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Abstract 

Self-filtration is here defined as particle detachment and re-deposition causing 

re-arrangement of the particles and therefore pore space which affects water flow in soil 

by decreasing hydraulic conductivity. This is of particular important in soils which are 

susceptible to structural breakdown. The objective of this thesis was to examine the 

dynamics of the self-filtration process in sodic sandy soils as affected by ionic strength 

and soil solution composition. The temporal changes of hydraulic conductivity and the 

elution of fine particles from soil columns were used as the main criteria to assess self-

filtration. Two porous media exhibiting significantly different structural cohesion were 

examined, one a loamy sand (Balkuling soil) from agricultural land use and the second a 

mining residue from mineral sands operations.  

In the first instance soil columns were leached under saturated conditions using a 

Marriotte constant-head device. A reference hydraulic conductivity (Ko) was considered 

to be that measured initially at the highest concentration of solution. Subsequently 

measurements were made with either abrupt change of concentration to 1 mmol/L or 

gradual decreasing concentration from 500, 100, 50, 10 to 1 mmol/L NaCl followed by 

deionised water. The relative hydraulic conductivity (K/Ko) decreased substantially 

with time and with decrease in electrolyte concentrations for both soils. The decrease in 

K/Ko was attributed to decreases of pore radii as a result of detachment followed by re-

deposition of the clay fraction during leaching. There was little difference in ultimate 

K/Ko reduction between the abrupt and gradual changes of concentration from 500 to 1 

mmol/L for both soils.  The mining residue was substantially more prone to structural 

collapse than the Balkuling soil with actual saturated hydraulic conductivity reductions 

from 6.1 to 0.02 cm/hr and from 1.5 to 0.14 cm/hr respectively with change in solution 

concentration from 500 to 1 mmol/L. This was attributed to the less cohesive nature of 

the disturbed mining residue material for which effluent particles consisted essentially 

of unattached primary clay crystals while the Balkuling soil consisted of domains or 

aggregates of clay crystals as measured by a Malvern Mastersizer. 

A pore scale model based on measured particle size distributions was applied to 

this data to analyse the effects of particle release and re-deposition on pore structure and 

hydraulic properties. For the Balkuling soil, there was little shift of the water retention 

curve detected despite the appreciable decrease of the saturated hydraulic conductivity 

to 8.5 % of the initial value. This was attributed to localized pore clogging (similar to a 

surface seal) affecting hydraulic conductivity, but not the microscopically measured 
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pore size distribution or water retention. Soil structure was modelled at the pore scale to 

explain the different response of the two soils to the experimental conditions. The size 

of the pores was determined as a function of deposited clay particles. The modal pore 

size of the Balkuling soil as indicated by the constant water retention curve was 45 µm 

and was not affected by the leaching process. In the case of the mining residue, the 

mode changed from 75 to 45 µm. This reduction of pore size corresponds to an increase 

of capillary forces that is related to the measured shift of the water retention curve.   

The dynamics of the process of self-filtration in soil columns were further 

evaluated by simultaneously measuring changes in pressure gradients along the columns 

and outflow particle sizes and concentrations during pressure leaching with solutions of 

100, 10, 1 mmol/L NaCl and deionised water. The electrical conductivity (EC), soil pH 

and effluent particle size distributions were also measured on the leachates collected 

during particle release. Steady increases in pressure gradient (∆P/∆L) and corresponding 

decreases in K/Ko with time were observed for both soils and follow similar trends at 

all column depths indicating continuous particle accumulation in filter pores. The most 

severe increases in ∆P/∆L and decreases in K/Ko always occurred near the inlet to the 

columns and the decline gradually decreased along the column. An increase of ∆P/∆L 

and decrease in K/Ko with decreasing ionic strengths was also observed for both soils. 

The decreases in K/Ko and increases in ∆P/∆L were clearly influenced by the size as 

well as the concentration of migrating particles in the porous medium. The finer mobile 

particles in the mining residue were clearly more readily self-filtered at the lower 

electrolyte concentration than the larger Balkuling particles, producing more rapid 

increases in ∆P/∆L and decreases in K/Ko. This more effective self-filtration and more 

rapid plugging is undoubtedly due to increased development of the diffuse double layer, 

swelling and dispersion within the soil matrix at these concentrations. The pH and EC 

were found to remain essentially constant with time during column leaching and particle 

release. 

The effects of the composition of mixed calcium (Ca) and sodium (Na) ions in 

solution (sodium adsorption ratio (SAR)) on the exchange behaviour and saturated 

hydraulic conductivity were examined by carrying out batch binary exchange and 

saturated column transport experiments. A strong preference for Ca
2+

 ions in the 

exchange complex was observed for both soils. Generally K/Ko was found to decrease 

with increasing sodium adsorption ratio with the more structured Balkuling soil 

maintaining K/Ko for SARs 3 and 5 at an electrolyte concentration of 100 mmol/L. 
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However measurements at the critical threshold and turbidity concentrations at a SAR 

of 15 revealed structural breakdown of the pore matrix system attributed to various 

extents of slaking, swelling, dispersion and decreases of pore radii as a result of self-

filtration during leaching. These experiments illustrate the wide range of complex 

interactions involving clay mineralogy, solution composition and structural factors 

which can influence the extent of mobilization, transport and re-deposition of colloidal 

particles during the leaching process in soil profiles  

Keywords: self-filtration, particle size distribution, dispersion, leaching, pore structure, 

saturated hydraulic conductivity, soil water retention, pore clogging, particle release, 

sodium adsorption ratio, exchange reactions, calcium and sodium ions, breakthrough 

curve  
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 1. Introduction 

Soils throughout much of the semi-arid regions of the world are structurally 

fragile and susceptible to further structural degradation associated with poor 

management procedures during different forms of land use frequently involving a) 

intensive overuse, b) the use of agrochemicals and poor irrigation water c) continuous 

cultivation as well as the need to rehabilitate mine tailings and other waste disposal 

sites. Because of the limited amount of available fresh water, poor quality waters are 

increasingly used for irrigation (FAO 1992) thus leading to sodicity and salinity induced 

problems affecting the structural stability and permeability of the soils.  

Aggregate disintegration and resultant particle movement are common 

processes in most environments, especially semi-arid, where there is little biomass 

to sustain soil structure. Soil structural breakdown is an important process which 

can result in the availability, mobility and transport of fine soil material (colloids) 

and their subsequent re-deposition within the porous medium (self-filtration) 

throughout the soil profile. This can have significant effects on the hydraulic 

properties including both soil water retention and hydraulic conductivity (or 

permeability). Permeability decreases due to soil structural breakdown have been 

extensively reported in the literature (Quirk and Schofield 1955; Crescimanno et 

al. 1995; Quirk 2001).  

Slaking and dispersion of clays followed by migration of clay particles and 

plugging of water-conducting pores is regarded as one of the major processes 

causing structural problems in irrigated soils (Frenkel et al. 1978; Shainberg and 

Letey, 1984; Yousaf et al. 1987). The conditions under which colloids move 

through soils, regolith, fractured rock systems and aquifers, have also been the 

subject of considerable interest in relation to pedogenesis, sub-soil clay 

accumulation and because the transport of both organic and inorganic 

contaminants has been shown to be enhanced by their attachment to these colloids 

(McCarthy and Zachara 1989; McDowel-Boyer et al. 1986; McDowel-Boyer 

1992). 

Similar problems with respect to particulate transport, self-filtration and 

pore clogging resulting from particulate entrapment in porous media arise in 

several areas of engineering management practices including geotechnical and 

geoenvironmental engineering (Indraratna and Vafai 1997; Reddi et al. 2000), 

waste water filtration (Amirtharajah 1988), oil recovery processes (Baghdklan et 
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al. 1989), hydraulic and in agricultural engineering. In geotechnical engineering, 

soil filters are used as barriers to protect the base soils from eroding. Progressive 

accumulation of the particles in filters may lead to build-up of excessive pore 

pressures leading to instability of geotechnical structures such as retaining walls 

and dams. These difficulties have led to a substantial literature concerned with 

understanding and modelling these processes.  

However, despite the substantial literature on soil structural stability and its 

effects on soil permeability (Jayawardene and Chan 1994; Crescimanno et al. 

1995), little work has been undertaken dealing with the actual dynamics of the 

mechanisms of pore clogging associated with self-filtration which occurs when 

clay entities are detached and re-deposited during flow processes in a soil matrix. 

While a number of studies have been carried out to model processes of particle 

deposition within porous matrices (Song and Elimelech 1995; Ryan et al. 1998) 

little of this has found application in the soils literature. Thus the present studies 

were undertaken to contribute to a more detailed understanding of the dynamics of 

the key processes such as colloid mobilization, release and deposition (self-

filtration).  

Chapter 2 of this thesis provides a review of the background of the study 

and general review of the relevant literature. The conceptual methodologies and 

hydrological processes are examined in the context of structural breakdown, self-

filtration and its effects on soil hydraulic properties. In Chapter 3 the role of 

dispersion and re-deposition of particles during structural breakdown has been 

examined by measuring the effects of electrolyte concentration of sodium chloride 

solutions on pressure gradient change, saturated hydraulic conductivity and 

effluent particle size and concentration in columns of two soils of significantly 

different structural cohesion. In Chapter 4 a pore scale model based on measured 

particle size distributions has been applied to this data to quantify the changes in 

pore space geometry of packed soil columns resulting from a dilution in electrolyte 

concentration from 500 mmol/L to 1 mmol/L NaCl during leaching. The model 

provides valuable insights into the actual changes in configuration of the matrix 

structure and its consequences for water retention and transport. To extend this 

picture of the dynamics in the soil columns, the processes of pressure buildup and 

decreases in saturated hydraulic conductivity and particle movement along soil 

columns as influenced by ionic strengths of sodium ions has been investigated. In 
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Chapter 6 the influence of sodium adsorption ratio on saturated hydraulic 

conductivity as well as exchange adsorption reactions of sodium and calcium ions 

and the breakthrough curves of the ionic concentration are being examined.  

Chapter 7 provides a summary of the thesis findings and conclusions. 
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2. Literature review 

Structural instability and particle mobility can result in soil crusting, soil 

compaction, the formation of hard-setting, structure-less (apedal) soils with massive 

structures (Aylmore and Sills 1982), widely spaced cracks (with a spacing ≥ 0.1m), air 

dry soil tensile strength of more than 90 kPa and penetration resistances of more than 3 

MPa at suctions of less than 1.5 MPa (Mullins and Ley 1994) while ideal soils have less 

than 1 MPa at field capacity (Cockcroft and Olsson 1997). Poor infiltration, poor 

aeration under wet conditions, runoff, erosion (Mullins et al. 1987), and subsoil 

structural deterioration are also common physical problems known to affect land 

productivity (Aylmore and Cochrane 1995; Le Bissonnais et al. 1995; Greene et al. 

2002).  

The following review of structural breakdown and colloid mobility and their 

effects on hydraulic properties includes four sections. The first section examines the 

mechanisms and processes of aggregate breakdown. The second section reviews the 

kinetics of colloid transport while the third section discusses some concepts central to 

aggregate breakdown including threshold concentration, filtration and formation 

damage. Finally some of the existing models describing colloidal mobility and its 

consequent effects on pore clogging and permeability are reviewed. 

2.1 Structural breakdown and formation of mobile colloids  

2.1.1 Aggregation  

Soil structure or aggregation essentially describes the way the soil constituents 

(sand, silt, clay, organic matter) are arranged and the size and shape of pores between 

them (Geeves et al. 1996).  Aggregates are conceptually, a group of organic and 

inorganic primary particles that cohere more strongly to each other than to the rest of 

the soil (Kemper and Rosenau 1986) and aggregation is a continuum between the 

ultimate particles and stable aggregates (Waters and Oades 1991). On the basis of size, 

soil aggregates can be distinguished as macro-aggregates (> 250 µm) and micro-

aggregates (< 250 µm). These aggregates can further break-down to release finer 

particles (< 20 µm, Oades and Waters 1991). The loss of macro-porosity is attributable 

to detachment and subsequent transport of aggregates (Roth et al. 1991; Sutherland et 

al. 1996) and dis-aggregation following land use changes has been found to affect soil 

water retention (Neufeldt et al. 1999). 
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The surface tension at the air-water interface and the cohesive tension in the 

liquid phase have been identified as the main forces leading to aggregation in moist 

soils (Kemper and Rosenau 1986). As a soil dries, these forces pull soil particles 

together and the soil water retreats to inter-particle contact points thus promoting 

interaction between particles affected by soil solution chemistry and cementation 

especially in the presence of silica, iron and organic matter at inter-particle contact 

points. Aggregates smaller than 2 µm (predominately clay floccules) are held together 

by forces derived from the interaction of clay particles. Aggregates of <90 µm become 

more difficult to recognize since they tend to be more equi-dimensional with length to 

width ratios of about 2 (Oades and Waters 1991). 

2.1.2  Mechanisms and processes of aggregate breakdown  

Aggregate breakdown can occur due to a variety of forces and environmental 

conditions and a number of basic processes (Le Bissonnais et al. 1995) including 

mechanical disruption and hydraulic forces which can lead to slaking and dispersion.  

The role of aggregate stability in determining particle release includes processes driven 

by wetting, and the level of aggregate strength in resisting mechanical stress and water 

movement. The aggregate status of a soil at any time is subject to many degrading 

processes (Skidmore and Layton 1992) and unstable aggregates can easily be 

disaggregated back to primary particles. Aggregates with low stability fracture easily 

and the breakdown into smaller sizes is a major cause of soil erosion (Hagen 1991) and 

reduced permeability through pore clogging.  

There is a substantial literature on structural differentiation and the 

consequences on soil aggregation, aggregate stability and hydraulic properties (Mullins 

et al. 1987; Mullins and Ley 1994; Loch 1994).  Soil structural differentiation describes 

the loss of aggregation and porosity in the top few millimetre of soil and occurs when 

the soil surface is exposed to external forces such as rapid wetting, mechanical 

disruption etc. which cause disintegration of soil aggregates.  Soils susceptible to 

aggregate breakdown leading to crusting are generally those with low clay content (13–

17%., Cerdan et al. 2001) and low organic matter content (1-2%). Crusting can also 

alter shear strength and micro-topography which influences subsequent sediment 

detachment and transport processes (Cerdan et al. 2001).   Mullins et al. (1987) 

hypothesized that the mobilization of fine materials due to slaking and dispersion and 

their redistribution on drying were possible mechanisms for hard-setting and crusting.  

Once a crust is formed the water and solute transport properties change. Ramirez et al. 
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(1999) evaluated the effect of electrolyte concentration, in irrigation water during 

furrow irrigation, on the properties of the depositional crust formed and on the intake 

rate and demonstrated that the application of gypsum increased the rate of water 

infiltration into furrows.  

In mechanical disruption, aggregates are broken down by application of a 

mechanical stress sufficient to overcome the net strength of intra-aggregate bonding.  

Depending on the magnitude of the applied forces, aggregate size and the strength of 

intra-aggregate bonding, the release of smaller primary particles can occur from a parent 

aggregate that remains relatively intact. Westerhof et al. (1999) indicated that 

conventional tillage practices physically broke macro-aggregates into smaller units, 

leading to new surfaces and subsequently the loss of labile organic matter due to a 

mineralization flush. Similarly raindrop impact can cause mechanical disruption of 

aggregates.  Dry aggregates when subjected to high intensity rainfall, can suffer 

complete breakdown and infilling of soil pores by small particles. In contrast slaking 

describes the fragmentation that occurs when aggregates are suddenly immersed in or 

placed in contact with water (Mullins and Ley 1994). This occurs because the 

aggregates are not strong enough to withstand stresses resulting from the forces 

associated during rapid water entry into the aggregates (Loch 1994; Aylmore and Sills 

1982).  Following rapid wetting, substantial pressure from entrapped air and differential 

swelling of the soil mass can cause disruption of aggregates. Swelling also results in 

blocking or partial blocking of larger conducting pores, reducing flow through a pore 

with appreciable decreases in permeability (Quirk 2001).  

In studying incipient failure of soil aggregates Quirk and Panabokke (1962) 

found that stress resulting from unequal swelling of a soil mass and rapid wetting 

caused planes of failure and hence aggregate breakdown. As the aggregates breakdown, 

colloidal materials migrate and can be deposited in subsoil layers, clogging pores and 

reducing the water infiltration rate leading to excessive runoff, erosion and tunnelling.

 The effects of matric potential, rate of wetting, concentration of organic matter 

and clay mineralogy on slaking have also been investigated by Mullins and Ley (1994).  

At higher matric suction or high water potential (>10 kPa) aggregates may be unable to 

withstand breakdown and become unstable (Mullins and Ley 1994) while soils with low 

organic carbon can more readily slake to form crust and hard-setting conditions.  The 

impact of raindrop on soil aggregates together with rapid wetting of bare soil can form 

seals that harden into crusts if the surface does not restructure. On the other hand 
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flooding can lead to a thicker crust because water can quickly infiltrate deeply into the 

soil.  The physical behaviour of the clay fraction is determined not only by the clay 

minerals present but also the size distribution in the clay fraction and the surface 

geometry and charge characteristics.  Generally the common clay minerals are all 

susceptible to dispersion. 

Dispersion is most commonly associated with sodicity and is highly sensitive to 

both the exchangeable sodium percentage and total electrolyte concentration. Soil 

sodicity refers to the degree to which exchangeable sodium balances the surface charge 

in soils. Soils with a high percentage of sodium on the exchange complex are more 

susceptible to dispersion due to their greater ability to develop diffuse double layers. In 

Australia, soils are generally described as sodic if they have an exchangeable sodium 

percentage (ESP) of 6 to 15 and highly sodic at values greater than 15 (Northcote and 

Skene 1972).  The exchangeable sodium percentage (ESP) can be defined as: 

CEC

leNaExchangeab
ESP

)*100(
=           (2.1) 

where CEC is the cation exchange capacity. Sodium adsorption ratio (SAR) can also be 

used to define sodicity when using soil solutions. 

[ ]
[ ] [ ]( ){ } 5.0225.0 ++

+

+
=

MgCa

Na
SAR           

(2.2) 

where all concentrations are expressed as mmol/L. In general high levels of SAR 

decrease the stability of soil structures and microstructures usually become more 

unstable as the ESP increases.  

