, the step input wasseh with input concentration equal to added
water treatment concentration. However, the inpatentration was assumed to be unknown. It is
assumed that the initial concentration within tbi @lumn is equal to first EC measurement in
outflow at the beginning of the experiment. Thetdsuizero production was chosen (i.e. added
water is the sole source of solute).

The optimised values of the parameters were ewaluatterm of statistical parameters (i.e. F-
values, t-values and coefficient of determinati@f)) The initial values of the parameters were
alerted many time and refitted with the experimietida until the sum of squares was minimised
and come closer to the best fit.

The obtained solute parameters

The values of the parameters produced and statistidicators for both soils are shown in
Table D.1. The higher t-values indicate that thiies of D andv estimated for all the data
analysed are significant. Tl values ranged from 4 to 12 €. The R values indicate that

the model used for non-linear fitting is an appratermodel.

Table D.1 Solute parameters produced from analysingolute data for three selected replicates for the
Sodosol and Vertosol soils

D Fit Std Y Fit Std
. . 2
Soil Type | Replicate number (cm?/h) Error (cm/h) | Error R
~ Replicate 1 6.36 1.26 9.11 0.118|  0.996
(input EC=0.1dS/m
~ Replicate 2 4.28 0.83 7.56 0.12| 0.99
Sodosol (input EC=0.4dS/m
~ Replicate 2 6 0.647 5.03 | 0.077| 0.998
(input EC=0.1dS/m
~ Replicate 3 11.82 1.789 6.94 | 0.177] 0.99
(input EC=0.4dS/m
~ Replicate 3 4.88 1 7.45 | 0.153| 0.994
(input EC=0.1dS/m
~ Replicate 1 7.83 0.719 489 | 0.081 0.998
(input EC=0.1dS/m
~ Replicate 2 6.03 0.811 531 | 0.117 0.991
(input EC=0.4dS/m
Vertosol Replicate 2 7.06 1.339 4.08 | 0.193] 0.995
(input EC=0.1dS/m
~ Replicate 3 6.00 0.986 4.46 0.133] 0.99p
(input EC=0.4dS/m
~ Replicate 3 11.28 | 4.997 5.28 0.54| 0.974
(input EC=0.1dS/m
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Determination of longitudinal dispersivity

The input for the UNSATCHEM requires both diffusiatpefficient and longitudinal
dispersivity as separate input parameters. Thismptlows for instant calculation @, which
useful at higher sodicity level as the Darcy flexchanging due to the decrease of hydraulic
conductivity. The longitudinal dispersivity coulek Ipredicted from dispersion coefficient by

rearrangement of Equation 4.3 (in chapter 4) as:

b _bJ, (D.1)

D =
vy

The second term in the right hand side represéaeteffect of water diffusion. This value is

small and can be neglected. Thus, Equation D.beapproximated as:

b

DL:V

(D.2)

Equation D.2 was used to calculate longitudinapelisivity for different replicates. The
longitudinal dispersivity calculated is shown inbleD.2. However, it is noted that equation D.2
does not hold for low pore-water velocities wheifeusion cannot be assumed to be negligible
(Bromly et al. 2007). Therefore, the value of wali#fusion was set at value 0.00001 /8
(Fetter 1999) during modelling of HSS water treattse

Table D.2 Longitudinal dispersivity (cm) calculatedfor the three replicates for both soils based on

equation D.2
Replicate 1 (input EC=0.1dS/m) 0.7 1.60
Replicate 2 (input EC=0.4dS/m) 0.57 1.14
Replicate 2 (input EC=0.1dS/m) 1.19 1.73
Replicate 3 (input EC=0.4dS/m) 1.70 1.35
Replicate 3 (input EC=0.1dS/m) 0.66 2.14
Average 0.964 1.592
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Appendix E: Evaluation of the SAR-ESP Relationsdmipl
Calculating the Gapon Selectivity Coefficients \éddor the
Sodosol and Vertosol

E.1 Background

The SAR-ESP relationship developed by USSL St&54) was based on a linear correlation
between the experimental measurements of Exchalegeatdium Ratio (i.e. ESR =
EXNa/(CEC-EXNa)) and ESP for 51 American soils. Tiheear relationships produced
(R?=0.923) was:

ESR=-0.0126+0.01475SAR (E.1)

The relationship can be rewritten in general foen a

ESR=a +bSAR (E.2)

Wherea, andb; are fitted parameters. The ESP can be calculadedESR as:

ESP=100x| —EoR (E.3)
1+ ESR
And, the ESR can be calculated from ESP as:
ESR= ﬂ (E.4)
10C- ESF

The Gapon equation is widely used to describe xohange reaction between soil solution
and exchange complex in the soil. The Gapon equasdescribed by white and zaliniy
(1986) is:
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EXNa" _ |Na+|
EXCa" G[Ca2+]§

(E.5)

where EXNa' and EXC&* are the amounts of Nand C&" balancing the charge of the
soil's exchange complex commonly in units (mgitd)), Ks is the Gapon selectivity
coefficient units (maflitre)*>. The Na and Ca concentrations in solution are esg@d in

mol//litre.

If there is only Ca and Na in equilibrium solutithen the exchange complex will be
saturated by Ca and Na and the ESR can be caldwate

Na*

a*

ESR=

x100 (E.6)

And the SAR for the soil water can be calculated as

SAR = (E.7)

Substituting equation E.6 and E.7 in equation Edlides the relationship between ESR and
SAR for a Na-Ca solution (Quirk 2008):

ESR= K, xSAR (E.8)

Hence, if the SAR and corresponding ESR data aaflade for a given soil, the Gapon
selectivity coefficient can be determined. The Guagpelectivity coefficient may be calculated
by fitting different values of SAR and ESR to eqoatE.7. In addition, the empirical SAR-
ESP relationship (similar to that described by US3&ff (1954)) can be obtained (assuming
equilibrium between exchange surfaces and soitisolu
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E.2 Material and methods
E.2.1 SAR- ESP Data

The SAR- ESP data for both soils under two differeanditions (i.e. cultivated non-
cultivated from Sodosol and Vertosol samples takem depth from 5 to 10 cm) were
obtained from Kopittke et al. (2004). The soil colus were leached with a solution (having
50 mol/Litre of a mixed sodium chloride (NaCl) azadcium chloride (CaCl2.H20) in deionised
water) with different SAR values and solutions begjuilibration and chemical analyses were

conducted to determine the ESP of the soil samples.

E.2.2 Data analyses

The ESP data was used to calculate the ESR baseduation E.3. The data obtained by
Kopittke et al. (2004) and the calculated ESR vale presented in Table E.1. The ESR and
SAR relationship was established to evaluate thiditsaof using the SAR-ESP (USSL staff
1954) relationship for the Vertosol and Sodosollssolhe KG.ca values were also

determined by fitting equation E.8.

Table E.1 Effect of equilibrating solution sodium asorption ratio (SAR) on the soil exchangeable Na

percentage (ESP) for cultivated/non-cultivated sail from Kopittke et al. (2004))

Sodosol Vertosol
SAR . . . .
1o Cultivated Non-cultivated Cultivated Non-cultivategl
(mmol, L™)*%)

ESP (%) || ESR (c/q) ESP (%)|| ESR (c/c)| ESP (%)|ESR (c/c)| ESP (%)| ESR (c/c)
3 9.2 0.1013 5.5 0.058% 3.3 0.0BHll 3.0 0.02?09
6 14 0.1628 7.7 0.0834 6.6/ 0.0707 B.Hl 0.0§71
12 18 0.2195 11 0.1236 11 0.1236 11 0.1286
18 20 0.25 14 0.1628 16 0.1905 16 0.1905
24 28 0.3889 19 0.234¢ 21 0.26»8 2() 0.2500
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E.3 SAR-ESP relationship for the Sodosol and Vertosol
compared with the USSL Staff (1954) relationship

Equation E.2 was fitted to the SAR and ESR databiain the parameters for both soils
under cultivation and non cultivation. Equation k&8s also fitted to obtain the KG values.