2.1.3  Conceptual failure of soil structures - Double layer theory 

Of particular importance is the understanding of the mechanisms of aggregate 

breakdown to finer micro-aggregates which when further disrupted can release fine 

particles which will disperse in an aqueous phase (Oades and Waters 1991). The 

particles in fine-grained cohesive soils are extremely small (<75 µm), have irregular 

particle geometry and varying mineral composition (Anderson and Lu 2001). The forces 

governing the physical and mechanical interactions among individual particles are 

complex and are affected by particle size, clay mineralogy and water saturation.  It is 

generally accepted that the electric double-layer repulsion and clay mineralogy control 

the dispersive behaviour particularly in smectite-rich soils.  
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The elucidation of micro-aggregate breakdown in cohesive soils has been 

defined by the double layer theory of colloid stability known as the Derjaguin, Landau, 

Verwey and Overbeek (DLVO) theory (Verwey and Overbeek 1948). The theory 

reconciles the attractive and repulsive forces and is regarded as the cornerstone for 

understanding colloidal systems and the forces arising on a molecular scale.  The DVLO 

theory assumes that equilibrium states occur between the repulsive interactions of the 

diffuse electric layers associated with two adjacent particles and the attractive forces 

resulting from van der Waals’s attractive forces between particles (Figs 2.1 & 2.2). 

When the distances between colloidal particles are very small van der Waals’s 

interaction are dominant giving rise to coagulation - a stable state. Aggregation of 

particles resulting from the stabilization effect is called flocculation. However this 

process is reversible (Fig. 2.2).  

 

Figure 2.1. Nature of physico-chemical forces; electrical double layer repulsive and van 

der Waals attractive forces as a function of particle separation distance. (after 

Israelachvili 1991) 
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Figure 2.2. Relationship between aggregation and distance of separation d  

The failure of aggregate bonding in a soil structure can result from a number of 

forces including in particular, the repulsive pressures between charged surfaces. Water 

enters a pore within an aggregate according to; 

r
P

θγ cos2
−=               

(2.3) 

where P is the pressure, γ is the surface tension of water, θ is contact angle of 

liquid/solid interface and r is pore radius. Rapid uptake of water can cause planes of 

failure along which water can advance quickly into other parts of the aggregate leading 

to explosive compression of entrapped air. Aylmore and Quirk (1959) suggested that 

additional water is held in between an open network of clay domains (or group of 

oriented crystals) which had been previously bound together either directly or indirectly 

by organic matter. 

Swelling of aggregates can also be explained in terms of the repulsive pressure 

between charged surfaces. Counterions balancing the charge at an interface or particle 

surface are subjected to two types of forces in the electrical double layer (Verwey and 

Overbeek 1948). These forces are electrical attraction of the counterions to the surface 

charge and the tendency of the counterions to diffuse away from the surfaces as a result 

of thermal motion. The concentration of ions at the mid-plane, between the surfaces is 

in excess of that at the outer surface or external solution. Consequently excess osmotic 

pressure at the mid-plane tends to draw water between interacting surfaces and increase 

the distance of separation. The swelling pressure ( sP ) according to Langmuir (1938) is 

as follows;    
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)1(cosh2 −= UnKTPs              (2.4) 

where n is the ionic concentration (ions/mL of species), KT describes thermal energy 

with T  as the absolute temperature (Kelvin) and U is mid-plane potential. When 

aggregates are disrupted they release finer particles (colloids) which will disperse in the 

aqueous phase (Oades and Waters 1991). 

The swelling pressure between two interacting clay surfaces is opposed by an 

attractive pressure resulting from the pair-wise additivity of the interaction between all 

the atoms in two macroscopic objects (Verwey and Overbeek 1948; Quirk 1994). The 

van der Waals attractive pressure (
aP ) for two semi-infinite, flat, parallel plates of 

thickness t (nm), is given by; 

( ) ( ) 
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π

                     

(2.5) 

where  HA is the Hamaker constant~ 2.2x 10
-2

 J for two molecularly smooth muscovite 

surfaces separated by water (Israelachvili and Adams 1978), d is the surface-surface 

separation (m).  An illustration of van der Waals’s attractive pressure with varying 

distances of for t  = 1 nm is presented in Table 2.1. 

Table 2.1. van der Waals, attractive pressure (MPa) between surfaces for mica-water-

mica system in relation to distance of separation )(d and plate thickness ( t ) (after: 

Israelachvili and Adams 1978) 

Surface separation (Ǻ) 

 2.5 5 10 15 20 40 

t = 1nm 74 8.7 0.9 0.24 0.08 0.005 

t >> d  75 9.3 1.2 0.35 0.15 0.018 
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2.2  Colloid mobility: Implications on transport and hydraulic properties 

2.2.1  Colloid mobilization  

Colloids are defined as suspended particles of very small size ((1nm–1µm, 

Kretzschmar et al. (1999)). The maximum size is limited by a tendency of larger 

particles to sediment and is generally below a few micrometers (Laegdsmand et al. 

1999).  Kretzschmar et al. (1999) defined colloids or colloidal particles as relatively 

small particles (1nm–1µm) with higher adsorptive capacity (or large specific surface 

area >10m
2
/g).  These colloids may include clay minerals, sand grains, quartz, oxides 

and humic substances.  Colloids may remain stable in suspension over long periods of 

time unless they coagulate to form larger aggregates or deposit onto larger grains.  

Changes in pore and particle size distribution during aggregate breakdown on wetting 

have been attributed to this coagulation (Loch 1994; Greene et al. 1998).  As the 

wetting front moves through a soil matrix, clay laminae begin to re-align in a horizontal 

direction thus reducing water infiltration (Greene et al. 1998). Depending on their size 

and by acting as a sorption medium, colloids are instrumental in determining the 

permeability of soils as well as the transport of soil contaminants 

In colloid facilitated transport the following conditions are important 

(Kretzschmar et al. 1999); (a) mobile colloids must be present in large concentrations, 

(b) contaminants must sorb strongly to mobile colloids and desorb only slowly and (c) 

colloids must be transported over significant distances. In particular mobile colloids can 

be mobilized in-situ within the matrix of the parent material and precipitated from 

supersaturated solutions. In most environments, colloid mobilization is favoured by 

high pH, high sodium saturation and low ionic strength resulting in severe decreases in 

permeability and increased soil erosion and surface runoff (Cerdan et al. 2001).   

Recent studies (Grolimund et al. 1998; Kretzschmar et al. 1999; Reddi et al. 

2000; Roy and Dzombak 1997) have demonstrated the importance of particulate matter 

in transport properties including sorption/mobility, permeability and contaminant 

transport. Thompson and Scharf (1994) found that there is relatively little quantitative 

information available with respect to colloid mobility. Laegdsmand et al. (1999) found 

that a pre-requisite for colloid facilitated transport is the release and transport of colloids 

and those colloids which are primarily mobilized and transported in the macropores. 

Similarly Kretzschmar et al. (1999) reported that a major obstacle to quantitatively 

predicting the role of colloids in contaminant transport is our incomplete understanding 

of key processes such as colloid mobilization, release and deposition. The rates of 
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release and deposition of colloidal particles in the subsurface environment have been 

found to follow a first-order kinetic rate law (Higgo et al. 1993; Kretzschmar et al. 

1997). 

2.2.2 Kinetics of colloid release and deposition  

Colloids are detached from a soil matrix surface by a diffusion process and the 

detached particles diffuse through a stationary water film. Schelde et al. (2002) 

demonstrated that colloid mobilization is a time-dependent and possibly diffusion-

limited process. Transport of colloids depends on the size and density of the colloids, 

pore structure and flow velocity as well as the accessible area for colloidal deposition 

(Kretzschmar et al. (1999). Colloidal concentration has been found to decrease 

exponentially with travel distance (Higgo et al. 1993) indicating that colloidal 

deposition follows a first order kinetic rate law in natural porous media.  

Kretzschmar et al. (1999) stated that the mechanisms involved in the release of 

colloids are poorly understood and predictive theories are lacking. The kinetics of this 

process in porous media is influenced by particle interactions and the hydrodynamics of 

the flow field and flow velocity (Ryan and Gschwend 1994). For large particles (with a 

thin boundary layer) at high flow velocities, hydrodynamic drag and shear forces can act 

on particles attached to a matrix surface and induce particle mobilization. With constant 

potential boundary conditions for colloid and matrix surfaces, the DLVO theory predicts 

an increase in the release rate with increasing ionic strength and the opposite trend is 

true for constant charge boundary conditions (Kallay et al. 1986; Kallay et al. 1987). 

The colloidal release rate has been shown to increase with increasing pH and 

temperature but to decrease with very low ionic strength if the matrix is dominated by 

multivalent ions (Kretzschmar et al. 1999). This is because particles attached in 

secondary minimums are released spontaneously if the ionic strength is reduced to 

sufficiently low values, and the secondary minimum completely disappears (Russel et 

al.1989).  
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Numerous studies have reached the following conclusions: 

• Particle release rates increase with increasing pH, although at extremely high 

pH, moderate release rates are common due to an elevated ionic strength (Ryan 

and Gschwend 1994). 

• Particle release rates increase with decreasing ionic strength (Ryan and 

Gschwend 1994; Roy and Dzombak 1996). 

• In systems dominated by multivalent counterions such as Ca
2+

, low release 

rates are common (Hahn 1995). 

• The longer the particles are attached to a matrix the lower the release rates and 

larger fractions of particles become irreversibly attached (Kallay et al. 1986; 

Luthi et al.1998), colloid release also increases with increasing temperature. 

Particle deposition onto a stationary surface is a complex process where several 

particle transport and interaction mechanisms are involved (Song and Elimelech 1995). 

Deposition of colloids during flow through porous media takes place through (i) 

transport of particles to matrix surfaces by mass flow, Brownian diffusion and 

gravitational sedimentation and (ii) attachment of colloidal particles to matrix surfaces. 

In their studies on deposition kinetics, Kretzschmar et al. (1997) found that the 

concentration of colloids in the effluent strongly decreased with decreasing flow rate. 

Attachment kinetics depend on both surface and solution chemistry which 

control the electric double layer interactions and electrostatic forces (Kia et al. 1987; 

Hunter 1986; Elimelech 1991; Elimelech et al. 1995).  At low ionic strength, there is a 

pronounced repulsive energy barrier due to strong electrostatic repulsion resulting in a 

slow deposition rate. With increasing ionic strength, the repulsive energy barrier is 

reduced due to a reduction in diffuse layer charge and compression of the diffuse 

electric layer resulting in increased deposition rate. Above a certain ionic strength, 

called the “critical deposition concentration”, the repulsive energy barrier disappears 

completely and at that the point the deposition rate becomes more rapid and is 

controlled by the rate of collision.  

Consequently colloidal mobilization, deposition, release and re-deposition are 

also likely to result in pore clogging and drastic permeability reductions (Quirk and 

Schofield 1955; Reddi et al. 2000) leading to crust formation in soils and hard-setting 

properties. Typically such soils range from loamy sands to sandy clays containing non-

swelling clays with kaolinite as the dominant clay mineral (Loch 1994). Permeability 
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reductions with decreasing salt concentration, increasing SAR and pH have been 

observed (Quirk and Schofield 1955; Kretzschmar et al. 1999) and rapid aggregate 

breakdown (Abu-Sharar 1996).  

2.3  Concepts central to particle re-arrangement and pore clogging 

2.3.1  Threshold and turbidity concentration 

The threshold and turbidity concentrations are two concepts central to the 

process of soil structural breakdown, as indicated by soil permeability.  Soil 

permeability to water depends largely on the exchangeable sodium percentage of the 

soil and the electrolyte concentration of the percolating solution (Quirk and Schofield 

1955).  As the ESP increases, and the EC decreases, the permeability of a soil tends to 

decrease.  This change in permeability is associated with the swelling of clay domains 

as the repulsive forces between clay particles increase.  The “threshold concentration” 

has been defined as the electrolyte concentration above which the permeability of a soil 

can be maintained, even at high ESP levels (Quirk 1971).  It occurs when the first 

discernible deterioration in soil structure is observed.  Quirk and Schofield (1955) 

created a reference curve by plotting the SAR of a soil against its threshold 

concentration (Fig. 2.3).  The curve indicates the ability of soil hydraulic conductivity to 

be maintained, even in soils with high ESP, by maintaining the electrical conductivity of 

the infiltrating water above the threshold level (Quirk and Schofield 1955).  Any point 

to the left of this curve would be expected to exhibit decreasing permeability (Quirk 

1971).   

 

Figure 2.3 A plot of sodium adsorption ratio (SAR) as a function of the threshold 

concentration.  The solid line is from Quirk (1971) and is described by equation 2.6, 

below.  Results for four California soils (McNeal and Coleman, 1966) are also shown. 



Chapter 2___________________________________________________________________________ 

 15 

Once the electrolyte concentration is sufficiently reduced the soil experiences 

major structural deterioration (Quirk and Schofield 1955).  This level of electrolyte 

concentration is referred to as the “turbidity concentration” and is indicated by the 

presence of dispersed clay particles in the percolate of permeameters (Quirk 1971).  At 

this stage the clay particles have swelled to the extent where each domain is weakened 

and thermal motion agitating the crystals is able to shake some loose, forming a 

dispersed suspension within the soil pores.  Below the turbidity concentration the 

microstructure of the soil is increasingly dismantled as the electrolyte concentration in 

the percolating solution is decreased. 

Quirk (1971) established the following relationships for threshold concentration 

CTH (mmol/L) and turbidity concentration CTU (mmol/L) 

6.0*56.0 += SARCTH             

(2.6) 

2.0*16.0 += SARCTU              

(2.7) 

The ratio of the threshold concentration to the turbidity concentration is approximately 

3.5, which would indicate that the threshold concentration provides a safety factor of 

this same magnitude for defining an electrolyte concentration required for maintaining 

soil structure.   

2.3.2  Soil filtration and formation damage 

Soil filtration and formation damage are particular forms of the indicators to particle 

release, deposition and subsequent clogging of pores as manifested by reduced soil 

permeability. Filtration removes suspended solids by a simple straining process whereby 

particles too large to pass through openings in the filter media are retained on the media. 

“Formation damage” is defined as any obstruction or barrier which reduces the flow capacity 

of the soil matrix and can be induced by the invasion and geochemical transformation due to 

decreased or plugged pore channels (Song and Elimelech 1995). Lee et al. (2002) found that 

filters play a significant role in minimising erosion of base soils with resultant reduction in 

filter permeability. In particular coarser portion of base soil controls successful formation of 

the self-healing layer. Similarly filtration of internally unstable soils was successful only if the 

filters open size was lower than the lowest size of the primary fabric (Lafleur et al.1989). The 

dependence of colloid deposition rate on flow rate, temperature, size of colloidal particles is 
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predicted well by filtration theory especially for fast deposition rate (Elimelech et al. 1995; 

Kretzschmar et al. 1997).  

McDowel-Boyer et al. (1986) and Harvey and Garabedian (1991) applied filtration 

theory to colloid transport through well sorted sandy aquifer materials and found that, with 

natural porous media, estimates of colloid transport are problematic in contrast to model 

systems such as glass beads. This was attributed to: (i) wider pore size and particle size 

distribution, complex pore geometry, rough matrix surface (ii) mobile surface colloids have a 

wide particle size distribution and (iii) surface charge heterogeneity (for natural porous 

media). Application of filtration theory combined with idealised DLVO theory to accurately 

predict colloid deposition rates in natural subsurface porous media is not feasible at present 

(Kretzschmar et al. 1999) but can give valuable trends. Using a cake filtration model, Mays 

and Hunt (2005) suggested that the increased head loss results from the formation of deposits 

with a decline in permeability.  

 Furthermore processes such as release and re-deposition of particles have been 

observed to cause formation damage in secondary oil recovery, often with drastic reductions 

in permeability (Moghadasi et al. 2004). Pore clogging and structure damage due to the 

influence of water chemistry on permeability were also observed in many studies (Fireman 

and Bodman 1939; Frenkel et al. 1978; Kia et al. 1987; Wiesner et al. 1996). Both solution 

chemistry and hydrodynamics are known to alter the permeability of porous media containing 

colloidal particles (Mays and Hunt 2005). 

2.4  Colloidal particle movement: Theoretical descriptions 

2.4.1  General transport equations 

Several approaches are available in modelling colloidal particle transport. 

Modelling of particulate clogging generally falls into one of the following categories: 

• Empirical methods (Tien and Payatakes 1979; Tien 1989) that define particle 

entrapment in porous media using a rate law without considering the physics of 

deposition processes. 

• Trajectory analyses (Payatakes et al. 1973) to track individual particles using 

streamline functions and considers balance of forces such as gravitational, inertial, 

hydrodynamic, electric double layer and van der Waals forces, 

• Stochastic methods (Fan et al. 1985) that simulate particle deposition as birth-death 

processes (Birth event represents an open pore becoming blocked and death event a 

blocked pore becoming unblocked due to scouring of particles).  
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• Network methods (Rege and Fogler 1988) representing porous media using either, 

a regular or random network, and tracking individual particles as they move 

through the network. 

A closed form mathematical approach (Rege and Fogler 1988) was formulated to 

assess fine particle accumulation based on the following assumptions: steady state flow 

conditions; uniform sized particles and vertical direction of the flow of particles 

between two layers. Fine particles may be re-deposited after detachment in layer 1 and 

may be remobilized at layer 2 –These processes are not taken into account because i) 

small particle concentrations in the pore stream are not significant and ii) re-deposition 

and remobilization of particles in layers are complimentary and therefore it is desirable 

to consider the upper bound particles as estimates for particle clogging and its 

consequent effects on soil crusting.  

Particle transport is governed by the mass conservation principle (Gruesbeck and 

Collins 1982) and may be formulated to account for advective transport in layer 1 (base 

soil-before dispersion), incorporating detachment and deposition processes: 

t
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(2.8) 

where C  is the fine particle concentration per unit pore volume;   1V  is the pore velocity 

in layer 1; x , t is the space and time coordinates respectively; β  is the rate of erosion 

and 1cV  is the critical velocity for layer 1. Similarly for the layer 2 (base soil-after 

dispersion) the deposition process is expressed (Tien and Payatakes 1979; Elimelech et 

al. 1995) as follows: 
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where λ is the deposition coefficient and incorporates the physicochemical interactions 

between the migrating particle and the porous matrix;  2V  is the pore velocity in layer 2 

and z is the space coordinate. 

Kretzschmar et al. (1997) demonstrated that for a laboratory column containing 

a uniform natural porous medium under saturated flow conditions and constant solution 

composition, transport of colloidal particles can be described by accounting for particle 

advection, hydrodynamic dispersion, and deposition (filtration). The concentration of 
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suspended colloidal particles ),( txc  at a column depth x  and time t  follows the one-

dimensional advection-dispersion equation with a sink term for particle deposition; 

kc
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where v  is the velocity of colloidal particles and pD  is the hydrodynamic dispersion 

coefficient and k  is the particle deposition rate coefficient.  

Equation 2.10 assumes that particle deposition follows first-order kinetics and is 

irreversible. The assumptions are justified at sufficiently low particle concentration (no 

blocking or reopening) and for moderate to high ionic strengths where particle release is 

negligible compared to particle deposition (Kretzschmar et al. 1997). For a semi-infinite 

column initially free of colloidal particles, and a unit pulse input, Eqn. 2.10 can be 

solved with Laplace transform technique as follows; 
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where 0n  is a normalised constant which represents the total amount of colloidal 

particles injected divided by the total volumetric flux. This constant can be determined 

by a parallel bypass experiment where the column is short circuited. 

2.4.2  Models based on particle and pore size distributions 

A number of models have been based on particle and pore size distribution to 

assess permeability, during colloid transport (Reddi et al. 2000; Chaudhari and Batta 

2003; Moghadasi et al. 2004). Soil filters are prone to long term accumulation of fine 

micron-sized particles thus reducing the permeability and drainage properties and the 

design of soil filters depends on both the particles size base soil and the pore sized 

distribution of the filter and (Reddi et al. 2000).  Besides finer particles, self-filtration in 

base soil can also reduce the drainage capacities of soils because it is the concentration 

in the pore stream that affects the rate of permeability reduction. Soil filters are 

important in preventing erosion of base soil and act as drainage layers or leachate 

collection systems resulting in permeability reduction due to progressive fine particulate 

entrapment. An assessment of the effects of particulate clogging on drainage capacities 

is thus desirable.  In the process of aggregate breakdown, initial soil aggregates are 
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uniform and subsequently the finer particles migrate to coarser matrix particles during 

leaching. This has the same connotation as in filter design system whereby finer 

particles (base soil) are transported to coarser soil (filters). 

The model proposed by Reddi et al. (2000) to predict permeability reductions 

due to pore clogging and particle deposition and entrapment.simplistically assumes the 

soil or porous medium to consist of an ensemble of parallel capillary tubes of various 

diameters.  Thus the pore structure as a result of pore clogging is characterized by total 

porosity and pore diameter. The extent of deposition depends on the effective pore 

length α* (varying from 0.3 to 1.5 cm) and is fixed α* = 0.9 cm for most soils (Arya 

and Dierolf 1989). The particle deposition rate in each pore tube depends on a) 

concentration; b) the flow rate and c) the probability of deposition of particles (Reddi et 

al. 2000).  The pore radius (assumed for a conceptual capillary tube) ir and radius of 

migrating th
j  particle ja are related by factor ),(1

ji ark  such that; 
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where,  M  is the number of different migrating particle sizes and subscripts io and 1i  

refer to radii before and after the deposition and N (ri, aj) is the number of particles of 

radius aj deposited in pore tube of radius ri at any time (t).  

Finally, following the reduced porosity and new pores size, the time dependent 

permeability reduction can be estimated using Poiseuille equation (Eqn. 2.14).   
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where K  is the permeability; C s
 is the shape factor (1/32) for cylindrical pores; 

n  is the porosity; γ is the unit mass of water; µ is absolute viscosity of water; di is the 

ith pore diameter; and f(di) is the volumetric frequency of the pore group di..  For a 

detailed description of the modelling and predictive approach see Reddi et al. (2000). 

2. 5 Summary and conclusions  

With an increasing shortage of land, the efficient management of soils 

susceptible to structural differentiation has become an important factor in ensuring the 

sustainability of soil resources by preventing deterioration of soil properties. Greene et 

al. (2002) indicated that soils in different locations can require different management in 

terms of the type and amount of ameliorants required to overcome problems of hard-

setting. The mechanisms by which soil structure can be stabilized under field conditions 

are still far from understood (Aylmore and Sills 1982). Knowledge as to how best to 

counter the deleterious effects of structural deterioration and colloid mobility on soil 

productivity and to improve the productivity of structural unstable soils, especially in 

drier regions where there is little net biomass production and little organic matter, is 

urgently required.  

Despite the considerable amount of research carried out, the processes by which 

the structural breakdown and pore clogging by colloidal transport occur in soils are far 

from satisfactorily understood and suitable modelling procedures are lacking. The 

current state of literature has revealed that; while extensive studies have been carried 

out on aggregate and colloidal mobility, it remains impossible to accurately describe 

these processes. For example numerous experimental studies on colloid transport have 

been conducted using coarse sands, glass beads but relatively few on natural soils as 

porous media. A number of colloid transport experiments have been made in structured 

soils in the field (Ryan et al. 1998; El-Farhan et al. 2000).   

Furthermore McDowel-Boyer et al. (1986) and Harvey and Garabedian (1991) 

applied filtration theory to colloid transport through well sorted sandy aquifer materials 

and concluded that, with natural porous media, estimates of colloid transport are 

problematic. This was attributed to: (i) the wider pore size and particle size 

distributions, complex pore geometry and rough matrix surface or these materials, (ii) 

mobile surface colloids have a wide particle size distribution and (iii) surface charge 

heterogeneity as well as turbidity of leachates (Chiang et al. 1987). 
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The following studies were undertaken in an attempt to throw light on the 

dynamics of the processes of mobilisation and re-deposition of colloidal material (self-

filtration) during the flow of solutions of differing electrolyte concentration and sodium 

adsorption ratio through two soil materials of markedly different structural 

cohesiveness. The experiments were carried out using saturated soil columns to 

determine hydraulic conductivity, particle release and breakthrough curves as the 

criterion for the assessment of the dynamic processes.   
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3. Dispersion and re-deposition of fine particles and their effects  

on saturated hydraulic conductivity 

Abstract: 

Measurements of saturated hydraulic conductivity (K) have been used to study 

the rates of structural breakdown and pore clogging which occurred during leaching of 2 

contrasting soils, Balkuling agricultural soil and mining residue. Soil columns were 

leached under saturated conditions using a Marriotte constant-head device. A reference 

hydraulic conductivity (Ko) was considered to be that measured initially at the highest 

concentration of solution. Subsequently measurements were made with either abrupt 

change of concentration to 1 mmol/L or gradual decreasing concentration from 500, 

100, 50, 10 to 1 mmol/L NaCl followed by deionised water. The relative hydraulic 

conductivity (K/Ko) decreased substantially with time and with decrease in electrolyte 

concentrations for both soils. The decrease in K/Ko was attributed to decreases of pore 

radii as a result of detachment followed by re-deposition of the clay fraction during 

leaching. There was little difference in ultimate K/Ko reduction between the abrupt and 

gradual changes of concentration from 500 to 1 mmol/L for both soils.  The mining 

residue was substantially more prone to structural collapse than the Balkuling soil with 

actual saturated hydraulic conductivity reductions from 6.1 to 0.02 cm/hr and from 1.5 

to 0.14 cm/hr respectively with change in solution concentration from 500 to 1 mmol/L. 

This was attributed to the less cohesive nature of this disturbed mining residue material 

which consists of essentially of unattached primary clay crystals while the Balkuling 

soil consisted of domains or aggregates of clay crystals. 

Keywords: particle size distribution, pore size distribution, dispersion, leaching, 

migrating fine particles, electrolyte concentration  

3.1. Introduction 

An understanding of the fundamental physicochemical processes occurring in 

soil profiles is essential to the development of successful soil management practices and 

in assessing land suitability for particular uses. Surface soil structural instability and 

subsoil structural deterioration are common physical problems known to affect land 

productivity (Aylmore and Cochrane 1995) while the use of sodic waters in irrigation, 

by inducing dispersion of clay, can impair drainage (Frenkel et al. 1978; Keren and 

Ben-Hur 2003). Aggregate breakdown, swelling and dispersion processes are of 

importance in the production, release and re-deposition of fine particles or colloids 
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within the porous soil matrix.  The availability and distribution of such particles within 

the subsurface environment has a great influence on the physicochemical behaviour of 

soils and has many consequences in terms of pedogenesis (Walker and Chittleborough 

1986; Ranville et al. 2005), soil utilization and management practices including 

geotechnical engineering (Reddi et al. 2000); protection of soil from erosion (Indraratna 

and Vafai 1997) and agronomic soil water management (Chaudhari and Somawanshi 

2004). Following detachment, colloidal particles can be re-deposited within the soil 

matrix resulting in changes in pore structure with consequent pore clogging and 

reductions in permeability (Reddi and Bonala 1997; Mays and Hunt 2005).  

The release of fine clay particles is affected by ionic strength (Kia et al. 1987; 

Grolimund et al. 1998; Kretzschmar et al. 1999) and is favoured by irrigation with 

sodium (Na
+
) rich water of low ionic strength (Hajra et al. 2002). The effects of 

exchangeable cation and electrolyte concentration on swelling, dispersion and 

permeability have been extensively studied (Ouirk and Schofield 1955; Frenkel et al. 

1978; Abu-Sharar and Salameh 1995; Quirk 2001; Chaudhari 2001). Forces of 

attraction and repulsion in clay systems are dependent on the type and concentration of 

ions in solution (Aydin et al. 2004). In the presence of monovalent ions (e.g. Na
+
) the 

thickness of the electrical double layer is increased leading to deflocculation and 

dispersion while it is reduced if the system is dominated by multivalent ions (e.g. Ca
2+

) 

enhancing coagulation. Generally clay will more readily disperse when the electrolyte 

concentration in the soil solution is low enough to permit the development of sufficient 

double layer repulsion to overcome van der Waals attraction forces (Sumner 1993). 

Quirk and Schofield (1955) have defined the “threshold concentration” where structural 

breakdown first affects permeability and the “turbidity concentration” where dispersed 

particles first appear in the flow path.  

Different opinions are evident in the literature as to whether swelling or 

dispersion is the major cause of reduced permeability in sodic soils (Chaudhari 2001; 

Shainberg and Letey 1984; Shainberg and Levy 1992). Swelling is generally 

appreciable at high ESP (20 to 25, Aylmore and Quirk 1959) while dispersion can occur 

at ESPs as low as 10 (Felhender et al. 1974). Larger impacts on permeability were 

observed for silt loam soils compared with clay and clay loam soils (Chaudhari 2001, 

Chaudhari and Somawanshi 2004). Frenkel et al. (1978) have demonstrated that 

plugging of pores by dispersed clay particles is a major cause of reduced hydraulic 

conductivity for surface soils irrigated with sodic waters.  A number of physical 
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assumptions and different models of pore clogging due to particle mobilization have 

been presented (Reddi et al. 2000; Chaudhari and Batta 2003; Mays and Hunt 2005). 

These models are generally based on random networks of constricted tubes to predict 

permeability reduction with particle accumulation but in most cases no experimental 

data for comparison has been included (Lee and Koplik 2001).  

Although it is well established that swelling and clay dispersion within soils can 

reduce conductivity, very little if any work has been published on the temporal changes 

of swelling and dispersion.  Furthermore very little has also been done on the 

application of the theoretical treatments as has been undertaken by engineers with 

respect to the clogging of filter beds (Reddi et al. 2000; Mays and Hunt 2005). In the 

present paper measurements of permeability using various electrolyte concentrations of 

sodium chloride (NaCl) solutions, have been used to examine the extent and dynamics 

of the pore clogging process in soil columns for a natural agricultural soil and a mining 

co-disposed material both of which present difficulties in structural stabilization. The 

experimental results were used to evaluate the applicability of a simple particle size 

distribution model based on the concept of pore clogging arising from particle 

detachment and re-deposition (Reddi et al. 2000). 

3.2. Materials and Methods 

3.2.1. Soil sites 

Two different soils; one of agricultural origin (referred to as Balkuling soil) and 

the other a mining spoil (or Mining residue) were used for this study. A sample (0 - 20 

cm) of the Balkuling sandy loam soil, which is extensively used for cropping and 

pasture throughout the Western Australian wheatbelt, was collected from “Yalanbee”, 

the CSIRO Research station farm near Bakers Hill, Western Australia (WA)((31° 47′ 

10.3″ S and 116° 29′ 21.7″ E).  Balkuling soil is a duplex soil classified as brown loamy 

earth (WA soil group, McArthur 1991, or sodic manganesic brown Kandosol 

(Australian Soil Classification, Isbell 2002).  The soil often shows some build up of 

salts, especially sodium, in the subsoil, has a potential for structural breakdown and is 

subject to water repellence (McArthur 1991).  In contrast the mining residue or spoil 

consisting of waste products (>63 µm tailings sands and <63µm fines) was collected 

from the Cable Sands (WA) Pty.(Ltd). Sandalwood mine site, 5 km north of Brunswick 

Junction, Western Australia. The mineral processing produces tailings sands which are 

stockpiled and fine materials which are subsequently mixed in solar drying dams as an 

innovative method of co-disposal. A comparison of the behavioural characteristics of 
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the co-disposed material and the natural occurring soil should help throw light on the 

most effective processes for soil management e.g. in land rehabilitation and irrigation 

water management etc. The basic soils characteristics, presented in Table 3.1, were 

determined using standard methods; soil texture (Day 1965); pH (1:5 extract, van 

Reeuwijk 1993), EC (van Reeuwijk 1993), Bulk density (Klute 1986), Organic carbon 

(van Reeuwijk 1993) and CEC (van Reeuwijk 1993)   

Table 3.1 Physico-chemical properties of Balkuling and mining residue soils used 

Property Balkuling soil mining residue 

Sand (%) 83.3 89.0 

Silt (%) 6.6 1.9 

Clay (%) 10.1 9.1 

Texture Sandy loam Loamy sand 

Bulk Density (g/cm
3
) 1.61 1.58 

Electrical conductivity (µS/cm) 42 380 

pH( water)  6.1  8.7  

CEC (cmol/kg) 3.4 8.1 

Organic Carbon (%) 0.3 0.55 

Clay mineralogy Kaolinite,with traces 

of gybsite and 

vermiculite 

Kaolinte, smectite 

and with traces of 

quartz 

CEC-cation exchange capacity 

3.2.2. Particle size distribution  

Particle size distributions for the soil clay components and effluent particles, 

together with the specific surface areas of the two soils were determined using a light 

scattering technique involving a Malvern Mastersizer analyzer (Mastersizer Microplus 

Ver.2.18, c/o Malvern Instruments Pty Limited 1995).  Malvern Mastersizer offers a 

high resolution and can measure down to one nanometer (nm). Collected suspensions 

passing through a 45 µm filter were added into the Mastersizer’s ultrasonic bath unit, a 

small angle light scattering apparatus equipped with Helium-neon laser (wavelength of 

633 nm) as a light source. Suspension concentrations were adjusted until an obstruction 

of a least 0.2 % is reached for best measurement results. For prior measurement of 

particle size distribution of the soils, samples were dispersed by sonication in an 

ultrasonic bath for 25 minutes and the apparatus was pre-set for analysis using a clay 

refractive index (RI = 1.59 for clay) and an assumed particle density of 2.6 g/cm
3 

with 

deionised water (RI = 1.33) used as dispersant. The remaining fractions comprising of 

sand sized particles were determined using a mechanical wet sieving method (Day 
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1965).  Samples were allowed to pass through sieve sizes: 1, 0.5, 0.25, 0.125, and 0.045 

mm, the various sand fractions were collected and their proportions by weight 

measured. In addition to particle size analysis, other basic properties including soil bulk 

density, pH, organic carbon, cation exchange capacity, electrical conductivity and clay 

mineralogy were determined using standard physical and mineralogical methods (Klute 

1986; van Reeuwijk 1993) and are as presented in Table 3.1.  

3.2.3  Pore size distributions 

Air dry soil aggregates (< 2 mm) were uniformly packed into 3 cm long and 5 

cm diameter columns to a packing density of approximately 1.6 g/cm
3 

and 1.55 g/cm
3
, 

for the Balkuling soil and mining residue respectively.  Uniformity in packing was 

achieved by adding soil at 10 g increment  followed by gentle compaction (Table 3.1). 

Samples within the columns were confined between coarse sintered glass plates (air 

entry value of 60 cm) to enhance hydraulic contact while a micron nylon mesh was 

placed as filter in both ends of the soil columns to overcome perching of effluent at the 

bottom.  The pore size distributions (PSDs) of the soil columns were estimated from 

water retention curves determined using 100 mmol/L CaCl2 solutions in pressure plate 

ceramic membrane apparatus (Klute 1986) for the higher pressure range (60 to 10,000 

cm) and the hanging column or Haines method (Haines 1923) over the low pressure 

ranges (< 60 cm). In the Haines method sintered glass plates with an air entry value of 

about 60 cm were used to enhance soil-water hydraulic contact.  The columns were 

initially saturated with solution by setting the equilibrium at zero suction and 

subsequently imposing the following suctions; 5, 10, 15, 20, 30, 35, 45, 50 and 55 cm. 

These determinations were made before leaching and then after leaching in order to 

examine any changes in pore size distribution. The water retention data was transformed 

to pore size distribution using the Kelvin equation. 

∆P rp= ( / )2σ                   (3.1) 

where ∆P  (Pa) is the pressure difference across an air-water interface, σ  is surface 

tension of water (J m
-2

) and rp  is the radius of a circular capillary tube (m). 

3.2.4. Hydraulic conductivity measurements 

The present set of experiments was confined to sodium chloride solutions to 

ensure that the working system would provide a transition from an essentially stable 

matrix at high concentrations to an unstable system, gradually breaking down as the 

concentration was progressively decreased below the “threshold and turbidity 
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concentrations” (Quirk and Schofield, 1955). The column samples were initially flushed 

with carbon dioxide (CO2) to remove entrapped air.  To ensure that the columns were 

saturated, the samples were slowly wetted and left overnight (12 to 16 hours) in a tray. 

Desired solutions were prepared using de-aired water to remove entrapped air within the 

pores which is likely to affect water flow (Bond and Collis-George 1981) and hence 

hydraulic conductivity. The soil columns were leached with NaCl solutions of different 

electrolyte concentrations adjusted to pH 8.5 using 10 mmol/L sodium hydroxide 

(NaOH) solution by adding 20 drops of 10 mmol/L NaOH into a litre of NaCl solution.  

Schofield and Samson (1954) demonstrated that the addition of NaOH enhances 

deflocculation as the number of positive charges decreases, with consequent decrease of 

positive adsorption and weak electrostatic attraction between positive and negative 

cleavage faces of clay crystals. 