The resultant graphs are shown in Figure E.1 a@d E.

(@)

| Based oneguation?;
0.25 y = 0.0106x - 0.0032

0.2 4 R’ =0.9992
@ 015 -
0.1 - Based on equation 3:
v =0.0104x
0.05 4 2
R*=10.9988
0 T T T ' I I
0 5 10 15 20 25 30
SAR
(b)
03 -
Baszed on equation 2
025 1
ESR =0.0108SAR +0.0007
0.2 - R? =0.9963
£
m -
% 015
0.1 A Based on equation &:
0.05 - ESR=0.01095AR
R?=0.9963
0 | T I ' I I
0 5 10 15 20 25 30

SAR

Figure E.1 Relationship between SAR and ESR for Véosol, (a) is non- Cultivated, and (b) is cultivate

Vertosol samples.
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(@)

0.25
Baszed on equation 2:
02 - ESE =0.0085AF + 0.0314
R*=0.9834
o 0.15 +
9
0.1 7 Based on eguation 8:
ESE=0.00985AR
0.05 R = 09144
D T T T T T 1
0 5 10 15 20 25 30
SAR
(b)
0.45
0.4 Based on equation 2
0.35 A ESR =0.012258AR + 0.0707
03 | R2 =0.9429
e 0.25 4
!
0.2
0.15 Based on equation:
0.1 - ESE=0.01638AR
0.05 4 R2=10.7979
ﬂ T T T T T 1
0 5 10 15 20 25 30

SAR

Figure E.2 Relationships between SAR and ESR for 8osol (a) is non- Cultivated, and (b) is cultivated

Vertosol samples
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SAR-ESP relationship parameters are varied fromlUS&f (1954). The validity of the new
parameters up to SAR and ESP about 24 and 19 tesggcthe equation for Vertosol non-
cultivated is:

o 100(0.0032+ 0.0106SAR)

= (E.11)
1+ (-0.0032+ 0.0106SAR)

And for cultivated Vertosol is:

_100(0.0007+0.0108SAR)

ESP=
1+(0.0007+ 0.0108SAR)

(E.12)
The equation for Sodosol soil in the range of SARI &SP up to 24 and 20 for non-

cultivated soil is:

op 1000.0314+ 0.008SAR)
1+ (0.0314+ 0.008SAR)

(E.13)

And for cultivated condition is:

»_ 10000707+ 0.0122SAR)
1+(0.0707+0.0122SAR)

(E.14)

A comparison between the USSL staff (1954) and legtmation obtained for non-cultivated

Vertosol and Sodosol is shown in Figure E.3. It wasumed that equations of USSL staff
(1954), Vertosol and Sodosol are valid for highallues of ESP and SAR. Figure E.3 shows
also that the ESP predicted using USSL staff (1%8d)ation could overestimate the ESP.
But the variation did not exceed a 12% in the whalege of SAR ESP. However, the

validity of the new equations is limited to ESPG92

100
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<
S 80
o
@
= 70
[ -

) | o |—
j=2) — — -~
£ 60 /‘/"‘ [
S T - T B —
o | —T_ -1 Ll -
2 et Il —
; 507 //’ - X” -
S / L~ Lt L
5 40 - g
a 3 —
[}
g 30 .
= L - (USSL Staff 1954) ESP=[100(-0.0126+0.01475SAR)](040126+0.01475SAR)]
g / Vertosol non-cultivated ESP=[100(-0.0032+0.0106 SR} (-0.0032+0.0106SAR)]
B 20 / =— = Non-cultivated Sodosol ESP=[100(-0.0314+0.008 SARJ}-0.0314+0.008SAR)]
] — — Cultivated Sodosol ESP=[100(0.0707+0.0122SAR)}/{18707+0.0122SAR)]

10 1 === Cultivated Vertosol ESP=[100(0.0007+0.0108SAR)]{{L6007+0.0108SAR)]

0

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180
Sodium Adsorbtion Ratio (SAR)

Figure E. 3 Comparison of different SAR- ESP relatbnships for Vertosol, Sodosol and USSL Staff (1954)
at wide range of SAR (0-169)
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E.4 Determine the Gapon selectivity coefficients

The exchangeable concentrations of sodium werenattd by multiplying the measured
ECEC for the soil by the ESP and conversion withappropriate units (mmgKg).

Since the applied solutions were prepared usiagl and CaCl2H0, an assumption was
made that the remaining charged surface is nesgrhlby the Ca cations. This allows
estimation of the exchangeable concentration obysubtracting the Na concentration from

the ECEC values for each soil.

The concentration of the solution applied was 50ainin Thus the total solute concentration

can be expressed as:
Na +Ca/2 =50mmol/L (E. 9)

Rearranging equations E.7 and E.9 and considdngm fas simultaneous equations results in

serious of equations that allow determining thea@@ Na concentrations that used to prepare
the solutions. To determine thegl.ca based on equation E.5 a linear regression was
conducted between the terms of the¥@a.,ys and Na/(ca)*0.5 as described by white and

zaliniy (1986). The resultant regression is showthe Figures E.4, and E.5.

It should be noted that UNSATCHEM consider revezgehange reaction between Na and

Ca. Thus the KG is considered as Ca-Na, and KG irgouired is K@a-na
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MNa/Ca (exchangable constinients)

0.

MNa/Ca (exchangable constitients)
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Figure E.4 Determine Kgna.caUsing the White and Zelazny (1986) equation for (a)on-cultivated Vertosol

and (b) cultivated Vertosol.
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(a)
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Figure E.5 Determine Kgna.causing the White and Zelazny (1986) method for (a)on-cultivated Sodosol
and (b) cultivated Sodosol.
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The resultant KGna-ca Values are:

Non-cultivated Vertosol K@.ce 0.3112 1/(mofy®

Cultivated Vertosol K&a.ce 0.3432 1/(mof}®

Non-cultivated Sodosol K@.c= 0.5154 1/(mof}®

Cultivated Sodosol KG.c& 0.0.3112/(mof}®
The KGecana Value is inverse t0 KGuaca thus the KGgana Values should be used in
UNSATCHEM are:

« Non-cultivated Vertosol KGuna= 2.91 1/(mol§>

« Cultivated Vertosol KGana= 3.03 1/(mol}®

« Non-cultivated Sodosol K&.na= 1.96 1/(mol§>

¢ S0dosol KGana= 3.22 1/(mol}®
The Gapon selectivity coefficient adopted in simiola the column trials using the
UNSATCHEM are within is in the average of the ranggues obtained for different

conditions for each soil.
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Appendix F: The MATLAB Code to Demonstrate the #re
Surface of McNeal (1968) Function

% this script loads three parameters and perforDdrerpolation to the
% result

closeall

clearall

[FileName,PathName,Filterindex] = uigetfite¢sv','Open Dat3;
%uiopen(*.csv');

FullFileName=strcat(PathName,FileName);
ArrayData=load(FullFileNam#,csv);