The hydraulic flow was measured under saturated conditions using a Marriotte 

constant-head device (Klute 1968; Klute and Dirksen 1986). Hydraulic conductivity 

was estimated using Darcy’s law for one-dimensional vertical flow: 

zHKq ∂∂= /                     (3.2) 

where q  is the flux density,  K  is the hydraulic conductivity, zH ∂∂ /  is gradient of 

hydraulic head H, and z  is the depth. Using a column and constant head experimental set 

up. Eqn 3.2 can be re-written as )/()4( 2
HtdVLK ∆∆= π  where V (cm

3
) is the volume of 

water collected during time interval ∆t (minutes) , L (cm) is the length of column soil 

sample, d (cm) is the inner diameter of the column and ∆H (cm) is the change in 

hydraulic head across the soil sample. 

 A glass Marriotte bottle, filled with different concentration solutions, was used 

to maintain a constant head and ambient temperature during the experiment varied from 

20 to 22 ºC.  Flow occurred from the bottom to the top of the columns to prevent air 

entry. The hydraulic head across the soil samples ( ∆H ) was kept at an average of 30 cm 

and 40 cm respectively for the Balkuling and mining residue during leaching. ∆H  was 

measured as equivalent to the vertical distance from upper water level (on the Marriotte 

bottle) to the bottom at the leachate collection point. The flow was continuous during 

leaching in order to maintain saturation throughout the experiments. In the case of flow 

interruptions, columns were kept saturated by tightly closing the system to avoid air 

entry. Any turbid percolate observed during the experiment was collected and stored in 
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plastic bottles for further analysis of effluent particle size distribution using the Malvern 

Mastersizer technique, and for mineralogical characterization.  

Reference hydraulic conductivity (Ko) was defined as that measured initially at 

the highest electrolyte concentration of 500 mmol/L NaCl.  The experiments involved 

either an abrupt change of concentration to 1 mmol/L or gradually decreasing 

concentrations from 500 through 100, 50, 10 to 1 mmol/L NaCl followed by deionised 

water, and were generally run in duplicate to establish the reproducibility of the trends 

observed. Further replication to provide statistical data was not considered necessary 

since we were examining the dynamics of the process in a particular soil column and 

not seeking absolute measurements of permeability which are of little significance in 

this context. 

3.2.5. Theoretical description based on particle size distribution 

Various PSD models and theoretical approaches (Arya and Paris 1981; Arya et 

al.1999; Reddi et al. 2000; Chaudhari and Batta 2003; Hwang and Powers 2003) have 

been developed to predict permeability reductions as a result of pore radii decreases. In 

the present study we used the experimentally measured particle size distributions and 

aspects of a model proposed by Reddi et al. (2000) to predict permeability reductions 

due to pore clogging and particle deposition and entrapment.  

The model simplistically assumes the soil or porous medium to consist of an 

ensemble of parallel capillary tubes of various diameters.  Thus the pore structure as a 

result of pore clogging is characterized by total porosity and pore diameter. The extent 

of deposition depends on the effective pore length α* and is estimated at α* = 0.9 cm 

for most soils (Arya and Dierolf 1989). The particle deposition rate in each pore tube 

depends on a) concentration; b) the flow rate and c) the probability of deposition of 

particles (Reddi et al. 2000).  The pore radius (assumed for a conceptual capillary tube) 

ir and radius of migrating th
j  particle ja  are related by factor ),(1

ji ark  such that; 
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where M  is the number of different migrating particle sizes and subscripts io and 1i  

refer to radii before and after the deposition and N (ri, aj) is the number of particles of 

radius aj deposited in pore tube of radius ri at any time (t).  

Finally, following the reduced porosity and new pores size, the time dependent 

permeability reduction can be estimated using Poiseuille’s equation (Eqn 3.5). 
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where K  is the permeability; C s
 is the shape factor(1/32) for cylindrical pores; 

n  is the porosity; γ is the unit weight of water; µ is absolute viscosity of water; di is the 

ith pore diameter; and f(di) is the volumetric frequency of the pore group di..  For a 

detailed description of the modelling and predictive approach see Reddi et al (2000). 

3.3. Results and Discussion 

3.3.1. Particle size distributions 

The particle size distributions obtained by wet sieving for the sand fractions of 

the Balkuling soil and the mining residue and by the Malvern Mastersizer for the clay 

fractions from the mechanical analyses, are shown in Fig.3.1. 
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Figure 3.1. Particle size distributions of Balkuling soil and mining residue; (a) sand 

fractions and (b) clay fractions 
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The Balkuling clay fraction exhibits the characteristic shape of a bimodal 

distribution of particle sizes ranging from 0.08 to 5 µm and is concentrated around two 

separate particle sizes with peaks at approximately 0.3 µm and 2 µm. These peaks are 

referred to as a “double hump” by Hwang and Powers (2003). The mining residue has a 

single peak ranging from 0.05 to 2 µm.  The sand distributions for both materials range 

from approximately 45 to 2000 µm with a relatively sharp peak for the Mining residue. 

3.3.2. Effects of electrolyte concentration on hydraulic conductivity  

 Figs. 3.2 and 3.3 show that the relative hydraulic conductivity (K/Ko) of both 

materials decreased with decreasing concentration, and with time during leaching. The 

relatively small decreases in K/Ko at higher electrolyte solution can be attributed to 

some ongoing aggregate slaking following the initial wetting of the matrix (Keren and 

Ben-Hur 2003) while at lower concentrations K/Ko would be expected to decrease 

rapidly as a result of enhanced clay swelling, dispersion and subsequent re-deposition 

(Chaudhari 2001). The reference saturated hydraulic conductivity (Ko) for the mining 

residue and the Balkuling sand for both abrupt and gradual concentration changes 

during leaching with 500 mmol/L, were 6.1 and 1.5 cm/hr respectively decreasing to 

minimums of 0.02 and 0.14 cm/hr respectively during leaching with 1 mmol/L NaCl 

solution. There was little difference in hydraulic conductivity between the abrupt and 

gradual changes of concentration when the columns were finally leached with deionised 

water. The threshold concentrations reflecting the effects of initial aggregate breakdown 

occur at approximately 100 mmol/L NaCl concentration for both materials. The 

turbidity concentrations where dispersed particles first appeared in the effluent from the 

columns, were 1 mmol/L and 10 mmol/L for the Balkuling soil and the mining residue 

respectively. 
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Figure 3.2. Relative hydraulic conductivity as a function of electrolyte concentration; 

(a) abrupt   and (b) gradual changes in Balkuling soil 
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Figure 3.3. Relative hydraulic conductivity as a function of electrolyte concentration; 

(a) abrupt and (b) gradual changes in mining residue soil 

Some internal swelling of the clay is likely to have occurred within the rigid sand 

matrix of the columns to an extent determined by the ionic concentration of the leaching 

solution. Once the lowest concentration had been reached the decreases in permeability would 

be enhanced by the detachment, re-deposition and entrapment of clay particles within the 

sand matrix resulting in pore radii decreases (McDowell-Boyer et al. 1986; Mays and Hunt 

2005). However no effluent particles were observed from either material until the electrolyte 

concentration was reduced to 1 mmol/L when dispersion would have greatly enhanced 

particle mobility. The mining residue soil was substantially more vulnerable to mobilization 

than the Balkuling soil with absolute K reductions from 6.1 to 0.02 cm/hr and from 1.5 to 

0.14 cm/hr, respectively with a change in solution concentration from 500 to 1 mmol/L. This 

is likely related to the nature of their clay constituents with the residue containing a significant 

proportion of smectite. 

Similar observations were made for sand-clay mixture by Keren and Singer (1988) 

who reported that during a gradual reduction in leaching concentration, a steady decrease in K 

was observed with no clay in the leachate while an abrupt change to leaching with a lower 

concentration and then deionised water, produced a sharp drop in K. Abrupt change also 

produced clay particles in the leachate collected. Such effects were also reported by Keren 

and Singer (1988) for a clay-sand mixture leached with 5 mmol/L solution with SAR=10 

when the hydraulic conductivity decreased by three to four orders of magnitude. 
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3.3.3. Effluent particles and particle sizes of migrating clays  

The changing effluent particle size distributions with time together with the 

particle specific surface area (SSA) for the Balkuling and mining residue soils are 

shown in Figs.3.4 and 3.5, respectively. The mineralogical properties (nature and 

composition) are presented in Table 3.2. Balkuling soil is predominately kaolinite clay 

with traces of vermiculite and gibbsite while the mining residue contains roughly equal 

amounts of kaolinite and smectite clays. 

Table 3.2.  Mineralogical constituents and composition of Balkuling and mining residue 

effluent particles 

Mineral type  Proportion (%) 

Balkuling soil 

Kaolinite 86.4 

Vermiculite  9.7 

Gibbsite 3.9 

mining residue 

Kaolinite 50.9 

Smectite 49.1 

After about 15 hours of leaching the average size of the effluent particles 

decreased as demonstrated by changes in specific surface area (Table 3.1 and Figs.3.4 

and 3.5). The total specific surface areas of the entire effluent (assuming spherical 

shaped particles) estimated from the Malvern Mastersizer analyses were 0.82 and 8.97 

m
2
/g for the Balkuling soil and mining residue respectively as compared to the values 

for the basic clay particles which were 6.8 and 12.5 m
2
/g, respectively. Thus the 

particles in the effluent leaving the Balkuling soil system were considerably larger than 

the primary clay sized fraction (see also Fig.3.1), and indicate that detached particles 

included larger aggregations or domains  (or clay flocs) (Aylmore and Quirk 1960) of 

clay plates, as well as the finer fractions. 
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Figure 3.4 Temporal particle size distribution of migrating particles for Balkuling soil; 

(a) 0–2 hrs, (b) 2–4 hrs, (c) 4– 7 hrs, (d) 7–12 hrs and (e) 12–15 hrs  
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Figure 3.5 Temporal particle size distribution of migrating particles for mining residue; 

(a) 0–2 hrs, (b) 2–4 hrs, (c) 4–7 hrs, (d) 7–10 hrs, (e) 10–13 hrs and (f) 13–15 hrs  

In contrast the effluent particles from the mining residue columns appear to be 

largely primary clay particles and appeared at a higher turbidity concentration than for 

the Balkuling soil. Given the degree of disruption of any structural hierarchy during the 

gold extraction process, this lack of any aggregated particles in the effluent from the 

mining residue is not surprising. 

3.3.4. Pore size distribution of soil columns 

The pore size distributions for the columns packed with Balkuling soil and 

mining residue, before and after leaching with 1mmol/L NaCl solution, are shown in 
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Fig. 3.6. These were obtained from water retention data and are presented as (% 

number/µm). The pore size distribution before leaching with 1 mmol/L NaCl for the 

Balkuling soil columns was narrow with a peak occurring at approximately 27 µm while 

that for the mining residue was much broader with a peak at approximately 33 µm.  The 

small shift in the narrow distribution for Balkuling following leaching would be 

consistent with small dispersion and relocation of particles. The broader distribution for 

the mining residue became substantially narrower following leaching (Fig. 3.6). This 

change would explain the dramatic decrease of permeability by 4 orders of magnitude. 

Similar observations were made by Leij et al. (2002) who observed that over the total 

number of pores decrease, the mean pore size decreased from an initial 49.4 to 28 µm 

after disturbance. 
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Figure 3.6. Pore size distributions for the columns packed (a) Balkuling soil and (b) 

mining residue, before and after leaching with 1mmol/L NaCl solution 

To model the extent of hydraulic conductivity decreases due to particulate 

entrapment, the experimental particle size distribution data for the porous media shown 

in Fig 3.1 and the migrating and mobilised particle size distributions (Figs. 3.4 & 3.5) 

obtained using the Malvern Mastersizer analyser was used.  The migrating clay flocs in 

most filter systems, used to protect cohesive base soils are of the order 1 – 12 µm 

(Vaughan and Soares 1982). The size ranges of migrating particles of our soil media 

(Figs. 3.4 & 3.5) are consistent with the above and can be used for predicting particulate 

clogging and subsequent permeability reduction.  The majority of pore-water is 

contained in pores with sizes ranging from 10 to 85 µm and from 10 to 100 µm 

respectively for the Balkuling soil and mining residue (Fig. 3.6). These sizes are 

considerably greater than the sizes of mobilised and re-deposited particles (Figs. 3.4 & 

3.5). 
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The hydraulic conductivity was independently determined using the 

experimental particle size distribution data and partially applying the theoretical model 

of Reddi et al 2000 using Eqns 3.3, 3.4 and 3.5. The 1
k -factor was computed from Eqn 

3.3, using the changing particle size distributions with time (Figs. 3.4 & 3.5). The pore 

radii of size (
ir ) for an assemblage of uniformly sized spherical particles of size ( a ) in a 

cubic packing as extended to natural soil materials was developed by Arya and Dierolf 

(1989) for a void ratio ( e ) using 

2/1
3

*3

4








=

α

i

i

ea
r  with α* = 9.11 mm as an average for 

most soils (Arya and Dierolf 1989) chosen.  Using the measured number of particles in 

Eqn 3.4, new pore radii can be estimated and the hydraulic conductivity can then be 

estimated using Eqn 3.5 to arrive at the permeability indices (K/Ko). 

The results shows that the model predicted permeability trends quite well as 

reflected by the following statistical indicators; correlation coefficient R
2
 values for 

experimental and predicted being 0.979 and 0.968 for Balkuling and mining residue, 

respectively. Further analysis using the Root Mean Square Error (RMSE) being 0.181 

and 0.078 for Balkuling and mining residue respectively shows better agreement for 

mining residue (Fig. 3.7) following leaching of the soils with 1 mmol/L NaCl solution.  

There was substantial disagreement initially for the Balkuling soil, but agreement 

between experimental and predicted values improved as time progressed. In both soils 

the model overestimated the experimental data and such discrepancies no doubt arise 

from the physical heterogeneity of the soil matrices. The experiments were run under 

constant head with a pore flow velocity of approximately 0.05 cm/s. Surprisingly 

studies by Reddi et al. (2000) have demonstrated that the shape of K -t curves or rate of 

deposition, depends on flow velocity. Our results are consistent with those obtained by 

Reddi et al. (2000) when using a low flow velocity of 0.1 cm/s. 
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Figure 3.7 Relative hydraulic conductivity as a function of time for Balkuling soil and 

mining residue: Experimental and predicted (based on particle size distribution) 

The relative decrease of K/Ko is evidenced by decreased porosities from 0.387 

to 0.354 cm
3
/cm

3 
and 0.431 to 0.417 cm

3
/cm

3
 for the Balkuling soil and mining residue 

respectively. The trends observed in Fig. 3.7 are consistent with those in Figs. 3.2 & 3.3 

for hydraulic conductivity decreases. While the trend is similar for both cases, the 

predictive approach based on pore size distribution agreed well for the mining residue 

and was over-estimated in the case of the Balkuling soil.   

3.4. Summary and Conclusions 

The relative hydraulic conductivity (K/Ko) for both the Balkuling soil and the 

mining residue, decreased with decreasing electrolyte concentration and with time 

during leaching. The extent of the decreases was presumably determined by the relative 

effects of slaking, swelling and dispersion and the decreases in pore radii as a result of 

detachment followed by re-deposition of the clay fraction. The mining residue soil was 

substantially more vulnerable to pore clogging than the Balkuling soil. This is likely 

related to the less coherent state of the residue and the nature of their clay constituents 

with Balkuling soil being predominately kaolinite and the mining residue containing an 

equal amount of kaolinite and smectite clay particles. The latter are likely more readily 

mobilized, and hence available to re-deposit or occlude in downstream pores.  
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The effluent particles from the Balkuling soil included domains or aggregates of 

clay crystals indicating the remarkable stability of clay domains even at the lowest 

concentration. In contrast, the entities from the mining residue columns appeared to 

consist essentially of primary clay crystals and appear at a much higher turbidity 

concentration, again reflecting the less coherent nature of this disturbed material. The 

results also demonstrated that, based on the Reddi et al. (2000) model, experimental 

data on particle and pore size distributions can be used to provide a reasonable 

prediction of the likely trends in hydraulic conductivity of the soil with time during 

leaching 
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4. Using a pore scale model to quantify the effect of particle re-

arrangement on pore structure and hydraulic properties 

Abstract: 

A pore scale model based on measured particle size distributions was applied to 

examine the effects of particle release and re-deposition on pore structure and hydraulic 

properties. The mining residue was much more affected by this process with the water 

saturated hydraulic conductivity decreasing to 0.4 % of the initial value and the air entry 

value changing from 20 to 50 cm. For the Balkuling soil, there was little shift of the 

water retention curve detected despite the relatively appreciable decrease of the 

saturated hydraulic conductivity to 8.5 % of the initial value. This was attributed to 

localized pore clogging (similar to a surface seal) affecting hydraulic conductivity, but 

not the microscopically measured pore size distribution or water retention. Soil structure 

was modelled at the pore scale to explain the different response of the two soils to the 

experimental conditions. The size of the pores was determined as a function of 

deposited clay particles. The modal pore size of the Balkuling soil as indicated by the 

constant water retention curve was 45 µm and was not affected by the leaching process. 

In the case of the mining residue, the mode changed from 75 to 45 µm. This reduction 

of pore size corresponds to an increase of capillary forces that is related to the measured 

shift of the water retention curve.   

Keywords:  Pore structure, particle size distribution, particle re-arrangement, 

hydraulic properties, saturated hydraulic conductivity, soil water retention 

4.1 Introduction 

Soil hydraulic properties including water retention and hydraulic conductivity 

are directly related to the geometry of available pore spaces (Vogel and Roth 2001) and 

are crucial in the study of water flow and solute transport in soil profiles and soil water 

availability for plant growth. However a fundamental problem in studying flow through 

porous media is the difficulty in characterizing the pore space which controls the 

complex nature of the displacement mechanisms of fluids (Hunt and Gee 2002a). 

Porous media generally consist of interconnected networks of pores including structural 

pores (100 to 10,000 µm) matrix pores (0.1 to 10 µm) and this large disparity in 

dimensions poses practical and theoretical challenges to modelling the total system 

response (Tuller and Or 2002).  
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The structure and the hydraulic functions of aggregated soil material are not 

constant but depend on the stability and any rearrangement of the aggregates. 

Favourable soil structure is important in enhancing porosity, decreasing erosion 

(Bronick and Lal 2005) and improving water storage and movement (Pachepsky and 

Rawls 2003). Physical changes due to break up of connected capillary flow paths 

influence both solute diffusion and water retention characteristics (Hunt and Gee 

2002b). Particle release and re-deposition are complex functions resulting from the 

nature and interaction of many factors such as soil texture, mineral composition, 

exchangeable ions (Kay 1998) as well as electrolyte concentration or ionic strength 

(Grolimund et al. 1998; Kretzschmar et al. 1999). Irreversible changes in soil structure 

may occur when clay particles become dislodged when the electrolyte concentration is 

decreased (Lebron et al. 2001) with mobilized particles being re-deposited within the 

soil matrix (Lebron and Robinson 2003; Ranville et al. 2005). The total porosity and 

median pore size generally decrease over time due to colloidal dispersion (Auset and 

Keller 2004), followed by settlement and filling of pore spaces (Leij et al. 2002).  

Prediction of hydraulic properties is generally and typically based on models that 

consider pore size distribution (Assouline et al. 1998; Arya et al. 1999; Hwang and 

Powers 2003) and generalized formulations include parameters describing pore 

tortuosity, pore connectivity or pore interaction. Vogel (2000) showed the relevance of 

pore geometry on flow and transport in a numerical study and also demonstrated the 

combined effects of pore-size distribution and pore connectivity on the constitutive 

relations of soil hydraulic properties. Vogel and Roth (2001) used a Euler number to 

quantify the three-dimensional connectivity of a measured sample and to show the 

effect of this property on hydraulic properties.  

Several models also characterizing water flow at the pore scale have recently 

been presented (Fischer and Celia 1999; Vogel 2000). Flow dynamics through porous 

media have been studied using fractal models to estimate hydraulic properties from 

more readily measured soil properties such as texture or structure (Kravchenko and 

Zhang 1998; Hunt and Gee 2002b; Huang and Zhang 2005). Many attempts have been 

made to determine hydraulic properties from particle size distribution (Reddi et al. 

2000; Hwang and Powers 2003) since the spatial arrangement of particles, particularly 

in sandy soils, controls the pore structure. However the spatial arrangement of the 

particles is particularly important when soil particles are mobilized and re-deposited, 

when the macro particle size distribution is little affected 
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A different approach to the prediction of hydraulic properties is to model the 

particle configuration and use this to derive the pore network information subsequently. 

This approach has the advantage that both the particle distribution and the pore size 

distributions are considered simultaneously enabling the effects of particle re-

arrangement on hydraulic properties to be modelled while leaving the particle size 

distribution unchanged. 

In the present study, the changes of pore structure which occurred during the 

leaching of two soils of different structural characteristics using experimentally 

measured particle size and pore size distributions during leaching were modelled. While 

the study aims to elucidate the influence of particle release and re-arrangement on pore 

structure and hence on hydraulic properties, the mechanisms of particle mobilization 

and re-deposition are not considered in the context of the proposed model. Thus the 

study focuses on the effect of particle rearrangement on hydraulic properties, (before 

and after leaching scenarios). 

Details of the experimental materials and methods are presented first. In the 

results section, details and application of a pore scale model using experimental data are 

outlined followed by the use of measured and modelled data to quantify pore structure 

and test the model. 

4.2. Materials and Methods 

4.2.1. Soils materials 

Two different soils were used as porous media, an Agricultural soil (or 

Balkuling soil) classified as Vertic Ferralsol (World Reference Base for soil 

classification, FAO, 1998) and a mining residue or spoil classified as Anthroposol (Soil 

Taxonomy classification, Soil survey staff, 1996), consisting of waste products. 

Balkuling soil is also classified as brown loamy earth (WA soil group, McArthur 1991, 

or sodic manganesic brown Kandosol (Australian Soil Classification, Isbell 2002).  The 

Balkuling agricultural soil was colleted from “Yalanbee” CSIRO Research station farm 

near Bakers Hill, Western Australia. The soil is extensively used for cropping 

throughout the Western Australian wheatbelt and provides a classic example of a 

relatively fragile agricultural soil which is highly susceptible to structural breakdown 

and permeability problems. The mining residue was collected from the Sandalwood 

Cable Sands mine site, 5 km north of Brunswick Junction, Western Australia. The 

mining residue is a completely disrupted and reconstituted material (sand and clay) and 

presents similar structural problems in the rehabilitation of mining sites. 
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4.2.2. Particle size distribution measurements 

The particle size distributions for the various sized fractions of these porous 

media were determined using the sedimentation or grain size mechanical wet sieving 

method (Day 1965) for the particle size range from 45-2000 µm while a laser light 

scattering technique (Mastersizer Microplus Ver.2.18, c/o Malvern Instruments Ltd, 

1995) was used for the range < 45 µm.  

A mixture of air dried soil (<2 mm) with water was boiled and 6 % hydrogen 

peroxide solution was added to remove organic matter followed by a Calgon/NaOH 

mixture (sodium hexametaphosphate) to disperse the soil. Suspensions were collected 

for various fraction sizes according to the sedimentation theory or Stokes’s law (Stokes, 

1891). For the sand fractions suspensions were separated using sieves of various 

diameters (1000, 500, 250, 125, 45 µm).  Suspensions passing through 45 µm together 

with effluents from subsequent leaching experiments were analyzed for particle size 

distribution using a Malvern Mastersizer analyser.  Suspensions were dispersed in the 

Mastersizer’s ultrasonic bath unit (equipped with a small angle light scattering 

apparatus, Helium-neon laser; λ = of 633 nm, as a light source) for about 25 minutes. 

Suspension concentrations were adjusted until an obstruction of a least 0.2 % is reached 

for best results using refractive indices of 1.59 and 1.33, respectively for clay and 

deionised water with a particle density of 2.6 g/cm
3
. Both values assumed to be 

representative for the soil material used for analysis.  

In addition to particle size analysis, other basic properties including soil bulk 

density, pH, organic carbon, cation exchange capacity, electrical conductivity and clay 

mineralogy, were determined using standard physical and mineralogical methods (Klute 

1986) and are presented in Tables 4.1 & 4.2.  
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Table 4.1. Physico-chemical characteristics of soils measured  

Property Balkuling soil mining residue 

Sand (%) 83.3 89.0 

Silt (%) 6.6 1.9 

Clay (%) 10.1 9.1 

Texture Sandy loam Loamy sand 

Electrical conductivity (µS/cm) 42 380 

pH( water)  6.1  8.7  

CEC (cmol/kg) 3.4 8.1 

Organic Carbon (%) 0.3 0.55 

Clay mineralogy Kaolinite,vermiculite Kaolinte, smectite 

Specific surface area (m
2
/g) 6.8 12.5 

CEC-cation exchange capacity 

Table 4.2. Some physical characteristics of soils measured [superscripts a & b indicate 

respectively total porosity at the start and at the end (parenthesis) of leaching with 1 

mmol/L NaCl] 

Property Balkuling soil mining residue 

Bulk density (g/cm
3
) 1.61 1.58 

Total porosity (cm
3 

cm
-3

) 0.387
a
 (0.354)

b
 0.431

a
 (0.417)

b 

% Sand fraction (g/g) 

1000 – 2000 µm 12.37 1.70 

500 – 1000 µm 26.78 12.81 

250 – 500 µm 21.30 57.46 

125 – 250 µm 15.92 13.67 

45 – 125 µm 2.41 2.40 

< 45 µm 4.52 1.00 

Superscripts a and b denotes before and after leaching respectively 

4.2.3. Water retention and equivalent pore size distribution  

Soil water retention curves were determined using sintered glass funnels and the 

Haines method over the low pressure ranges (Haines 1923) and pressure plate ceramic 

membrane apparatus for the higher pressure range (>60 cm). Air dry < 2 mm soil 

aggregates were uniformly packed into 3 cm long and 5 cm diameter columns.  The 

column samples were pre-wetted overnight from below to ensure complete saturation. 

Samples within the columns were confined between coarse sintered glass plates to 

enhance hydraulic contact while a 50 micron nylon mesh was placed as filter in both 

ends of the soil columns. A hanging column experiment was carried out by sequentially 

imposing the following suctions; 5, 10, 15, 20, 30, 35, 45, 50, 55 and 60 cm. The 
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columns were initially saturated with water by setting the equilibrium at zero suction. 

The applied suction can be related to an equivalent pore size according to the capillary 

law for perfectly wettable solids: )/2( prP σ=∆ ,where ∆P  is the pressure difference 

(Pa) across an air-water interface, σ  is surface tension of water and air (Jm
-2

) and rp  is 

the radius of a circular capillary tube (m). The water retention curve was measured 

before and after a leaching experiment with different solute concentrations. The porosity 

and particle size distribution in the effluent before and after leaching with 1 mmol/L 

NaCl electrolyte concentration (Table 4.2) were measured to examine changes in pore 

structure following particle release and re-deposition processes. The total porosity was 

estimated from volumetric saturated water content measured by a hanging method 

experiment or Haines method (Haines 1923). 

4.2.4. Hydraulic conductivity measurements 

Laboratory leaching column experiments were carried out to determine saturated 

hydraulic conductivity using similar columns to those used in the measurement of water 

retention with soil packed to a bulk density of approximately 1.58 g/cm
3
. The samples 

were first purged with carbon dioxide to remove entrapped air which together with pore 

blockage can play a significant role at higher flow rates as well as lack of air continuity 

in the sample in the wetter regime (Wildenschild et al. 2001). Samples were saturated 

overnight in a tray filled with the de-aired solution of known concentration.  Marriotte 

constant-head devices were set up for saturated flow and the soil columns were first 

leached with an electrolyte concentration of 500 mmol/L NaCl to a constant flow rate. 

The solution concentration was then reduced progressively through 500, 100, 50 and 10 

to 1 mmol/L NaCl. to assess in detail the dynamics of saturated hydraulic conductivity 

with time. The saturated hydraulic conductivity ( Ks ) was estimated for a 1-dimensional 

vertical flow (Klute and Dirksen 1986).  

4.3. Results and discussions 

4.3.1. Pore scale modelling  

A three dimensional model was used by Lehmann et al. (2006) to analyze the 

geometric properties of packed spheres. A two dimensional version of the Lehmann et 

al. (2006) model was used to characterize the changes in pore space resulting from 

particle migration within the soil columns during the leaching process. 
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4.3.1.1. Modelled size distribution of sand grains  

The mass fractions of sand particles with sizes ranging from 45 to 2000 µm were 

measured in the laboratory. The mass fractions were fitted with a lognormal distribution 

function denoted as )(DM  with the diameter of the sand particle D . The measured and 

fitted cumulative distribution functions are shown for both soils in Fig. 4.1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 Measured sand size distribution of Balkuling soil (grey symbols) and 

mining residue (black symbols). The measurements are fitted with a lognormal 

distribution (lines). 

The value of the fitted function )(DM  divided by the volume of a sphere with 

diameter D  equals the probability that a sand grain has the diameter D . However, to 

model the sand grain size in a two-dimensional cross-section, we must determine the 

diameter d  of circular cross-section (“disk”) through a media with spherical particles. 

Ohser and Mücklich (2002) used Wickell’s equation for probability density function to 

derive the disk diameter distribution function ( )df  from the sphere diameter 

distribution in three dimensions ( )Df : 

( ) dDDf
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The value ( )df  gives the probability that the diameter of a sliced sand grain in the 

cross-section has the diameter d . By integrating ( )df  with respect to the diameter d , 

we obtain the cumulative distribution function ( )dF , i.e. the probability that a disk has 

a diameter smaller than d . By dividing ( )dF  by ( )maxdF , where maxd  is the maximum 

diameter of 2000 µm, we obtain a number between 0.0 and 1.0. To determine the 

diameter of a sand particle in the cross-section, a random number n  between 0 and 1 is 

chosen that corresponds to a value of ( ) ( )maxdFdFn =  with a disk diameter d .  

4.3.1.2. Modelled coating of sand grains  

In the pore scale model, the solid phase was assumed to consist of sand grains 

with a coating containing clay and silt particles. The mass fraction of the clay and silt 

particles, denoted by c  was 0.167 kg kg
-1

 for the Balkuling agricultural soil and 0.110 

kg kg
-1

 for the mining residue. The complementary mass fraction of the sand is denoted 

by cs −=1 . Initially, all clay and silt particles are modelled as elements of the coating. 

With changing solute concentration, a fraction ξ  of these particles is released. By 

defining the cross-section of the bare sand particles per total cross-section as Φ  (m
2
 m

-

2
), the fraction of the coating is sc)1( ξ−Φ  and the fraction of released particles is 

scξΦ . The sum of the solid fractions is complementary to the porosity φ  (m
2
 m

-2
) 

( )
φ

ξξ
−=Φ+Φ

−
+Φ 1

1

s

c

s

c
                                 (4.2) 

Due to the instability of the coating, the parameters ξ , φ , and Φ  are not constant but 

solute concentration dependent. For example, the porosity φ  decreased from 0.387 

m
2
m

-2
 to 0.354 m

2
m

-2
 for the agricultural soil and from 0.431 m

2
m

-2
 to 0.417 m

2
m

-2
 for 

the mining residue due to decreasing solute concentration.  

To mimic the experimental conditions, it was taken into account the fact that the 

release of particles may be different for the two media and modelled this process using 

experimental data. The mass of colloids in the effluent, η , was determined 

experimentally as 0.068 mg for the agricultural soil and 0.083 mg for the mining 

residue. Assuming that the ratio of colloids in the effluent of the agricultural soil and the 

mining residue corresponds to the ratio of the particle release, we propose the following 

equation: 
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Φ

Φ

== ξαξ
ξ

ξ

α
η

η
:                          (4.3) 

where αηη =MA is the effluent mass ratio of the two media and the subscripts A and M 

denote respectively Balkuling agricultural soil and mining residue.  

Here, the process of particle release as a function of solute concentration was not 

discussed. Instead, the change of the pore structure if a certain amount of fine particles 

are released and are re-deposited was described. The parameter Mξ  was varied from 0 

to 0.1, corresponding to a maximum release of 10 % of the coating in case of the mining 

residue and for the agricultural soil, 
A

ξ  was calculated according using Eqn (4.3).  

4.3.1.3. Spatial distribution of coated sand grains  

According to subsection (modelled size distribution of sand grains) above, the 

size of the particle i  was determined by choosing a random number between 0 and 1 

and solving numerically the equation ( ) ( )maxdFdFn ii =  for the disk diameter of the 

sand grain 
id . Due to the coating with clay and silt particles, the cross-section of the 

coated particles must be increased. With the concentration dependent coating, the 

diameter is increased according to  

( )
s

c

d

dd

i

Ci i
ξ−

+⇒






 + 1
1

2

          (4.4) 

with the thickness of the coating of the particle 
icd .  

The creation of new particles, i.e. the determination of disk diameter, is repeated as long 

as the following criterion is fulfilled: 

( ) )1(81
22

φπ −<+∑ Ldd
i

Ci i
           (4.5) 

with the cross-section of the coated particles at the left and the area of the solid phase at 

the right side, where L (m) is the size of the system.  

In a next step, the disk sizes are sorted and random positions for the centres of the disks 

are chosen beginning with the largest disk diameters. In case of overlapping, new 

random positions were chosen. The resulting modelled media are shown in Fig. 4.2. 
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(a) (b)

 

Figure 4.2.  Modelled cross-section of the Balkuling agricultural soil (a) and the mining 

residue (b). Sand particles (grey) are coated with a layer containing clay and silt 

particles. In the case of the Balkuling agricultural soil, the clay and silt contents are 

higher as indicated by the thicker layer. 

4.3.1.4 Discretization of modelled cross-sections  

To quantify the pore geometry of the generated media, the cross-section is 

segmented into an image with pixels determined as grains or pore space. For that 

purpose, a quadratic cross-section of the medium with size =L 7.5 mm was subdivided 

into 750x750 elements of size 0.01 mm. For each element of the image, denoted as 

pixel, the fraction of solid grain was determined. All pixels with a fraction of solids 

below a threshold were determined as pores. The threshold was chosen according to the 

requirement that the fraction of the coated sand grains in the image equals the measured 

fraction ( ) scξ−Φ+Φ 1 . To model the re-deposition of the colloids, pixels of the pore 

space are chosen randomly and determined as deposited colloids. The number of 

deposited colloids N  is given by: 

2










∆
Φ=

x

L

s

c
N

ξ
             (4.6) 

where x∆ =0.01mm is the pixel size. The maximum number of re-deposited particles 

was 3590 corresponding to 0.64 % of the total cross-section of the medium.  

4.3.1.5. Quantification of pore size  

Hydraulic properties such as water retention and hydraulic conductivity depend 

on the size of the pores. To determine the pore sizes, the distance from the solid phase is 
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determined in a first step for all pixels of the pore space. This size corresponds to the 

radius of a disk that lies entirely within the pore space. A value equal to the diameter of 

such a disk (denoted as distance transform) is attributed to the pixels of the pore space. 

The distance is shown in Figure 4.3.  

 (a) (b)

 

Figure 4.3. Effect of clay re-arrangement on the distance transform of the mining 

residue. Bright values indicate a high distance from the solid phase (black). In Fig.4.3a, 

the coating is intact. In Fig. 4.3b, 3 590 particles are re-deposited and reduce the 

distance between pores and solid phase 

The centre of a small disk close to the solid wall may be in the periphery of a 

larger disk. In such a case, the size of the larger disk is attributed to the pixel close to 

the solid wall. This maximum size for each pixel of the pore space is denoted as pore 

size. The pore sizes in the cross-sections are shown in Fig. 4.4. 
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(a) (b)

 

Figure 4.4 Effect of clay re-arrangement on the pore sizes of the agricultural soil. 

Particles are shown in black and large pores in white. In Fig. 4.4a, the coating is intact 

and the system contains less but larger pores. In Fig. 4.4b, 2 948 particles are re-

deposited dividing large pores into more smaller units 

The pore sizes and the distances from the solid phase are affected by the re-

deposition of particles. The effect of re-deposition on the pore size and distance was 

then quantified. 

4.3.2. Measured effects of pore structure dynamics on hydraulic properties 

Figure 4.5 shows the size distribution of the particles in the effluent from the 1 

mmol/L NaCl leaching. The majority of particles lie in the size range of 0-15 µm. This 

effluent’s size distribution provides insights into the size range of particles involved in 

particle migration during leaching which causes changes in hydraulic properties.  The 

effect of particle migration is reflected by changes in the water retention characteristic 

curves (Fig. 4.6) that can be interpreted as a shift in the distribution function of 

equivalent pore sizes (Fig. 4. 7). The arrows in Fig. 4.6 indicate the air-entry values. 

The total porosity decrease (Table 4.2) was attributed to re-arrangement of particles 

following leaching which also caused partial blocking of pores and a decrease of 

saturated hydraulic conductivity.  
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Figure 4.5.Particle size distribution of effluent or migrating particles. 