[vlength,vwidth]=size(ArrayData);

x_ele=ArrayData(1,2:vwidth);
y_ESP=ArrayData(2:vlength,1);
z_ksaktArrayData(2:vlength,2:vwidth);

for k=2:1:vwidth
for i=2:1:vlength
if z_ksat(i-1,k-1)<-1
z_ksat(i-1,k-1)=-1;
end
end
end
% asksat for the minimum and maximum values fonc ya
iminx=min(x_ele);
imaxx=max(x_ele);
iminy=min(y_ESP);
imaxy=max(y_ESP);

minx = inputdlg(strcatEnter the minimum ele value: (actual mimgm2str(iminx))"), minimum x);
maxx = inputdlg(strcatEnter the maximum ele value: (actual mamam2str(imaxx))’),'maximum x);
miny =inputdlg(strcatEnter the minimum ESP value: (actual mjngm2str(iminy))"),'minimum vy);
maxy = inputdlg(strcatEnter the maximum ESP value: (actual magam2str(imaxy))’), maximum y);

minx=str2double(minx);
maxx=str2double(maxx);
miny=str2double(miny);
maxy=str2double(maxy);

Xi=minx:1:maxx;
yi=miny:1:maxy;
Xi=xi";
% creates a grid of X and Y
[I_ELE,l_ESP]=meshgrid(xi,yi);
choosetypefinear;
choosetype=inputdlgthoose the type of interpolation: linear/splingic’'Interpolation Method;
% interpolates using the desired scheme
if strcmp(choosetypénear)
|_KSat=interp2(x_ele,y ESP,z_ksat,xilyigar);
else
if strcmp(choosetypepline)
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|_KSat=interp2(x_ele,y ESP,z_ksat,xisyiline);

else
if strcmp(choosetypepbic)

|_KSat=interp2(x_ele,y ESP,z_ksat,xiybic);

else
return
end
end
end
%remove all negative values
[vlength,vwidth]=size(I_KSat);
for k=1:1:vwidth
for i=1:1:vlength
if 1_KSat(i,k)<0
|_KSat(i,k)=0;
end
end
end
%plots the surface
surf(l_ELE,|l_ESP,l_KSat)
xlabel(Electrolyte concentration’
ylabel(ESP)
zlabel(Ksat)
colormapicool)
figure
% plots the contour plot
[C,h]=contourf(l_ELE,I_ESP,|_KSat)
xlabel(Electrolyte concentration’
ylabel(ESP)
zlabel(Ksat)
clabel(C,h)
colormap(cool)
figure
% plots a higher resolution contour plot
min_ksat=min(min(l_KSat));
max_ksat=max(max(l_KSat));
min_ksat=(floor(min_ksat*10))/10;
v=min_ksat:0.1:max_ksat;
[C,h]=contour(l_ELE,l_ESP,|I_KSat,v);

xlabel(Electrolyte concentration (mmolc/litje’

ylabel(ESP (%)
zlabel(RKsat (Ratio)
clabel(C,h)
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Appendix G: Calibration of the Generic Clay Swaliodel
Using the Non-linear Regression (TableCurve 3D pgek

G.1 The McNeal et al. (1968RK,,, Data

The process of calibration of the generic clay Bagelmodel was carried out using A non-
linear surface regression (ordinary least squarthaod). The model was fitted to the original
experimental data from McNeal et al. (1966). Theadar higher electrolyte concentrations
were excluded as those levels of salinity wereappticable in the model.

The TableCurve 3D software version 4.0.01e was faetie surface fit purpose. The software
uses for the fitting process Levenberg and Marquaethod to minimise the sum of squares.
The program starts the iteration process usingnihal values for the parameters estimated by
the user and calculates the sum of squares. Tlgegonathen goes through a series of iterations
to minimise the sum of squares around those inadlies and fit the surface closer to the
experimental points. During the non-linear fit, fr@gram is likely to counter more than one

false minimum (Figure G.1).

To minimise this problem, different initial valuased to be tried until the user is certain that

the real minimum has been located (Motulsky 1996).

Start here and result

will he hest fit Start here and result

will be false minimum

Sum of Squares

Eest Fit

Value of parameter

Figure G.1 Demonstration of best fit and false mimmum could occur under non-linear regression, Source
(Motulsky 1996)
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Appendix G: Calibration of the Generic Clay Swellirg Model Using TableCurve 3D Package

The initial parameter values were set based ompliysical knowledge of the effect of SAR

or ESP and salinity on the behaviour of g, and the basic assumption of the domain clay

swelling described by McNeal (1968).

The parameters of n and c functions

The proposed function of ESP (equation 5.24) is allowed to legsd increase of with increase

of estimated ESP to fall in the range proposed lojN&&l (1968) between 1 and 3. Thus, the
parameter foa is limited between 0 to 1. This range gives mtaehility to the model to handle
different data fitted as increases with the increase of ESP level. Theesbfm n function atb
equal zero is demonstrated in Figure G.2. The perarn is the intercept and account for the
minimum n values and set to be between 0 and 2. The ingefiing process for the entire data
available revealed that the best initial valuesfandb parameters are 0.3 and 0.7 respectively.

1.2 7

0 0.2 0.4 0.6 n.a 1
ESP (Ratio)

Figure G.2 Demonstration ofn function at different values of a parameter at b paameter equal zero

The parameterg andm in thec equation were left with higher range and adjustading the

fitting process. However, it is recommended toSsktr both parameters as initial values.

Effective weighted fraction of montmorillonite parameter

Despite the physical meaning of the weighted faactiof montmorillonite clay, the
difficulties associated with determining montmanilite ratio and its impact oK o, are very
high in the soil system (consists of different clgpes). The preferred way to solve this

problem is considering thigmount@s a fitting parametef)(with an initial value equal to the
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Appendix G: Calibration of the Generic Clay Swellirg Model Using TableCurve 3D Package

actual weighted fraction of montmorillonite claye(ifamoun). The range of must be more
than 0, and less than 1 in very pure clayey sdik ihitial f values for the soil tested were

estimated based on general information availabbeitaine montmorillonite content.

Initial ESPt curve parameters

A manipulation of the interpolatddSh curve at whichK ¢, reduced by 10% were used as an

initial estimation ofESH function parameters. The parameters of the inkeigESH functions

for soil group a, b, and c obtained from tR&,, data (Figures 5.10, 5.11, and 5.12) were used

as initial values folESH parameters. It should be noted that the estimatfd parameters

produced from the surface fit represent the estichettitical ESH values at which th& g, begin

to decline. In addition, the acceptaldSR values for irrigation application accept some

reduction inK ¢, which can be calculated from the model using thelyced parameters.

Clay swelling model and TableCurve software

“Tablecurve 3D v4.0.01” software allows any modebe entered as a user defined function.
The program has the capability to test the defihetttion statistically and warn for any
mistakes. It runs also parameters test for theeahgt defined for every parameter. As
precaution process, the generic clay swelling meds defined in a number of steps. The

steps are set as following:

F1=(Y/100)"A0+AL.

F2=A2*EXP((Y/100)*A3)

F3=Y-(A4*LN(X)+A5)

F4=356.4/((X)"0.5)-20.5767

F5=A6*3.6*10"\(-4)

F6=IF((F3*F4*F5)>0,F3*F4*F5,0)

F7=(F2*F6"F1)/(1+F2*F6"F1)

Z=1-F7

where X is designated to electrolyte concentrat{ommol/litre), Y is designated to
Exchangeable sodium percentage (ESP), and Z igraged tdRKg,, AO and Al is the

parametersa andb in n function (equation 5.6), A2 and A3 gsand m respectively inc
function (equation 5.7), A4 and A5 are the paransefie theESPR function (equation 5.31),
and A6 is effective weighted fraction of montmannilte parametefrf);
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Appendix G: Calibration of the Generic Clay Swellirg Model Using TableCurve 3D Package

G.2. The Sodosol, Vertosols, Red brown, and AlluMisoils

The processes of the GCSM fitting described inigsecE1l were used in chapter 6 soils.
Determining the initial parameters for tHeSHR function and the non-linear regression
analyses are described briefly herein.

Determinetheinitial parameters of the ESPy

The ESH in the GCSM determines the estimated boundary dmwthe flocculation and
deflocculation condition under different water dtyaladded in clay swelling model.

However, theESH represents the expectable reduction percentageé gQf as a boundary

between the flocculation and deflocculation cowditunder sodic condition. In chapter 5 and

also herein, assumption is made that the ingBiR is about 10% reduction &f,.

ESR curve were determined by fitting different poiatglifferent G and estimate&SRH values to
a logarithmic function (equation 5.21). The pointye estimated by simple interpolation between

two experimental values dRK, values at each [devel. The obtainedESR equations were
summarised in Table G.1 for the entiRK,, data obtained. However, this calculation is rough

prediction and depends on the accuracy of thesgéspmily. The parameters obtained are used only
as initial values in non-linear regression step.

Table G.1ESP; equations determined from experimental data at 109K g, reduction for the soil tested

Soil type ESP; Estimated Coefficient of determination (R)
Sodosol ESR=11.539 In(Q) - 1.779 0.958
Brown Vertosol ESR=11.798 In(G) -21.468 0.897
Grey Vertosol ESR=7.321In(G) -10.238 0.978
Red Brown ESR=12.397 In(G) -36.514 0.962
Alluvial ESR= 15.466 In(G) -58.038 0.928

The GCSM user defined function in TableCurve 3D program

Tablecurve 3D software version 4.01 was used $oirface fit for the data obtained as described in
section E.1. In this process, the parametdosg, m, s, | andf were estimated for the data obtained.
It is worth noting thah should be at the range from 0 to 3. Thus, thenpatera was set at the
range from O to 1, while parametebetween 0 and 2. In addition the parametetated to the
weighted fraction of montmorillonite clay and hls tange from O to less than 1. The process of
identifying the GCSM as a user function in Table@uBD program and fitting is similar to that

discussed in detail in section G.1.
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Appendix H: Results of Nonlinear Regression folsSaj B, and C from McNeal et al. (1968)

Appendix H: Results of Non-linear Regression follsS@),

(b), and (c) from McNeal et al. (1968)

Group (a) Soils

Data Description:

X Variable:Electrolyte concentration (mmolc/litre)

Xmin:  3.13 Xmax: 200 Xrange: 196.87
Xmean: 66.4075 Xstd:  81.692468319

Y Variable:ESP (%)
Ymin: O Ymax: 100 Yrange: 100
Ymean: 46.3725 Ystd: 38.646331693

Z Variable:Rksat (Ratio)
Zmin:  0.14 Zmax: 1.07 Zrange: 0.93
Zmean: 0.73 Zstd: 0.36

Initial value for the parameters:
Parameter Value

0.3

0.7

5

5

12.186

2.7863

0.01

_“_(IJBDUQJ

Non-linear regression output:

Procedure Minimization Iterations
Lev-Marq Least Squares 30
r2 Coef Det DF Adj r? Fit Std Err

0.9803274426 0.9631139549 0.0651864433

Source  Sum of Squares DF Mean Square F Statistic P>F
Regr 1.9057565 6 0.31762609 74.7483 0.00000
Error 0.038243452 9 0.0042492724
Total 1.944 15
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Appendix H: Results of Nonlinear Regression folsSaj B, and C from McNeal et al. (1968)

Parameters produced:

Parm

T 033 oo

Value
0.648824698
0.00028293
8.837082547
4.045954505
6.356358691
30.8180756
0.00847054

Model precision :

XYZ *
1
2
3
4
5
6
7
8

9

10
11
12
13
14
15
16

X Value
200
200
200
200
50
50
50
50
12.5
12.5
12.5
12.5
3.13
3.13
3.13
3.13

Std Error t-value 95.00% Confidence Limits P>[t|
18.71485338 0.03466897 -41.6871149 42.9847643 0.97310
7.419605069 3.81327e-05 -16.7840298 16.78459567 0.99997
1.31339e+07 6.72846e-07 -2.9711e+07 2.97109e+07 1.00000
3.57445e+06 1.13191e-06 -8.086e+06  8.08597e+06 1.00000
308.3642704 0.020613149 -691.212084 703.9248014 0.98400
1383.329387 0.02227819 -3098.49041 3160.126556 0.98271
42854.17061 1.9766e-07  -96942.8605 96942.87743 1.00000
Y Value Z Value Z Predict Residual Residual %Weights
100 0.82 0.7984728 0.0215272 2.6252683 1
59.3 0.96 1 -0.04 -4.166667 1
26.19 0.99 1 -0.01 -1.010101 1
0 1.07 1 0.07 6.5420561 1
100 0.29 0.3297096 -0.03971 -13.69295 1
59.3 0.76 0.7572782 0.0027218 0.358129 1
26.19 0.99 1 -0.01 -1.010101 1
0 1.06 1 0.06 5.6603774 1
100 0.14 0.1323099 0.0076901 5.492911 1
59.3 0.38 0.3899826 -0.009983 -2.62699 1
26.19 0.93 1 -0.07 -7.526882 1
0 1.03 1 0.03 2.9126214 1
100 0.14 0.0548277 0.0851723 60.837331 1
59.3 0.21 0.1964844 0.0135156 6.4359882 1
26.19 0.89 1 -0.11 -12.35955 1
0 1.02 1 0.02 1.9607843 1
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Group (b) Soils

Data Description:

X Variable:Electrolyte concentration (mmolc/litre)
Xmin:  3.13 Xmax: 200
Xmean: 66.4075 Xstd:  81.692468319

Xrange: 196.87

Y Variable:ESP (%)

Ymin: O Ymax: 100 Yrange: 100
Ymean: 46.3725 Ystd: 38.646331693

Z Variable:Rksat (ratio)
Zmin: 0 Zmax: 1.01 Zrange: 1.01
Zmean: 0.5 Zstd:  0.4369591896

Initial values:

Parameter Value

a 0.3

b 0.7

g 5

m 5

S 9.5

I -12.122

f 0.16

Non-linear regression output:

Procedure Minimization  Iterations

Lev-Marq Least Squares 34

r2 Coef Det  DF Adjr2 Fit Std Err F Statistic P>F

0.9734175722 0.9501579478 0.0919734704 112.480386  0.00000

Parameters produced:

Parm Value

0.999813404
0.912408903
1.437852328
7.289829926
4.105146401
-5.05432685
0.204620785

_“_(/’)BLQO'QJ

Std Error
10.04779242
3.02125467
271336.2874
206808.5764
8.638823667
10.58238171
42317.78166

t-value
0.099505778
0.301996688
5.29915e-06
3.52492e-05
0.475197383
-0.47761714
4.83534e-06

95.00% Confidence Limits

-21.7298722
-5.92214399
-613803.888
-467826.212
-15.4372304
-28.9933374
-95729.2682

23.72949899
7.746961792
613806.7637
467840.7921
23.64752323
18.88468373
95729.67748

P>[t|
0.92292
0.76952
1.00000
0.99997
0.64597
0.64431
1.00000
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Appendix H: Results of Nonlinear Regression folsSaj B, and C from McNeal et al. (1968)

Model precision:

XYZ * X Value Y Value Z Value Z Predict  Residual Residual % Weights
1 200 100 0.35 0.301377 0.048623  13.892298 1
2 200 59.3 0.76 0.8437137 -0.083714 -11.01495 1
3 200 26.19 1 0.9885863 0.0114137 1.1413719 1
4 200 0 1.01 1 0.01 0.990099 1
5 50 100 0.07 0.0106463 0.0593537 84.790964 1
6 50 59.3 0.1 0.212687 -0.112687 -112.687 1
7 50 26.19 0.9 0.8482445 0.0517555 5.7506092 1
8 50 0 1 1 0 0 1
9 12.5 100 0 0.0014385 -0.001439 O 1
10 12.5 59.3 0 0.0489778 -0.048978 O 1
11 125 26.19 0.62 0.5461334 0.0738666 11.913973 1
12 125 0 0.98 1 -0.02 -2.040816 1
13 3.13 100 0 0.0002722 -0.000272 O 1
14 3.13 59.3 0 0.0128599 -0.01286 O 1
15 3.13 26.19 0.26 0.2587605 0.0012395 0.4767441 1
16 3.13 0 0.96 0.9888317 -0.028832 -3.003305 1
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Group (c) Soils

Data Description:

X Variable:Electrolyte concentration (mmolc/litre)
Xmin:  3.13 Xmax: 200
Xmean: 66.4075 Xstd:  81.692468319

Xrange: 196.87

Y Variable:ESP (%)

Ymin: O Ymax: 100 Yrange: 100
Ymean: 46.3725 Ystd: 38.646331693
Z Variable:Rksat (Ratio)
Zmin: 0 Zmax: 1.06 Zrange: 1.06
Zmean: 0.375 Zstd:  0.4405602494
Initial values for the parameters:
Parameter Value
a 0.3
b 0.7
g 5
m 5
S 4.2986
I -12.122
f 0.3
Non-linear regression output:
Procedure Minimization Iterations
Lev-Marq Least Squares 41
r2 Coef Det DF Adj r? Fit Std Err
0.9905737341  0.9823257514  0.0552203974
Source  Sum of Squares DF Mean Square F Statistic P>F
Regr 2.8839564 6 0.48065939 157.63 0.00000
Error 0.027443631 9 0.0030492923
Total 29114 15
Parameters produced:
Parm Value Std Error t-value 95.00% Confidence Limits P>[t|
a 0.448931242 13.64075598 0.032911024 -30.4086026 31.30646508 0.97446
b 1.005100513 5.199347603 0.193312813 -10.7566409 12.76684193 0.85101
g 0.845982082 35.88124581 0.023577277 -80.3230351 82.01499927 0.98170
m 10.96712218 41.07702119 0.266989228 -81.9555555 103.8897998 0.79549
S 4.079853846 79.30112491 0.051447616 -175.311754 183.4714615 0.96009
I -11.1472102 225.5609393 -0.04941995 -521.401505 499.1070842 0.96166
f 0.53488594  15.97466906 0.033483382 -35.6023261 36.67209796 0.97402
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Model precision:

XYZ * X Value Y Value Z Value Z Predict Residual Residual % Weights
1 200 100 0.03 0.0032408 0.0267592 89.19733 1
2 200 59.3 0.33 0.3306681 -0.000668 -0.202461 1
3 200 26.19 0.84 0.9806354 -0.140635 -16.74231 1
4 200 0 1.06 1 0.06 5.6603774 1
5 50 100 0 6.847e-05 -6.85e-05 O 1
6 50 59.3 0.01 0.0140677 -0.004068 -40.67686 1
7 50 26.19 0.66 0.6347136 0.0252864 3.8312689 1
8 50 0 1.03 1 0.03 2.9126214 1
9 125 100 0 8.387e-06 -8.39e-06 O 1
10 125 59.3 0 0.0020168 -0.002017 O 1
11 125 26.19 0.2 0.206053 -0.006053 -3.026488 1
12 125 0 0.99 0.9893437 0.0006563 0.0662974 1
13 3.13 100 0 1.473e-06 -1.47e-06 O 1
14 3.13 59.3 0 0.0003993 -0.000399 O 1
15 3.13 26.19 0.01 0.0518494 -0.041849 -418.4937 1
16 3.13 0 0.84 0.8404515 -0.000452 -0.053752 1
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Appendix |: Calculations of EC and SAR for the Slard
Solutions Used in Soil Stability Indicator Expermie

Number

SAR®

of Na ca** Na(l) Ca(z) NaC(I3 | CaCI2.I(—i)20 (mmol/ EC®
solution | (Mmold/L) | (mmol/L) | (mg) (mg) (mg) (mg) 1)05 (dS/m)
1 116.96 1.00 2689.00 20.06 | 6835.36 73.60 165.8 1P
2 58.48 0.50| 1344.50 10.03 | 3417.68 36.80 116.9 5
3 29.24 0.25 672.25 5.02 | 1708.84 18.40Q 82.7 3
4 14.62 0.13] 336.12 2.51 854.42 9.20 58.4 1.5
5 7.31 0.06/ 168.06 1.25 | 427.21 4.60 41.3 0.75
6 116.47 1.50 2677.70 30.10 | 6806.64 110.44Q 134.4 12
7 58.24 0.75| 1338.85 15.05 | 3403.32 55.20 95.0 6
8 29.12 0.38 669.42 7.52 | 1701.66 27.60 67.2 B
9 14.56 0.19| 334.71 3.76 | 850.83 13.8Q 475 1.5
10 7.28 0.09| 167.36 1.88 | 425.42 6.90 33.6 0.75
11 115.00 3.00 2643.80 60.19 | 6720.48 220.8( 93.8 1P
12 57.50 1.50| 1321.90 30.10 | 3360.24 110.40 66.4 5
13 28.75 0.75| 660.95 15.05 | 1680.12 55.2( 46.9 3
14 14.37 0.38| 330.48 7.52 840.06 27.60 33.2 1.5
15 7.19 0.19| 165.24 3.76 | 420.03 13.80 23.% 0.75
16 112.05 6.01] 2576.01 | 120.39 | 6548.16 441.6( 64.Y 1P
17 56.02 3.00| 1288.01 60.19 | 3274.08 220.8( 45.7 6
18 28.01 1.50| 644.00 30.10 | 1637.04 110.40Q 32.8 B
19 14.01 0.75 322.00 15.05 | 818.52 55.2(Q 22.9 1.6
20 7.00 0.38| 161.00 752 | 409.26 27.60 16.2 0.76
21 94.36 24.03| 2169.27 | 481.55 | 5514.24 1766.4Q0 27.2219 2
22 47.18 12.01] 1084.64 | 240.77 | 2757.12 883.20  19.2488 6
23 23.59 6.01] 542.32 | 120.39 | 1378.56 441 .6( 13.611 3
24 11.79 3.00] 271.16 60.19 689.28 220.80 9.62441 1/5
25 5.90 1.50| 135.58 30.10 344.64 110.40 6.80549 0.75

(1) Na weight calculated as Na = mifblof Na" x 22.99.
(2) Ca weight calculated as Ca = mihblof Ca x 20.04.