In the case of the mining residue, the water retention curve shifted to higher 

absolute values of matric potential head. In the same figure a decrease of porosities 

following the leaching of soil columns is shown. This decrease in porosity is attributed 

to pore clogging due to particulate entrapment. This clogging reduced the permeability 

of the soil. The measured saturated hydraulic conductivities for both soils are shown in 

Figure 4.8 and indicate a decrease of saturated hydraulic conductivity with reduced 

concentration. This was attributed to a decreased fraction of large pores after deposition 

and re-deposition of colloidal particles. With decreasing solute concentration, clay and 

silt particles are released from the coating and are re-deposited in the pore space. The 

decrease was most pronounced in the case of the mining residue. 
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Figure 4.6. Measured soil water retention curves during the experiments with 

decreasing solute concentration, the porosities decrease. The arrows indicate the air-

entry values. In case of the mining residue, the water retention curve is shifted to higher 

absolute values of matric potential head. 

   

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0.1 1 10 100 1000

%
 n

u
m

b
er

/µ
m

Before leaching

After leaching

(a)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0.1 1 10 100 1000

(b)

Pore radius (µm)
 

Figure 4.7. Changes of pore size distribution due to particle re-arrangement: (a) 

Balkuling soil, and (b) mining residue   

4.3.3. Modelling the pore structure dynamics and its effect on the hydraulic 

properties  

The ability of the proposed pore structure model to describe changes in 

hydraulic properties was examined. In the model, rearranged particles were placed 

randomly in the pore space leading to a change in the distance transform and the pore 

size distribution. In Fig. 4.9, the effect of increasing particle release on pore size and 

distance transform is shown. The number of rearranged particles increased from 0 to a 
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maximum value of 3590. For both soils, modelling results have revealed that the 

fraction of large pores is reduced and this was reflected by a decreased hydraulic 

conductivity (Fig. 4.8), because the flow increases with the 4
th

 power of the pore radius. 

The trends for the mode, i.e. the maximum of the pore size distribution, are different for 

the two soils. For the agricultural soil, the mode is in all cases occurs at 45 µm. In the 

case of the mining residue, the mode shifted from about 75-95 µm for intact coatings to 

smaller values of 45 µm for the situation with released particles. This shift of the mode 

of the modelled pore size distribution corresponds to the shift of the measured air-entry 

value of the water retention curves. 

0

1

10

100

0.1 1 10 100 1000

Concentration (mmol/L)

H
y

d
ra

u
li

c
 c

o
n

d
u

ct
iv

it
y

 (
m

m
h

-1
)

mining residue

agricultural soil

 

Figure 4.8. Hydraulic conductivity as a function of electrolyte concentration during 

leaching for agricultural Balkuling soil and mining residue 
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Figure 4.9. Computed distribution of pore sizes (left) and distance from solid phase 

(right) as a function of re-deposition. The results for the Balkuling agricultural soil are 

shown on top and on bottom for the mining residue. With increasing deposition, large 

pores are replaced by smaller voids. In case of the mining residue, the position of the 

mode of the pore size distribution is shifted to smaller sizes, resulting in a changed 

water retention curve. The number of released particles changed from 0 to a maximum 

value of 3 590. Arrows indicate increasing deposition of particles. 

To examine this feature in more detail, it was essential to distinguish between 

the water retention curve and the true geometric pore size distribution function. Using 

the capillary law, an equivalent pore size can be attributed to the absolute value of the 

matric potential head h . Thus, the cumulative size distribution of these equivalent pore 

sizes equals the water retention curve. However the equivalent pore size is not the same 

as the geometric size of a pore due to the connectivity of the pore network. For example, 

the drainage of a large pore surrounded by small pores is controlled by the drainage of 

the small pores. The equivalent pore size determined with the measured water retention 

function will be the same for the enclosed large and the surrounding small pores. 

To compare the water retention curve with the modelled geometric pore size 

distribution, the mode of the distribution function is more important than the size of the 

largest pores. The set of pixels with a pore size r  that is larger than the mode of the 

distribution function mr  is small and does not build a connected network that spans the 

whole system. Air entry will occur if all pore pixels of size trr ≥  form a connected 

system and the applied suction exceeds the capillary forces in a pore of size tr . Because 
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the pores of size mrr =  are the most frequent in the cross section, the set of pixels with 

size 
mrr ≥  becomes more connected. In Fig. 4.10, the cross-sections are shown for 

different tr  for the agricultural soil before and for the mining residue after the re-

deposition. Note that the relevant connectivity in three dimensions cannot be shown in 

two dimensional cross-sections. However, in the cross-sections for 45== mt rr µm, 

corresponding to the mode of the pore size distribution, large connected clusters 

emerge. So, air is expected to enter the pore space if the applied hydraulic head is strong 

enough to exceed the capillary forces in pores of size mr . 
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Figure 4.10. Size-dependent pore connectivity for the Balkuling soil and the mining 

residue. All particles and pores smaller than the threshold value rt , are shown in black 

and pores of radius r ≥ rt in white.  With decreasing threshold radius, the system of 

pores becomes more continuous. The mining residue after the re-deposition has similar 

properties as the Balkuling agricultural soil before the release process. 

4.4. Summary and Conclusions 

Using the model of pore structure proposed by Lehmann et al. (2006), the 

measured effects of particle deposition on the hydraulic properties have been largely 

explained. Comparing the modelled pore size distribution with the measured water 

retention curves for the four cases; (i) Balkuling agricultural soil before the release 

process, (ii) mining residue before the release, (iii) Balkuling agricultural soil after the 

re-deposition and (iv) mining residue after the re-deposition, the measured water 
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retention curves were very similar for the cases i), iii) and iv). The air entry values of 

these three curves were 2-3 times the value observed for the mining residue before the 

release process (ii). The same phenomenon was simulated with the pore model: the 

mode of the modelled pore size distribution was at 45 µm for (i), (iii) and (iv) and about 

75 to 95 µm for ii). The ratio of the capillary forces associated with these values of the 

modes is equal to 1.67 to 2.11 and is similar to the measured ratio of the air entry 

values. 

As well as the shift of the water retention curve in the case of the mining residue, 

we found a substantial decrease in measured saturated hydraulic conductivity for both 

soils. This decrease could be explained with the modelled destruction of large pores due 

to particle re-deposition. The decrease of saturated hydraulic conductivity (6.1 to 0.02 

cm/hr) was more pronounced in the case of the mining residue. The tremendous change 

of the hydraulic properties in case of the mining residues is caused by a shift of the pore 

size distribution function to smaller values with decreasing solute concentration. 

Initially, the pore size distribution was flat with a wide range of pore sizes. This curve 

becomes shifted to smaller sizes with a more narrow size distribution. For the 

agricultural soil, there was little shift of the water retention curve detected with 

appreciable decrease of the saturated hydraulic conductivity (1.5 to 0.14 cm/hr). This is 

attributed to localized pore clogging (similar to a surface seal) affecting hydraulic 

conductivity 

.
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5. Decrease in hydraulic conductivity and particle release associated  

with self-filtration in saturated soil columns 

Abstract:  

The dynamics of the process of self-filtration in soil columns has been evaluated 

for two soils with distinctly different structural cohesion (Balkuling agricultural soil and 

a mining residue) by carrying out experiments focusing on microscopic particle 

behaviour during filtration. Soil column experiments were set up to simultaneously 

measure changes in pressure gradients along the columns and outflow particle sizes and 

concentrations during pressure leaching with solutions of 100, 10, 1 mmol/L NaCl and 

deionised water. The electrical conductivity (EC), soil pH and effluent particle size 

distributions were also measured on the leachates collected during particle release. The 

lowest ionic strength has resulted in more reduced hydraulic conductivity and relatively 

more release of colloids associated with hydrodynamic shear and dispersion. 

Steady increases in pressure gradient (∆P/∆L) and corresponding decreases in 

relative saturated hydraulic conductivity (K/Ko) with time were observed for both soils 

and follow similar trends at all column depths. The most severe increases in pressure 

gradients and decreases in relative saturated hydraulic conductivity always occurred 

near the inlet to the columns and the decline gradually decreased along the column. An 

increase of ∆P/∆L and decrease in K/Ko with decreasing ionic strengths was also 

observed for both soils. The decreases in K/Ko and increases in ∆P/∆L were clearly 

influenced by the size as well as the concentration of migrating particles in the porous 

medium. The finer mobile particles in the mining residue were clearly more readily self-

filtered at the lower concentration than the larger Balkuling particles producing more 

rapid increases in ∆P/∆L and decreases in K/Ko suggesting more effective self-filtration 

and more plugging probably due to increased development of the diffuse double layer, 

swelling and dispersion within the soil matrix at these concentrations. The pH and EC 

were found to remain essentially constant with time during column leaching and particle 

release.  

Keywords: Saturated hydraulic conductivity, self-filtration, pore clogging, particle 

mobility, particle release, deposition 
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5.1. Introduction  

The migration and rearrangement of particles (or self-filtration) has profound 

effects on the stability of soils (Reddi et al. 2000; Thomlinson and Vaid 2000). This in 

particular true for sodic soils for which hardsetting, crust formation and densification 

are serious factors contributing to soil degradation. To better understand how particle 

rearrangement contributes to soil degradation it is a prerequisite to develop a better 

understanding on the dynamics of how particles are mobilized, moved and redeposit 

which in turn adversely affects hydraulic properties. While a number of studies have 

looked at how hydraulic conductivity changes due to changes of soil solution 

concentration and composition, very few studies have looked at the rate at which 

hydraulic conductivity decreases (Quirk and Schofield 1955; Felhendler et al.1974; 

Pupisky and Shainberg 1979; Abu-Shara et al. 1987; Yousaf et al. 1987; Bagarello et al. 

2006)), at what depth pore clogging occurs and at the amount and particle size of fines 

being released from soil. These are dynamic aspects of self-filtration that will be the 

main focus of this chapter. 

Processes of particle mobilisation and retention are central to the understanding 

of soil formation, colloid facilitated contaminant transport, management of irrigated and 

non-irrigated sodic soils, pore clogging and filter design.  It has long been observed that 

in many soil types, soil formation processes result in coarsening of the near-surface 

horizon (e.g A and E) which leads to accumulation of fine particles in the deeper 

horizons (Birkeland 1974). This transport and eventual entrapment of colloid-size 

particles in a filter is sensitive to the physicochemical environment of the porous media 

(Reddi and Bonala 1997). However, the processes of particle generation and 

accumulation in natural subsurface soils as influenced by soil structural stability, 

solution chemistry (Felhendler et al.1974; Frenkel et al. 1978; Pupisky and Shainberg 

1979; Grolimund et al. 1998), and the size of the particles (< 10 µm, Kretzschmar et al. 

1999) etc., are still poorly understood (Ryan and Elimelech 1996; Ryan et al. 1998).  

Pore clogging following the entrapment of fine particles is a major cause of 

reduced soil hydraulic conductivity for surface soils particularly when irrigated with 

sodic waters of low electrolyte concentration (Felhendler et al.1974; Frenkel et al. 

1978); Hajra et al. 2002). Self-filtration and the continuous accumulation of fine 

micron-sized particles can seriously limit the infiltration capacity and drainage 

properties of the whole soil profile (Reddi et al. 2000; Moghadasi et al. 2004) and low 

hydraulic conductivity in the subsoil can also create surface runoff (Russo and Bresler 
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1981; Russo 1983). Geochemical transformation and deposition processes (Song and 

Elimelech 1995) enhance particle release from filters (Grolimund and Borkovec 1999). 

For example particles moving along the flow path may be retained in porous media as a 

result of changes in chemical properties such pH or salinity of the medium or fluid 

(Moghadasi et al. 2004).   

All these studies reveal that the processes contributing to particle detachment, 

transport and retention are very complex in soils and that to this date no comprehensive 

modelling approach have been developed to cope in particular with clogging of pores 

and reduction of hydraulic conductivity. In particular developments of filtration theory 

and modelling of colloid transport have focused largely on homogenous porous media 

involving studies on very well defined porous media such as glass beads. These theories 

do not perform well when applied to natural porous media which are generally 

characterised by wide particle size distributions and complex pore geometry 

(Kretzschmar et al. 1999). Studies of particle transport with natural colloidal particles 

(Kretzschmar et al. 1997) within the context of dynamic changes of hydraulic 

conductivity appear scarce.  

The present study was designed to experimentally examine the dynamics of the 

progressive particle mobilization and re-deposition here referred to as self-filtrations 

during the flow of solutions of decreasing electrolyte concentration through two soil 

materials of differing structural cohesion. The temporal changes of hydraulic 

conductivity at different soil depths and the outflow particle size and concentrations 

were used as a means to quantify self-filtration processes in microscopically complex 

porous material. 

5.2. Materials and methods 

5.2.1. Soil materials 

Laboratory investigations into the dynamics of particle mobilization and its 

effects on saturated hydraulic conductivity were carried out using an agricultural soil 

commonly used in Western Australia (Balkuling soil) and a mining spoil (mining 

residue) with significantly different physical and chemical properties (Table 5.1). 

Balkuling soil is a duplex soil classified as a brown loamy earth (WA soil group, 

McArthur 1991), or sodic manganesic brown Kandosol (Australian Soil Classification, 

Isbell 2002) and is also classified as Vertic Ferralsol (World Reference Base for soil 

classification, FAO, 1998). Although structurally fragile the Balkuling soil possesses 

micro-aggregation and when carefully managed has been extensively and successfully 
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used for both pasture and crop production in Western Australia. In contrast, in the 

mining residue or spoil, consisting of waste products (>63 µm tailings sands and <63µm 

fines) collected from the Cable Sands (WA) Pty.(Ltd). Sandalwood mine site, 5 km 

north of Brunswick Junction, Western Australia, any previous structural cohesion has 

been essentially disrupted by the mining treatment and such spoils pose significant 

problems in terms of rehabilitation. Selected physico-chemical and mineralogical 

properties were determined using standard procedures (Klute 1986) and are presented in 

Table 5.1 and Figure 5.1.  

Table 5.1. Selected physico chemical properties of Balkuling and mining residue soil 

Property Balkuling soil mining residue 

Texture Sandy loam Loamy sand 

Sand (%) 83.3 89.0 

Silt (%) 6.6 1.9 

Clay (%) 10.1 9.1 

Packing Density (g/cm
3
) 1.61 1.58 

Electrical conductivity (µS/cm) 42 380 

pH( water)  6.1  8.7  

CEC (cmol/kg) 3.4 8.1 

ESP (%) 2.5 27 

Organic Carbon (%) 0.3 0.55 

Clay mineralogy Kaolinite, vermiculite 

with traces of gybsite 

Kaolinite-smectite 

with traces of quartz 

CEC-cation exchange capacity  
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Figure 5.1. Particle size distribution of the Balkuling soil and mining residue 

5.2.2. Column experiment: Pressure measurement using pressure transducers 

Experiments were carried out using soil columns as shown schematically in 

Fig.5.2.  Soil samples (< 2 mm) were initially mixed with 0.9–1 mm acid-washed sand 

to provide a rigid skeletal structure to facilitate flow and colloidal mobility. The 

proportions of mixtures were 50% soil–50% sand and 30% soil–70% sand, respectively, 

for the mining residue and Balkuling soil. The mixtures were uniformly wet packed into 

acrylic soil columns (400 mm long, 25 mm diameter, 2 mm wall thickness, cross-

sectional area 4.91 cm
2
, volume 196 cm

3
) and saturated with the desired electrolyte 

concentrations. To avoid mechanical dispersion, samples were moistened by dripping 

about 5.mL solution onto the soil which was packed in 10 g increments. The column 

size chosen is in same range of column dimensions that were used in comparable studies 

of colloid mobility (Grolimund et al. 1998, Moghadasi et al. 2004). Holes were bored at 

various column depths (Di), to enable pressures sensors (Pi) to be inserted, at 50 mm 

(D1/P1) 150 mm (D2/P2), and 250 mm (D3/P3), along the column from the inlet (Fig. 

5.2).  Miniature pressure transducer with tensiometers T5–7/5 model (UMS, 2000) each 

with 1.5 m cable length and 5 cm shaft length and 20 mm diameter were connected to 

the system for online pressure-time monitoring to yield information about pressure 

changes and saturated hydraulic conductivity reductions with time. The pressure 

transducers with tensiometer–T5 cups were installed horizontally into the soil columns. 

These T5 tensiometers have small ceramic cups, and are known to offer minimal soil 

disturbance with a small sampling volume. They have fast response times making them 

suitable for operation under saturated water flow conditions.  

 A peristalitic pump (designed with a system maximum discharge pressure of 300 

kPa at 0 – 40° C), was used to pump solutions of ionic strengths: 100, 10 and 1 mmol/L 
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NaCl into the soil columns in a vertical upward flow.  During experimental runs, 

pressures were measured at designated points along the columns under predetermined 

constant flow rate Q . Pressure ( P ) was measured as a function of time ( t ) and axial 

distance along the soil columns ( L ).  

For continuous online pressure measurements, an Agilent 34970A model data 

logger-PC system (Agilent Technologies 2003) was used as a data acquisition system. 

To ensure equilibration of the system and to enable particle-hydrodynamic settling, the 

columns were saturated with the desired solution overnight (for at least 12 hours). Prior 

to experimental runs, a steady state was attained by measuring outflow rates until a 

constant value was achieved at the various times as presented in Table 5.2 for each 

experimental set up. 

Figure 5.2. Schematic diagram of laboratory column-pressure measurements during 

leaching with solutions of various electrolyte concentrations. P1, P2, and P3, and D1, D2, 

and D3 represent positions of pressure transducers and depths respectively. 

The characteristics of the columns and experimental conditions are presented in 

Table 5.2. The porosity or void ratio was estimated by determining the amount of 

solution required to saturate the soil column (313g for the Balkuling soil and 330 g, for 

the mining residue) while the pore velocity was estimated from the pore flow rate 

divided by column cross-sectional area. For the Balkuling soil the system was able to 

handle a pressure range of 20-300 kPa at low pore velocity of 12 cm/h while those for 

the mining residue could handle pressures in the 0.5 to 10 kPa range at pore velocity of 

22 cm/h during leaching dilution from 100mmol/L to deionised water. 
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Table 5.2. Column characteristics and experimental conditions of packing material  

Property -------Electrolyte concentration (mmol/L)-- 

 100 10 1 Di-water 

Balkuling soil 
a
Effective Porosity (cm

3
/cm

3
)  0.21 0.21 0.21 0.21 

Constant flow rate achieved 

(cm
3
/min) 

0.96 0.95 0.98 0.96 

Time required (min) 20 25 20 20 
b
Pore water velocity (cm/h)   11.7 11.6 12.0 11.7 

mining residue 
a
Effective Porosity (cm

3
/cm

3
)  0.17 0.17 0.17 0.17 

Constant flow rate achieved (cm
3
/min) 1.88 1.84 1.78 1.76 

Time required (min) 15 20 20 25 
b
Pore velocity (cm/h)   23.2 22.5 21.7 21.5 

a
Estimated by amount of water saturating soil column 

b
Computed by dividing flow rate by column cross-sectional area and porosity 

Time required is the time to reach steady state following start of leaching 

5.2.3. Particle release  

Mobile effluent particles were obtained simultaneously by collecting 

suspensions from the outflow fraction collector during leaching (Fig. 5.2). A fraction 

collector was set up with pre-weighed 10 mL vials to collect effluents during leaching. 