(3) Wight of NaCl salt calculated as NaCl = Na (mg)*4822.99.
(4) Wight of CaCl2.H20 calculated as = Ca (mg)* 1#720.04.
(5) SAR s calculated as: SAR=NaC&"/2
(6) EC values were calculated from the empirietdtionship (USSL Staff 1954):
EC~ total cation concentrations (mrgil)/10.
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Appendix J: The Results of Non-linear Regressiartxal
Soils

Sodosol Soll

Data Description:

X Variable:Electrolyte concentration (mmolc/litre)
Xmin: 7.5 Xmax: 120 Xrange: 112.5
Xmean: 45.9375 Xstd:  42.559501187

Y Variable:ESP (%)
Ymin:  8.0341377281 Ymax: 70.737217285 Yrange: 62.703079557
Ymean: 38.359348483 Ystd: 17.693907933

Z Variable:Rksat (Ratio)
Zmin:  0.577 Zmax: 1.002 Zrange: 0.425
Zmean: 0.8444166667 Zstd: 0.1552828882

Initial parameters:
Parameter Value
a 0.3

b 0.7

g 5

m 5

S 11.539
[ -1.779
f 0.07

Non-linear regression output:

Procedure Minimization Iterations

Lev-Marq Least Squares 58

r2 Coef Det DF Adj r? Fit Std Err

0.8948466626  0.8488420775 0.0585699142

Source  Sum of Squares DF Mean Square F Statistic P>F
Regr 0.49627644 6 0.08271274 24,1114 0.00000
Error 0.058317392 17 0.0034304349

Total 0.55459383 23
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Parameters produced:

Parm Value Std Error t-value 95.00% Confidence Limits P>[t|
a 8.70892e-07 1.580524707 5.51015e-07 -3.33461478 3.33461652 1.00000
b 0.525707277 1.358596233 0.38694887 -2.34068022 3.392094775 0.70360
g 4.41708186  3.59375e+07 1.2291e-07 -7.5822e+07 7.58216e+07 1.00000
m  7.104965059 9.767865831 0.727381516 -13.5034304 27.71336056 0.47689
s 8.256050043 5.933424567 1.391447713 -4.26238154 20.77448163 0.18203
I 0.69223825 29.09750457 0.023790296 -60.6981302 62.08260668 0.98130
f 0.061322697 327011.5768 1.87525e-07 -689934.058 689934.1805 1.00000
Model precision:
XYZ * X Value Y Value Z Value Z Predict  Residual Residual % Weights
1 120 70.737217 0.577 0.6994092 -0.122409 -21.21476 1
2 120 66.251333 0.723 0.8030965 -0.080097 -11.07836 1
3 120 57.739217 0.959 0.9317998 0.0272002 2.836307 1
4 120 48.413456 0.998 0.9883017 0.0096983 0.9717732 1
5 120 27.91442  0.995 1 -0.005 -0.502513 1
6 60 63.042763 0.612 0.5845858 0.0274142 4.4794386 1
7 60 58.051932 0.719 0.7289705 -0.009971 -1.386718 1
8 60 39.729627 1.002 0.9899106 0.0120894 1.2065264 1
9 60 21.237516 0.953 1 -0.047 -4.931794 1
10 30 54.609208 0.602 0.5596755 0.0423245 7.0306552 1
11 30 49.373241 0.805 0.7225983 0.0824017 10.236235 1
12 30 40.363662 0.874 0.9223658 -0.048366 -5.533848 1
13 30 31.610371 0.982 0.994748 -0.012748 -1.298171 1
14 30 15.776707 0.975 1 -0.025 -2.564103 1
15 15 45.825297 0.589 0.5826752 0.0063248 1.0738151 1
16 15 40.675704 0.846 0.7485152 0.0974848 11.52303 1
17 15 32.223608 0.93 0.9362885 -0.006288 -0.676178 1
18 15 2447301  0.929 0.9977205 -0.06872  -7.397252 1
19 15 11.388367 0.995 1 -0.005 -0.502513 1
20 7.5 37.284808 0.583 0.620045 -0.037045 -6.354201 1
21 7.5 32.492642 0.79 0.7771562 0.0128438 1.6257945 1
22 7.5 24972803 0.907 0.9441918 -0.037192 -4.100526 1
23 7.5 18.403316 0.981 0.998143 -0.017143 -1.747505 1
24 7.5 8.0341377 0.94 1 -0.06 -6.382979 1
279

PhD Dissertation



Appendix J: The Results of Nonlinear Regression fokocal Soils

Brown Vertosol

Data Description:
X Variable:Electrolyte concentration (mmolc /litre)
Xmin: 7.5 Xmax: 120 Xrange: 112.5
Xmean: 46.630434783 Xstd: 43.377365639
Y Variable:ESP (%)
Ymin:  8.0341377281 Ymax: 70.737217285 Yrange: 62.703079557
Ymean: 39.341202452 Ystd: 17.410240129
Z Variable:Rksat (Ratio)
Zmin:  0.445 Zmax: 0.94 Zrange: 0.495
Zmean: 0.7393043478 Zstd: 0.1478323482
Initial parametes:
Parameter Value
a 0.3
b 0.7
g 5
m 5
S 11.798
I -21.468
f 0.7
Non-linear regression output:
Procedure Minimization Iterations
Lev-Marq Least Squares 73
r2 Coef Det DF Adj r? Fit Std Err
0.6581122208 0.4985645904 0.101359069
Source  Sum of Squares DF Mean Square F Statistic P>F
Regr 0.3164183 6 0.052736383 5.13316 0.00408
Error 0.16437857 16 0.010273661
Total 0.48079687 22
Parameter produced:
Parm Value Std Error t-value 95.00% Confidence Limits P>|t|
a 3.66271e-08 1.823764811 2.00833e-08 -3.86620865 3.866208726 1.00000
b 0.024029719 0.964663056 0.024909961 -2.02096461 2.069024044 0.98043
g 0.954920914 2.17712e+08 4.38617e-09 -4.6153e+08 4.61529e+08 1.00000
m 4.304250223 5.670889672 0.759007929 -7.71749885 16.3259993 0.45888
S 6.310675997 51.37648227 0.122831999 -102.602601 115.2239531 0.90377
I -19.3432205 307.1051597 -0.06298566 -670.377076 631.6906352 0.95056
f 0.107352095 2.39008e+07 4.49156e-09 -5.0667e+07 5.06675e+07 1.00000
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Appendix J: The Results of Nonlinear Regression fokocal Soils

Model precision:

XYZ * X Value Y Value Z Value Z Predict  Residual Residual % Weights
1 120 70.737217 0.534 0.6626504 -0.12865  -24.09184 1
2 120 66.251333 0.668 0.7207064 -0.052706 -7.89018 1
3 120 57.739217 0.798 0.8153627 -0.017363 -2.175775 1
4 120 48.413456 0.864 0.8922403 -0.02824  -3.268556 1
5 120 27.91442  0.94 0.9782209 -0.038221 -4.066051 1
6 60 63.042763 0.445 0.5724637 -0.127464 -28.64354 1
7 60 58.051932 0.753 0.6459645 0.1070355 14.214546 1
8 60 39.729627 0.788 0.8629048 -0.074905 -9.50569 1
9 60 21.237516 0.899 0.9697623 -0.070762 -7.871218 1
10 30 54.609208 0.536 0.5395498 -0.00355  -0.662281 1
11 30 49.373241 0.746 0.6204627 0.1255373 16.828059 1
12 30 40.363662 0.829 0.7494981 0.0795019 9.5900974 1
13 30 31.610371 0.855 0.8505429 0.0044571 0.5212968 1
14 15 45.825297 0.48 0.5353124 -0.055312 -11.52341 1
15 15 40.675704 0.701 0.6175465 0.0834535 11.904918 1
16 15 32.223608 0.844 0.7441158 0.0998842 11.834622 1
17 15 24.47301 0.804 0.8404841 -0.036484 -4.537823 1
18 15 11.388367 0.834 0.9485195 -0.11452  -13.73136 1
19 7.5 37.284808 0.478 0.540927 -0.062927 -13.16465 1
20 7.5 32.492642 0.706 0.6197943 0.0862057 12.21044 1
21 7.5 24.972803 0.895 0.7370993 0.1579007 17.642535 1
22 7.5 18.403316 0.771 0.8252558 -0.054256 -7.037065 1
23 7.5 8.0341377 0.836 0.9273314 -0.091331 -10.92481 1
281