The effluent colloidal size distributions and their specific surface areas were determined 

using a Malvern Mastersizer (Malvern Instruments, UK 1995). The pH (in standard 

units) and electrical conductivity (EC) in mS/cm were measured on each effluent using 

Eutech Cybernetics instrument (model Cyberscan con 10), to assess the temporal 

changes during particle release. Collected fractions of known volume were oven dried at 

100 ºC for 24 hrs and weighed to determine the actual particle concentration. 

Corrections for salt accumulation in the leachates collected were also measured and 

were 1.3, 0.4 and 0.1 mg for 100, 10 and 1 mmol/L solutions respectively. 

 

5.3. Results and discussions 

5.3.1. Effect of Darcian flow regime on transport properties of porous medium 

The extent of particle release and hydraulic conductivity changes using saturated 

columns (Fig. 5.3 through to Fig 5.9) were evaluated by measuring pressure gradient 

(∆P/∆L) build up along the soil columns. During fluid flow through a porous medium, 

pressure increases develop along the soil matrix in the direction of flow. The increase in 
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pressure is a function of the system geometry (void ratio) and the physical properties of 

the soil and fluid and these can contribute to various flow regimes described as Darcian, 

inertial, unsteady laminar or turbulent flows. Further particle deposition and deposit 

morphology depend on the characteristics of the porous media and the flow field (Mays 

and Hunt 2005). 

Assuming a Darcian flow, saturated hydraulic conductivity K  can be expressed as: 

P

L

A

Q
K

∆

∆
= ,                 (5.1) 

whereQ  is volumetric flow rate, A  is column cross-sectional area and , L  is distance 

from the inlet of column P is the pressure.  

The experimental flow conditions were also evaluated for Darcian flow, using 

Reynolds number Re (Happel 1958; Happel and Brenner 1973) which expresses the 

ratio of inertial to viscous forces as the criterion to distinguish between laminar flow 

occurring at low velocities and turbulent flows. For flow through porous media; Re = 

qd/γ where q, is the flux density, d is pore length dimension (mean pore size) and γ is 

kinematic viscosity. The flux density q= Q/A where Q is the flow rate and A is column 

cross-sectional area (4.91 cm
2
). Similarly Fanning’s friction factor f (Rose 1966), where 

f = 1000/Re. The Reynolds number and Fanning fraction were estimated from pore 

diameter d of 25 and 30 µm, for Balkuling and mining residue obtained from 

experimental pore size distribution curves, respectively, and the kinematic viscosity 

estimated at 1x10
-6

 m
2
/s (for water at 20ºC) i.e 0.6 cm

2
/min.  The results showed Re 

values of 6.4x10
-4

 and f values of 1.5x10
6
 for the Balkuling soil and Re values of 

1.8x10
-3

 and f values of 5.6x10
5
 for the mining residue for electrolyte concentrations 

used.  Re values of < 10 and f values >10
3
 both suggest laminar flow. Thus both 

Reynolds and Fanning friction values indicate that under the present experimental flow 

conditions laminar flow occurred for all electrolyte concentrations and for constant low 

flow rates of approximately 1 cm
3
/min and 2 cm

3
/min (Table 5.2) for Balkuling and 

mining residue, respectively. This is because both solution chemistry and 

hydrodynamics are known to alter the permeability of porous media containing colloidal 

particles (Mays and Hunt 2005). 

5.3.2. Decrease in saturated hydraulic conductivity with time. 

Data obtained from the pressure transducers with time following column 

leaching under constant rates (Table 5.2), were used to calculate pressure gradient 
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(∆P/∆L) and saturated hydraulic conductivity (K) along the columns by assuming 

Darcian flow and using Eqn 5.1. The initial saturated hydraulic conductivity (Ko) was 

estimated at the start of the leaching for each column experiment.  The results presented 

in Fig.5.3 for the Balkuling soil and Fig.5.4 for the mining residue, show steady 

increases in ∆P/∆L and decreases in calculated relative hydraulic conductivity (K/Ko) 

with time for both soils and follow similar trends at all column depths, indicating that 

pore clogging occurs at all depth in the column.  

Hydraulic conductivity decrease in Balkuling soil and the mining residue follow 

distinct patterns.  Firstly the hydraulic conductivity in both soil materials decreases 

more rapidly as ionic strength is decreasing reaching substantially lower conductivity 

values for deionized water after 3 and 2 hours for the Balkuling and mining residue, 

respectively.  Secondly, the relative decrease of measured hydraulic conductivities at 

the end of each experiment for the 10, 1 mmol/L and deionised water are very similar 

with a reduction of about 85% and 90% of the initial hydraulic conductivity for the 

Balkuling soil and the mining residue, respectively.  Thirdly, the greatest hydraulic 

conductivity reduction occurs near the inlet of column (D1 in Figures 5.3 and 5.4) and is 

most pronounced for the higher concentrations of 10 and 100 mmol/L.  This is 

associated with a steady pressure gradient increase before the first transducer (D1), 

presumably because of rapid self-filtration of soil particles at this point. This is 

consistent with findings of Moghadasi et al. (2004), Kohler (1993) and Mays and Hunt 

(2005).  Mays and Hunt (2005) attributed rapid decreases in K/Ko to more concentrated 

deposits near the inlet due to deposit compaction.  

The Balkuling and the mining residue show different behaviours with respect to 

the variability of the pressure transducer reading and therefore the hydraulic 

conductivity estimates in particular at low ionic strength experiments with the Balkuling 

soil.  Furthermore, the mining residue exhibits much stronger pore clogging near the 

inlet compared to the rest of column for the high ionic strength experiments compared 

to the Balkuling soil.  The mining residue also shows a much quicker decrease of the 

relative hydraulic conductivity with time to a lower value. 

To explain the differences in behaviours the soil structural properties of both 

materials were considered.  The Balkuling soil was disturbed by passing it through a 2 

mm sieve, essentially leaving micro aggregates relatively undisturbed.  Hence attractive 

forces between fine particles of the Balkuling soil are associated with all aspects of the 

formation of soil structure including organic matter interaction with clay minerals.  In 
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contrast, the mining residue material is an artificial substrate that was produced by 

mixing fines of the clay and silt fraction with processed sand.  Accordingly, particle 

arrangement within the mining residue is caused by the mixing processes and not by the 

formation of soil structure.  Due to this difference and differences in the clay 

mineralogy the mining residue is expected to be far more sensitive to particle 

mobilisation and pore clogging than the Balkuling soil. The mining residue is therefore 

more likely to encounter constriction and retention thus allowing smaller sized particles 

to become entrapped behind the coarser fraction, forming a filtration zone (Okita and 

Nishigaki 1993). Abadzic and Ryan (2001), using clinoptilolite found that release of 

particles caused more reductions in hydraulic conductivity when fine grained material 

was present in soil columns. Mays and Hunt (2005) demonstrated that the head loss 

increases as the particle deposition grows with decreased K/Ko. However the decreasing 

trend in relative saturated hydraulic conductivity (Figs 5.3 and 5.4) is consistent with 

the actual decreasing saturated hydraulic conductivity with time for both soils (Fig 

A5.1).  

The more erratic or irregular decline in the saturated hydraulic conductivity-time 

profiles of the Balkuling soil reflects its wider size range of particles both in the porous 

structure and captured in the porous medium. In contrast the mining residue, which 

comprises of fines < 65 µm, shows a much more stable decline. Irregular K/Ko decline 

particularly in the Balkuling soil can be attributed to alternating slow and fast deposition 

of particles (Song and Elimelech 1995; Bedrikovetsky et al. 2001) associated with 

hydrodynamic shear induced by flowing water (Schelde et al. 2002). This irregular 

trend provides some explanation as to why existing filtration theories do not apply well 

to natural soils characterized by wider particle size distribution and complex pore 

geometry (Kretzschmar et al.1999). Furthermore Lee and Koplik (2001) attributed such 

complexity to randomly sized and interconnected pore space with highly non-trivial 

paths in microscopic particle flows. Similarly during microscopic particle transport, 

Mays and Hunt (2005) observed a non-uniform particle distribution even for very short 

filter lengths.   
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Figure 5.3. Pressure gradients (a-d) and relative saturated hydraulic conductivities (e-h) 

during particle deposition for Balkuling soil leached with different electrolyte 

concentrations and symbols D1, D2, D3 are the pressure measurement positions 50, 150, 

250 mm respectively along the column from the inlet or inflow  
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Figure 5.4. Pressure gradients (a-d) and relative saturated hydraulic conductivities (e-h) 

during particle deposition for the mining residue leached with different electrolyte 

concentrations and symbols D1, D2, D3 are the pressure measurement positions 50, 150, 

250 mm respectively along the column from the inlet or inflow  
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5.3.3. Concentration of effluent particles 

Figs 5.5 and 5.6 show temporal changes of particle concentration and 

cumulative mass as a function of ionic strengths. Although there was some slight 

variation, the effluent particle concentration for the Balkuling soil remained essentially 

constant with pore volumes passed, at all solution concentrations (Fig. 5.5). After some 

initial variation the effluent particle concentration from the mining residue at 

100mmol/L was similarly relatively constant with pore volumes passed (Fig. 5.6). 

However at the lower solution concentration and with de-ioinised water, the initial flush 

of effluent particles for the mining residue was followed by a rapid decrease in effluent 

particle concentration.  In fact, the lower the ionic strength of the solution, the higher 

and earlier the peak concentration of fines appeared in the effluent (Fig. 5.6a).  This was 

also associated with a more rapid drop of the effluent particle concentration yielding a 

distinct plateau in the cumulative particle concentration (Fig. 5.6b). Similar effects 

noted by Lee et al. (2002) on reducing the flow rate through a somewhat cohesionless 

Shinnae-dong soil was described as “self-healing” due to the formation of filter bridges. 

From Figure 5.7b subsequent effluent particles are substantially larger in size. This is 

evidenced by increased particle release concentration for both soils at lower 

concentrations.  
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Figure 5.5. Effect of ionic strength in terms of (a) particle concentration and (b) 

cumulative mass of particle released during mobility for Balkuling soil 
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Figure 5.6. Effect of ionic strength in terms of (a) particle concentration and (b) 

cumulative  

mass of particle released during mobility for mining residue 

In general, several processes might be responsible for the particle release 

behaviour observed including hydrodynamic shear, dispersion, diffusion, straining 

(Laegdsmand et al. 1999; Karathanasis and Johnson 2006) possibly accounting for 

multiple peaks in the case of Balkuling soil which is generally in agreement with studies 

by Karathanasis (1999).   

For a diffusion process, a plot of cumulative mass of particle released (cum.mass) 

vs. square root time (√t) will yield a linear plot (Jacobsen et al. 1997; Laegdsmand et al. 

1999) if diffusion is the dominant mechanism of deposition (see for a plot of cumulative 

mass vs. square root of time Fig A5.3). In contrast the results show a nonlinear 

relationship suggesting the possibility of hydrodynamic shear as the main mechanism for 

particle deposition and resultant effluent particle concentration. There is generally an 

initial increase in particle concentration followed by a decrease with time resulting in 

particle release curves with multiple peaks. These multiple peaks are probably caused by 

hydrodynamic shear stress associated with the nature and properties of the mobilized 

clays in the pore stream (Ranville et al. 2005) and reflect reopening of clogged 

macropores (Schelde et al. 2002). At low constant concentration diffusion is likely to 

control particle release especially for the least permeable medium (or crust). During flow 

the development of a layer of particle accumulation due to particle accumulation down 

stream slows down diffusion and therefore limits particle release and effluent particle low 

concentration to “near zero” ( as in the case of the mining residue) was reported 

elsewhere (Karathanasis 1999) during leaching with deionised water.  
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5.3.4. Particle size distribution of effluent fines  

Figures 5.7a and 5.7b show the particle size distributions of the effluents for the 

Balkuling soil and mining residue columns respectively at the different electrolyte 

concentrations. The decrease in hydraulic conductivity indicates marked pore clogging 

preventing particulate material from reaching the effluent point. At the 10mmol/L 

concentration the effluent particle sizes for the Balkuling soil (Fig. 5.7a) were somewhat 

larger than the particle sizes observed for the mining residue (Fig. 5.7b) and the 

distribution is wider. The size ranges of the effluent particles at 10 mmol/L 

concentration were 0.67µm to 41µm and 1µm to 19 µm, for the Balkuling soil and 

mining residue respectively, indicating generally larger particles leaving the system for 

the Balkuling soil. The finer mobile particles in the mining residue appear to be clearly 

more readily self-filtered at this concentration than the larger Balkuling particles, 

producing more rapid increases in ∆P/∆L and decreases in K/Ko (Figs. 5.3 and 5.4).   
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Figure 5.7. Particle size distribution of the effluent for Balkuling soil; (a) 10 mmol/L 
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Figure 5.8. Particle size distribution of the effluent for mining residue; (a) 10 mmol/L, 

(b) 1 mmol/L  

For the Balkuling soil the average size of the effluent particles decreased 

significantly as the ionic concentration decreased from 10 mmol/L to 1 mmol/L (Fig. 
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5.7). This more rapid K/Ko decrease with time suggests more effective self-filtration 

and more plugging probably due to increased development of the diffuse double layer, 

swelling and dispersion within the soil matrix at the lower concentrations.  This 

contrasts with studies by Hajra et al. (2002) who concluded that the higher ionic 

strength caused more flocculation of particles resulting in more rapid decrease in K/Ko. 

In contrast the average effluent particle size for the mining residue increased 

significantly with this change in concentration (Fig. 5.8) suggesting that the majority of 

the finer particles have been self-filtered leaving mainly larger particles to be released. 

5.3.5. Dynamics and characterization of particle release in relation to salinity and 

pH  

A combination of higher pH and lower ionic strengths was found by Ryan and 

Elimelech. (1996) and by de Jonge et al.(1998) to enhance colloid release. Release rates 

increased with increasing pH and decreasing ionic strength (Kaplan et al. 1996; Ryan 

and Elimelech 1996). The fact that the pH in the effluents collected here show little 

significant changes in pH during particle release indicates that pH is not a determining 

factor for particle release during the experiments. For example only slight changes from 

5.4 to 5.5 and from 6.5 to 6.8 were observed for the Balkuling and mining residue soils 

respectively following leaching with 100 mmol/L.  Furthermore, Roy and Dzombak 

(1997), in their studies of colloid transport found that pH changes are unlikely to have 

significantly influenced sorption or desorption of colloids. Grolimund and Borkovec 

(1999), in their long-term release kinetics studies found the release pattern to be 

insensitive to pH variations while the initial deposition rate has been shown to decrease 

continuously as the particle size increased (Ryan and Elimelech 1996). 

The electrical conductivity (EC) was found to decrease with electrolyte 

concentration which is to be expected. The initial input solutions were 11.2, 5.6, 1.1 and 

0.06 mS/cm for 100, 10, 1mmol/L and deionised water respectively for Balkuling soil 

and were 9.5, 3.0, 0.37 and 0.07mS/cm for mining residue. A decrease in EC from 11 

mS/cm to 0.5 mS/cm was observed in reducing the leaching concentration from 100 

mmol/L to deionised water. These changes, which are likely to affect the degree of 

colloid entrainment between Balkuling soil and mining residue, are presented in Figs 

5.8 and 5.9, respectively. 
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Figure 5.9. Changes of electric conductivity with time during particle release; (a) 

Balkuling soil and (b) mining residue 

 

5.3.6. Relationship between hydraulic conductivity and particle release 

A coherent pattern appears to form when particle release is being associated with 

the hydraulic conductivity decrease.  This is particularly true for the mine residue for 

which the highest peak in particle release is associated with the steepest change of the 

hydraulic conductivity best seen when comparing the 100 mmol/L and the deionised 

water treatments.  Here it is assumed that the part of the column that is closest to the 

outlet is most determining for the particle out flow.  Furthermore, most particles are 

being released from columns that had the least decrease in hydraulic conductivity.  

Hence the more clogging occurs the greater is the decrease of hydraulic conductivity 

and the smaller is the amount of particles being released.  This has interesting 

implication for particle mobility in soils.  For soil solutions that are high in calcium and 

have a high ionic strength it is expected that few particles will be mobilized and that the 

hydraulic conductivity remains constant.  Once the solution composition is shifted 

toward Na and low ionic strength values it was found that greater amounts of particles 

are being released at intermediate concentrations associated with intermediate 

reductions in hydraulic conductivity.  Only when clogging becomes very severe, 

particle mobility is substantially reduced. 

5.4. Summary and conclusions 

Particle mobilization and self-filtration have been shown to result in reductions 

in hydraulic conductivity and to be significantly influenced by solution chemistry. The 

decline in hydraulic conductivity increased with pressure build up associated with 

particle deposition and infilling of soil voids by smaller sized particles of soil filters 
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resulting in subsequent pore clogging during leaching of saturated columns. Decreasing 

ionic strength increased colloidal release from the parent material from both soils and 

increased particle size resulted in relatively increased pressure gradients and faster 

reduction in saturated hydraulic conductivity associated with clogging of microscopic 

filter pores.  