PhD Dissertation



Appendix J: The Results of Nonlinear Regression fokocal Soils

Gray Vertosol soil

Data Description:

X Variable:Electrolyte concentration (mmolc/litre)

Xrange: 112.5

Xmin: 7.5 Xmax: 120

Xmean: 46.5 Xstd: 41.758232721
Y Variable:ESP (%)

Ymin: 3.6551948739 Ymax;:

Ymean: 22.743498551 Ystd: 14.970107303
Z Variable:RKsat (Ratio)

Zmin: 0.3005642361 Zmax:

Zmean: 0.6461765989 Zstd: 0.2450446477

Initial parameters:

Param

eter
0.3
0.7
5
5

Value

7.321

57.749192246 Yrange: 54.093997372

1.0105029586 Zrange: 0.7099387225

-10.238
0.7

- —w3QoTw

Non-linear regression output:

Lev-Marq Least Squares 51

r2 Coef Det DF Adj r? Fit Std Err

0.8809904645 0.8319865381 0.0976125075

Source  Sum of Squares DF Mean Square F Statistic P>F

Regr 1.2696175 6 0.21160291 22.2081 0.00000

Error 0.17150763 18 0.0095282016

Total 1.4411251 24

Parameter produced:

Parm Value Std Error t-value 95.00% Confidence Limits P>|t|

a 0.9897425 6.45841736  0.153248458 -12.5788889 14.55837388 0.87991
b 0.071494063 2.104802953 0.033967105 -4.35053285 4.493520979 0.97328
g 0.806778205 120.1870139 0.00671269 -251.696768 253.3103247 0.99472
m  5.183495497 1992.907354 0.002600972 -4181.75949 4192.126481 0.99795
s 6.766511955 6.569180888 1.030038915 -7.03482496 20.56784887 0.31663
I -7.98327265 23.82781217 -0.3350401  -58.0436484 42.07710311 0.74147
f 0.23447671  467.1483535 0.000501932 -981.207796 981.676749  0.99961
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Appendix J: The Results of Nonlinear Regression fokocal Soils

Model precision:

XYz X Value Y Value Z Value Z Predict  Residual Residual % Weights
1 120 57.749192 0.3005642 0.3620482 -0.061484 -20.45617 1
2 120 48.394718 0.4261879 0.4468133 -0.020625 -4.839508 1
3 120 27.931178 0.7909499 0.6826943 0.1082556 13.686789 1
4 120 24411155 1.010503 1 0.010503  1.0393793 1
5 120 15.934931 0.95006 1 -0.04994  -5.256513 1
6 60 49.052278 0.4168644 0.3177867 0.0990777 23.767377 1
7 60 39.738143 0.3518073 0.4115372 -0.05973  -16.97801 1
8 60 21.282012 0.5651163 0.6794211 -0.114305 -20.22678 1
9 60 18.345165 0.9573171 1 -0.042683 -4.458599 1
10 60 11.531433 0.9207337 1 -0.079266 -8.609035 1
11 30 40.373595 0.3786693 0.3205067 0.0581626 15.359745 1
12 30 31.628282 0.422953 0.4162602 0.0066928 1.5824007 1
13 30 15.788147 0.5402362 0.681086 -0.14085  -26.0719 1
14 30 13.432899 0.8804348 1 -0.119565 -13.58025 1
15 30 8.1285441 0.991338 1 -0.008662 -0.873768 1
16 15 32.207901 0.3893908 0.3430286 0.0463621 11.906321 1
17 15 24437755 0.474776  0.434219 0.0405571 8.5423552 1
18 15 11.416534 0.5214326 0.6390404 -0.117608 -22.55475 1
19 15 9.5868344 0.8825391 1 -0.117461 -13.30943 1
20 15 5.5599224 0.9593076 1 -0.040692 -4.241848 1
21 7.5 24939276 0.3996248 0.3731542 0.0264706 6.6238654 1
22 7.5 18.367116 0.4797636 0.4540549 0.0257087 5.3586101 1
23 7.5 8.0409579 0.5673553 0.5950709 -0.027716 -4.885051 1
24 7.5 6.6543004 0.7510761 0.6282037 0.1228724 16.35951 1
25 7.5 3.6551949 0.8254141 1 -0.174586 -21.15131 1
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Appendix J: The Results of Nonlinear Regression fokocal Soils

Red brown soil

Data description:

X Variable:Electrolyte concentration (mmolc/litre)
Xmin: 25 Xmax: 640
Xmean: 145.5 Xstd:  209.80475618

Xrange: 637.5

Y Variable:ESP (%)

Ymin: O Ymax: 36.524057382 Yrange: 36.524057382
Ymean: 21.190160098 Ystd: 13.161602385
Z Variable:RKsat (Ratio)
Zmin:  0.001 Zmax: 1 Zrange: 0.999
Zmean: 0.5527333333 Zstd: 0.421983491
Initial parameters:
Parameter Value
a 0.3
b 0.7
g 5
m 5
S 12.397
I -36.514
f 0.4
Non-linear regression output:
Procedure Minimization Iterations
Lev-Marq Least Squares 35
r2 Coef Det DF Adj r? Fit Std Err
0.9746223159 0.9390935581 0.092691716
Source  Sum of Squares DF Mean Square F Statistic P>F
Regr 1.9797824 6 0.32996373 38.4047 0.00016
Error 0.051550525 6 0.0085917542
Total 2.0313329 12
Parameter produced:
Parm Value Std Error t-value 95.00% Confidence Limits
a 3.85517e-05 2.663828549 1.44723e-05 -6.51811509 6.518192195 0.99999
b 0.470427166 5.261354139 0.089411804 -12.4036426 13.34449695 0.93166
g 452435445 911388.8857 4.96424e-06 -2.2301e+06 2.23009e+06 1.00000
m  9.935846919 24.72957339 0.401779956 -50.5752393 70.44693309 0.70177
s 10.3979415 50.29427241 0.20674206 -112.66771  133.4635926 0.84305
I -31.1359509 211.5325156 -0.14719227 -548.73737  486.4654681 0.88780
f 0.368743153 50517.8163  7.29927e-06 -123612.275 123613.0121 0.99999
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Appendix J: The Results of Nonlinear Regression fokocal Soils

Model precision:

XYz X Value Y Value Z Value Z Predict  Residual Residual % Weights
1 160 36.524057 0.815 0.7378568 0.0771432 9.4654236 1
2 160 21.960356 1 0.9996982 0.0003018 0.0301779 1
3 160 11.847673 1 1 0 0 1
4 160 0 1 1 0 0 1
5 80 36.524057 0.26 0.286212 -0.026212 -10.08154 1
6 40 36.524057 0.011 0.0963304 -0.08533  -775.7306 1
7 40 21.960356 0.528 0.5544563 -0.026456 -5.010661 1
8 40 11.847673 0.882 0.9491666 -0.067167 -7.615262 1
9 20 36.524057 0.001 0.0355525 -0.034553 -3455.253 1
10 20 21.960356 0.169 0.2487749 -0.079775 -47.20408 1
11 10 21.960356 0.019 0.1020148 -0.083015 -436.9202 1
12 10 11.847673 0.496 0.3672705 0.1287295 25.953535 1
13 2.5 11.847673 0.11 0.0725959 0.0374041 34.003699 1
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Appendix J: The Results of Nonlinear Regression fokocal Soils

Alluvial Soil

Data Description:

X Variable:Electrolyte concentration (mmolc/litre)
Xmin: 25 Xmax: 640
Xmean: 128.82352941 Xstd: 201.82200862

Xrange: 637.5

Y Variable:ESP (%)

Ymin: O Ymax: 36.524057382 Yrange: 36.524057382
Ymean: 21.280771364 Ystd: 12.314208534

Z Variable:RKsat (Ratio)
Zmin:  0.002 Zmax: 1 Zrange: 0.998
Zmean: 0.4972352941 Zstd: 0.3983987527

Initial values for the parameters:

Parameter Value

- —w3QoTw

0.3
0.7
5
5

15.466
-58.038

0.3

Non-linear regression output:

Procedure Minimization
Lev-Marq Least Squares

r2 Coef Det DF Adj r?
0.9854333923 0.9708667846
Source  Sum of Squares DF
Regr 1.9379478 6
Error 0.028646609 8
Total 1.9665944 14

Parameters produced:

Parm

-~ = w0 SQ oo

Value
0.78597796
0.685527547
0.344604321
12.66964553
31.2852856
-140.036775
0.349753398

Std Error
5.069202977
2.144418018
9.07655386
39.35630372
34.27308418
182.4669325
12.6451174

Iterations

70

Fit Std Err
0.0598400046
Mean Square
0.3229913

F Statistic

90.2002

0.0035808261

t-value
0.155049613
0.319679997
0.037966427
0.321921632
0.912823761
-0.76746385
0.027659166

95.00% Confidence Limits

-10.9036251
-4.25950926
-20.5859664
-78.0861535
-47.7485881
-560.806275
-28.8099396

12.47558097
5.630564357
21.27517503
103.4254445
110.3191593
280.7327256
29.50944637

P>F
0.00000

P>[t|
0.88062
0.75740
0.97064
0.75576
0.38802
0.46485
0.97861
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Appendix J: The Results of Nonlinear Regression fokocal Soils

Model precision:

XYZ X Value Y Value Z Value Z Predict Residual Residual % Weights
1 160 36.524057 0.719 0.7457926 -0.026793 -3.726368 1
2 160 21.960356 1 0.9820847 0.0179153 1.79153 1
3 160 11.847673 1 1 0 0 1
4 160 0 1 1 0 0 1
5 80 36.524057 0.39 0.290903  0.099097  25.409498 1
6 40 36.524057 0.104 0.1096741 -0.005674 -5.455863 1
7 40 21.960356 0.401 0.4570199 -0.05602 -13.97005 1
8 40 11.847673 0.753 0.7577039 -0.004704 -0.624682 1
9 20 36.524057 0.002 0.0469067 -0.044907 -2245.334 1
10 20 21.960356 0.213 0.2597425 -0.046742 -21.94481 1
11 10 21.960356 0.092 0.1469051 -0.054905 -59.67941 1
12 10 11.847673 0.482 0.4088263 0.0731737 15.181257 1
13 5 21.960356 0.087 0.0848434 0.0021566 2.4788003 1
14 25 21.960356 0.007 0.0502684 -0.043268 -618.1201 1
15 25 11.847673 0.203 0.1908422 0.0121578 5.9890658 1
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Appendix K: The GCSM function Code Incorporate®itiNSATCHEM

Appendix K: The new GCSM Function Code
Incorporated Manually into UNSATCHEM

OnWed, 27/5/09, Jiri Simunek<Jiri.Simunek@ucr.edu> wrote:

From: Jiri Simunek <Jiri.Simunek@ucr.edu>
Subject: RE: RE: from Younes Ezlit (Toowoomba)
To: "younes ezlit" <yezlit@yahoo.com>
Received: Wednesday, 27 May, 2009, 11:21 AM

Younes,

| have modified the code based on your suggestldresze commented out the old
code. Thus at present | have the following:

At the input:

| Younes=.true.
i f (I Younes. and. i Screenl nput.eq.1) then
wite(*, *) "g="
read(*,*) RedKPar (1)
wite(*,*) "m"
read(*,*) RedKPar(2)
wite(*, *) "cl1="
read(*,*) RedKPar (1)
wite(*, *) "c2="
read(*,*) RedKPar (2)
wite(*, *) "c3="
read(*,*) RedKPar (3)
wite(*,*) " Mnt. fraction="
read(*,*) RedKPar (4)
wite(*,*) "n="
read(*,*) RedKPar (5)
wite(*,*) "ni="
read(*,*) RedKPar (5)
wite(*,*) "n2="
read(*,*) RedKPar (6)
wite(*, *) "n3="
read(*,*) RedKPar (7)
wite(*,*) "ESP1(1.24)="
read(*,*) RedKPar (8)
wite(*,*) "ESP2(11.63)="
read(*,*) RedKPar (9)
c wite(*,*) "ESP Lipit 1 (25.)="
c read(*,*) RedKPar (10)
RedKPar ( 10) =100.
c wite(*, *) "ESP Limt 2 (50.)="
c read(*,*) RedKPar(11)
end if

OO0O0O0O0 00

OO0OO0O0O0OO0

And in the calculation module:

* Hydraul i ¢ conductivity reduction
if(ChPar(4,M.le.0.) | KRed=.false.
i f(1KRed) then
ssConc=Conc(1,i)+Conc(2,i)+Conc(3,i)+Conc(4,i)
ESP=0.
i f(ChPar(4,M.gt.0.) ESP=XConc(3,i)/ChPar (4, M *100.
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Appendix K: The GCSM function Code Incorporate®itiNSATCHEM

OO0OO00O0O0O0O0000O0

Cay=.1
ESP1=1. 24
ESP2=11. 63
i f(ESP.le.25.) then
c=35.
an=1.
el se i f(ESP.gt.25..and. ESP.1t.50.) then
c=932.
an=2.
el se i f(ESP.ge.50.) then
¢=25000.
an=3.
end if
AESP=amax1( ESP- ( ESP1+ESP2* al 0og10(ssConc)), 0. 01)
d=0.
i f(ssConc.lt.300.) d=356.4*ssConc**(-0.5)+1.2
i f(ssConc.eq.0.) d=1.el0
i f(IYounes) then
Cl ay=RedKPar ( 4)
ESP1=RedKPar ( 8)
ESP2=RedKPar ( 9)
ESP3=RedKPar ( 10)
ESP4=RedKPar (11)
an=RedKPar ( 5)

if(ESP.le.ESP3) then
gl=RedKPar ( 1)
xml=RedKPar ( 2)
c=gl*exp(xnl* ( ESP/ 100.))
end if
i f(ESP.|e. ESP3) then
c=RedKPar ( 1)
an=RedKPar ( 5)
el se i f(ESP.gt.ESP3. and. ESP. | t. ESP4) then
c=RedKPar ( 2)
an=RedKPar ( 6)
el se i f(ESP.ge. ESP3) then
c=RedKPar ( 3)
an=RedKPar ( 7)
end if
AESP=amax1( ESP- ( ESP1+ESP2* al og( ssConc)), 0. 01)
d=0.
if(ssConc.lt.300.) d=356.4*ssConc**(-0.5)-20.5767
i f(ssConc.eq.0.) d=1.el0
end if
xx=Cl ay* 3. 6e- 4* AESP*d
XpH=1.
if(pH gt.6.83) xpH=3.46-0.36*pH
if(pH gt.9.33) xpH=0.1
red(i)=amax1((1.-c*xx**an/ (1. +c*xx**an))*xpH, 0. 00001)
red(i)=am nl(1l.,red(i))
if(red(i).lt.xRed) xRed=red(i) I Only for print

end if
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