A more dramatic decrease of saturated hydraulic conductivity was noticeable for 

the less cohesive mining residue than for the aggregated Balkuling soil. Due to 

differences in the clay mineralogy and its treatment history involving greater disruption, 

the mining residue is far more sensitive to particle mobilisation and pore clogging than 

the Balkuling soil. The mining residue is therefore more likely to encounter constriction 

and retention thus allowing smaller sized particles to become entrapped behind the 

coarser fraction, forming a filtration zone. The more clogging occurs the greater is the 

decrease of hydraulic conductivity and the smaller is the amount of particles being 

released. This particularly enhanced at the lower electrolyte concentrations. 
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6. Influence of sodium adsorption ratio on self-filtration and saturated  

hydraulic conductivity in soil columns 

Abstract: 

The effects of the composition of mixed calcium (Ca) and sodium (Na) ions in 

solution on the Na-Ca exchange behaviour and saturated hydraulic conductivity of an 

agricultural soil and a mining residue have been assessed by carrying out batch binary 

exchange and saturated column transport experiments. The effects of composition of 

mixed ions on exchange reactions demonstrated that strong preference for Ca
2+

 ions in 

both soils with a stronger preference for Na
+
 on the exchange complex of the 

agricultural Balkuling soil than for the mining residue. Generally, the saturated 

hydraulic conductivity of both soils has been shown to decrease with time, with 

increasing SAR and with decreasing electrolyte concentration. In the case of the 

Balkuling soil the saturated hydraulic conductivity was maintained for SAR 3 and SAR 

5 at a concentration of 100 mmol/L. However for the mining residue this criterion was 

not achieved suggesting a greater potential for mobilization of this soils particulate 

matter at low SARs and even at concentrations as high as 100 mmol/L.  The mining 

residue also showed a more rapid decrease in saturated hydraulic conductivity 

particularly at the lowest concentration (1 mmol/L) although this was consistent at all 

SARs. 

Significant differences in saturated hydraulic conductivity were observed when 

solutions with higher SAR displaced solutions with lower SAR values. This reflects 

structural alterations of the media, the nature of the particles mobilised and the extent of 

straining (self-filtration) within the porous structure at any given point in the column. 

Measurements at the critical threshold concentration and turbidity concentration at SAR 

15 revealed structural breakdown of the pore matrix system as evidenced by decreased 

saturated hydraulic conductivity during leaching with decreasing solution concentration.  

The reductions in hydraulic conductivity were likely to be caused by partial blocking of 

pores by dispersed clay particles, as evidenced by the appearance of suspended clay 

particles in the effluent during leaching. The increase in SAR to 15 is initially 

accompanied by erratic hydraulic conductivity presumably due to the break up of soil 

aggregates under the increased swelling forces. The mining residue soil was 

substantially more vulnerable to pore clogging than the Balkuling soil. This is likely 

related to the less coherent state of the residue and the nature of their clay constituents 

with Balkuling soil being predominately kaolinite and the mining residue containing an 
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equal amount of kaolinite and smectite clay particles. The latter are likely more readily 

mobilized, and hence available to re-deposit or occlude in downstream pores.  

Keywords: sodium adsorption ratio, exchange reactions, exchange isotherm, saturated 

hydraulic conductivity, calcium and sodium ions, breakthrough curves 

6.1. Introduction 

Sodium and calcium ions are the most common ions on the exchange complex in 

arid and semi-arid soils (Miller and Donhue 1995), and the behaviour of the ions on the 

exchange complex affects ion transport (Ersoz et al. 2001). The interactions of the clay 

surface with ions in solution influence the physicochemical behaviour of soils and is 

central to structural stability of the pore matrix with significant implications for solute 

and colloid transport. For example soil hydraulic conductivity depends on the 

composition and concentration of electrolytes in soil solution (Quirk and Schofield 

1955). Excessive sodium ions on the exchange complex enhance swelling and 

dispersion which may have profound effects on the soil’s physical properties (So and 

Aylmore 1993) including soil structural deterioration, impairment of soil drainage, 

increased runoff and erosion (Menneer et al. 2001; Keren and Ben-Hur 2003; 

Crescimanno et al. 1995; Crescimanno and De Santis 2004). Problems related to the use 

of sodic/saline waters have global significance especially in irrigated areas (Szabolcs 

1992).  

Decreases in hydraulic conductivity following a decrease in electrolyte 

concentration particularly with increased exchangeable sodium percentage (ESP) (or 

sodium adsorption ratio (SAR)), have been extensively investigated (Quirk and 

Schofield 1955; Davidson and Quirk 1961; Pupisky and Shainberg 1979; Sumner 1993; 

Keren and Ben-Hur 2003). However, the processes of particle generation and 

accumulation in natural subsurface soils as influenced by soil structural stability, 

solution chemistry (Felhendler et al.1974; Frenkel et al. 1978; Pupisky and Shainberg 

1979; Grolimund et al. 1998), and the size of the particles (< 10 µm, Kretzschmar et al. 

1999) etc., are still poorly understood (Ryan and Elimelech 1996; Ryan et al. 1998).  

An increase in ESP can cause soil structural deterioration through clay swelling and 

dispersion and by slaking of silt-sized micro-aggregates (Abu-Sharar et al. 1987) thus 

blocking the water conducting pores. Crescimanno et al. (1995) suggested that the 

relationship between ESP and  structural properties may be described as continuum with 

an ESP as small as 2-5 causing adverse effects for low electrolyte concentrations are 

present in the soil solution.  
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When a mixed Na-Ca cation systems is present, Na-Ca exchange equilibrium may be 

described with the Gapon equation (Gapon 1933):  

[ ]
[ ] 5.0

*
Ca

Na
K

Ca

Na
G

x

x =                             

(6.1) 

where xNa  and xCa  are fractions of the exchange complex occupied by those ions, 

GK is the Gapon constant and the square brackets indicate concentrations (in mmol/L) 

of the ions in solution. Assuming that the magnesium concentration is negligible, the 

Gapon constant relates the exchangeable sodium ratio (ESR) to the sodium adsorption 

ratio (SAR) as follows: 

)(* SARKESR G=  or 
][

][

Ca

Na
SAR =                          

(6.2) 

Quirk and Schofield (1955), defined the “threshold concentration” as the concentration 

of the percolating solution that would give rise to a 10-15 % decrease in relative 

permeability at a given SAR and the “turbidity concentration” as that at which dispersed 

clay was first observed in the effluent. On the basis of concentration of specific ions, 

normality (N) as a measure of concentration is also useful for solution comparisons. For 

the Na-Ca exchange system, it is defined as )(2)( CaNaN += . 

The relevance of cation exchange for soil structural stability is obvious: If a 

solution with a high sodium concentration enters a soil we expect that ESP will increase 

due to ion exchange processes.   This will occur dynamically and we would expect that 

an “ESP front“ will move through the column causing soil structural deterioration 

behind the front provided the ionic strength is low enough to cause colloid mobilisation.  

Within this context binary ion exchange during transport is highly relevant as the Na 

front may be retarded (Hinz and Selim 1994; Green et al. 1994; Evangelou and 

Lumbanraja 2002). A prerequisite to predicting how cation fronts move through soil is 

the knowledge of the distribution of exchanger species between solution and adsorbed 

phases (Gaston and Selim 1990; Hinz and Selim 1994).  

Previous studies (Dikinya et al. 2006), demonstrated the effects of the 

mobilization and re-deposition of particles on the saturated hydraulic conductivity and 

effluent particle size distribution using NaCl solution. The present study was designed 

to examine the effects of the sodium adsorption ratio at decreasing electrolyte 

concentration on the dynamics of the electrolyte breakthrough, self-filtration process, 
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and saturated hydraulic conductivity along soil columns for two soils of significantly 

different structural cohesion. As part of this, Na-Ca exchange reactions have been 

quantified.  

6.2. Materials and Methods 

6.2.1. Soil materials and sites 

A sample (0 - 20 cm) of the Balkuling sandy loam soil profile; an agricultural 

soil which is extensively used for cropping and pasture throughout the Western 

Australian wheatbelt, was collected from “Yalanbee”, the CSIRO Research station farm 

near Bakers Hill, Western Australia (WA).  Balkuling soil is a duplex soil classified as 

brown loamy earth (WA soil group, McArthur 1991, or sodic manganesic brown 

Kandosol (Australian Soil Classification, Isbell 2002).  The soil often shows some build 

up of salts, especially sodium, in the subsoil, has a potential for structural breakdown 

and is subject to water repellence (McArthur 1991).  In contrast the mining residue or 

spoil consisting of waste products (>63 µm tailings sands and <63µm fines) was 

collected from the Cable Sands (WA) Ltd. Sandalwood mine site, 5 km north of 

Brunswick Junction, Western Australia. The basic physico-chemical properties of the 

soils measured using standard methods (Day 1965; Klute 1986) are presented in Table 

6.1 with their mineralogy and specific surface areas (as estimated from Malvern 

Mastersizer) in Table 6.2. 

Table 6.1. Selected Physico-chemical characteristics of soils measured  

Property Balkuling soil mining residue 

Sand (%) 83.3 89.0 

Silt (%) 6.6 1.9 

Clay (%) 10.1 9.1 

Texture Sandy loam Loamy sand 

Bulk Density (g/cm
3
) 1.61 1.58 

Electrical conductivity (µS/cm) 42 380 

pH( water)  6.1  8.7  

CEC (cmol/kg) 3.4 8.1 

ESP (%) 2.5 27 

Organic Carbon (%) 0.3 0.55 

CEC-cation exchange capacity 

ESP- exchangeable sodium percentage 

 

 

 
Table 6.2. Mineralogical properties of soils 

Soil material  Type of mineral SSA (m
2
/g)  
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Balkuling soil kaolinite with traces of gybsite 6.8  

mining residue smectite-kaolinite with traces of quartz 12.5 

SSA- denotes specific surface area 

6.2.2  Sodium-Calcium exchange reactions  

6.2.2.1 Theory 

Theoretically cation exchange behaviour is described by exchange 

characteristics of mixed ions such that for the Na-Ca exchange system;  

CaxNax EECEC +=                 (6.3) 

where CEC  is the cation exchange capacity and 
NaxE and 

CaxE is the activity of 

exchange phase of Na and Ca respectively. The selectivity coefficients can be estimated 

using the following expression (Vanselow (1932);  

Na
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where M is mole fraction of ionic species, ic  and iγ is concentration and activity 

coefficient, respectively of species i.  The molar fractions are given by; 
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To assess the soils’ preference for either Na
+ 

or Ca
2+

 the non-preference isotherm was 

generated by the equation (Sposito 1981);  

NaE =

2/1

'2'

112
1
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−+
aNNaT EEFN

                     (6.7) 

Where 
aNE ENa equals the equivalent fraction of Na

+
 on exchanger 

phase, CaNaF γγ /2= , TN  represents the total cation normality and 
aNE '  represents 

equivalent fraction of Na
+
 in the solution phase. 

6.2.2.2. Binary exchange reactions 

Exchange reactions of Na-Ca were carried out employing a batch technique and 

using samples of the soils described in Tables 6.1 and 6.2. Ten grams (10g) of each 

sample in triplicate were saturated with the binary pair Na-Ca using 30 mL solutions of 
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different cations molar ratios of Na/Ca as follows:  0.9, 0.7, 0.4, 0.2 and 0.1 and each 

added into separate 50 ml centrifuge tubes or vials.  The 30 mL Na/Ca solution mixtures 

in the 50 ml vials were initially saturated with 0.5 mol/L solution to ensure equilibration 

with exchanger sites for those ratios. The 0.5 mol/L saturated samples were placed on a 

reciprocating shaker for 24 hours (to disrupt soil aggregates), centrifuged and the 

supernatant discarded. This procedure was repeated twice and followed by a reduced 

concentration of 0.005 mol/L solutions.  

Solutions were prepared for a total concentration of 0.005 mol/L. 30 mL of each 

of these solutions was added to soil samples in 50 mL vials, placed on a reciprocating 

shaker for 24 hours, centrifuged and the supernatant discarded. This was repeated 6 

times followed by the use of ammonia acetate (NH4OAc) for cation extraction. 1 mol/L 

NH4OAc solution was adjusted to a pH 6 and 7.5 for the Balkuling soil and the Mining 

residue respectively, using acetic acid and ammonium hydroxide solutions. The selected 

pHs were averages of the wider range of electrolyte concentrations (0.5 to 0.001 mol/L).  

30 mL of 1 mol/L NH4OAc was added into 50 mL vials, shaken for 24 hours and 

centrifuged with the supernatant retained. This procedure was repeated 3 times and the 3 

washings were added together making 90 mL solution for analysis. The supernatant 

samples were weighed to determine the exact amount of cations for correction of the 

entrained supernatant.  After 6 washings with 0.005 mol/L and 3 washes with 1 mol/L 

NH4OAc extraction the supernatants were analysed for cationic exchange capacities 

using AAS. The pH’s of the solution for analysis were also measured. 

6.2.2.3. Hydraulic conductivity- breakthrough curves: Effects of SAR   

Experiments were carried out using laboratory soil columns as schematically 

shown in Fig. 6.1. Soil samples (< 2 mm) were initially mixed with 0.9-1 mm acid-

washed sand to provide a rigid skeletal structure and to enhance water flow. The 

proportions of mixtures were 50% soil–50% sand for the Balkuling soil and 70% soil–

30% sand for the mining residue to increase the conductivity of the soil columns. The 

soil column wet packed were saturated with the desired solutions of different SAR: 3, 5, 

15 and 30 and with varying electrolyte concentrations: 1, 10 and 100 mmol/L with a 

complete saturation achieved by leaving the desired solution overnight. The initial 

exchangeable sodium percentages (ESP) were 3 and 27 for the Balkuling soil and 

mining residue, respectively. An Agilent data logger system (Agilent Technologies, 

2003) was used for online pressure measurements while a peristaltic pump was used to 

pump the feed solutions at constant flow rate. 
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Figure 6.1. Schematic diagram of laboratory column-pressure measurements during 

leaching with solutions of various electrolyte concentrations. P1, P2, and P3, and D1, 

D2, and D3 represent positions of pressure transducers and depths respectively. 

From previous work (Struckman, 2001) the threshold concentration and 

turbidity concentrations (Quirk and Schofield 1955) were estimated to occur at 

approximately 10mmol/L and 2.5 mmol/L respectively for both soils at SAR 15. 

Consequently the following experiment was set up to examine the process of self-

filtration as the electrolyte concentration of the solution was decreased through these 

values whilst maintaining an input SAR value of 15. 

Soil mixtures uniformly wet packed using a 50 mmol/L CaCl2 solution into soil 

columns (see paragraph 1), were initially preconditioned by flushing with 50 mmol/L 

CaCl2 for 6 pore volumes (to allow equilibration and stabilization of the columns). The 

input concentration was then lowered to 10mmol/L CaCl2 and the breakthrough of the 

less concentrated solution followed to equilibrium by measuring the electrical 

conductivity of the effluent. Pressure measurements were also carried out at three points 

along the columns. After this pre-conditioning, the input solution concentration was 

progressively changed through 10, and 2.5 mmol/L at SAR 15 (Table 6.3). The effluents 

collected in fraction collectors were used for both Na and Ca analysis by Atomic 

Absorption Spectrometry (AAS) to obtain breakthrough curves while the remainder of 

the effluents were analysed for particle size distributions using a Malvern Mastersizer 

analyser. 
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Data obtained from the pressure transducers with time following column 

leaching under constant rates (Table 6.3) were used to calculate pressure gradient 

(∆P/∆L) and saturated hydraulic conductivity (K) along the columns by assuming 

Darcian flow. 

Table 6.3. Column physical properties during leaching with 50 mmol/L CaCl2, 10 

mmol/L CaCl2 and SAR 15 (10 and 2.5 mmol/L).   

Salt concentration 

(mmol/L) 

Bulk 

density 

(gcm
-3

) 

Water 

content
a
 

(cm
3
cm

-3
) 

Flux 

(cm
3
/min) 

Pulse 

Time  

(min) 

Pore 

volume 

Balkuling soil at pore volume of 66.8 cm
3
/min at density of 1.69 g/cm

3
 

50 mmol/L CaCl2 1.69 0.381 1.10 380 5.7 

10 mmol/L CaCl2 1.69 0.381 0.96 700 10.4 

SAR 15 (10 mmol/L) 1.69 0.381 1.00 1200 18.0 

SAR 15 (2.5 mmol/L 1.69 0.381 1.04 1200 18.0 

mining residue at pore volume of  77.1 cm
3
/min at density of 1.60 g/cm

3
 

50 mmol/L CaCl2 1.60 0.423 1.01 500 6.5 

10 mmol/L CaCl2 1.60 0.423 1.00 750 9.7 

SAR 15 (10 mmol/L) 1.60 0.423 1.02 1200 15.6 

SAR 15 (2.5 mmol/L 1.60 0.423 1.00 1200 15.6 
a
Saturated water content.  

6.3. Results and discussions 

6.3.1. Binary exchange isotherm reactions 

The exchange isotherms were computed using Eqn. 6.3 through to Eqn. 6.7. The 

experimental data on Ca-Na exchange on solution and exchange phases are presented in 

Table 6.4.   Changes in selectivity over different Na/Ca ratios as marked by changes in 

exchange capacity (∑Exi) and exchange selectivity coefficients ( Na

CaK ) are also 

presented. Based on Na

CaK  values, the results demonstrate a non-exchanger preference 

for Ca
2+ 

ions in both soils with the average values of Na

CaK  0.24 and 0.27 for Balkuling 

and mining residue respectively. This minor variation of selectivity coefficient ( Na

CaK ) 

was consistent with smaller variation in exchanger phase composition (Table 6.4). 

There were minor variations of solution pH of these Na-Ca binary systems across the 

entire isotherms (Table 6.4).  

The pH varied from 6.1 to 6.6 and 7.0 to 7.5 for Balkuling and mining residue, 

respectively. Ideally pH, (∑Exi) or CEC should be constant across the entire isotherm to 

generate cation-exchange isotherm or estimate cation selectivity coefficients, although 

pH and CEC constancy in soil clay minerals is rarely obtained (Evangelou and 

Lumbanraja 2002).  
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Table 6.4.  Sodium-Calcium exchange on soils for different concentrations ratios r 

r (Na/Ca) pH ExNa ExCa ∑Exi Na

CaK  

  -------------------(mmol/kg)-------------------  

Balkuling soil 

0.9 6.1 1.10 11.50 12.60 0.28 

0.7 6.6 0.64 11.10 11.74 0.21 

0.4 6.3 0.46 11.14 11.86 0.23 

0.2 6.6 0.20 12.50 12.70 0.18 

0.1 6.6 0.18 12.20 12.38 0.31 

mining residue 

0.9 7.5 1.16 21.78 22.94 0.16 

0.7 7.4 0.78 20.34 21.12 0.14 

0.4 7.0 0.64 19.22 19.86 0.19 

0.2 7.0 0.40 14.57 14.97 0.30 

0.1 7.3 0.40 14.47 14.87 0.57 

Exi- denotes concentration of adsorbed cations and ∑Exi- total adsorbed cations 

6.3.2. Effects of sodium adsorption ratio on saturated hydraulic conductivity   

 The relative saturated hydraulic conductivities measured as a function of 

electrolyte concentration, following leaching of the soil columns with solutions of SAR 

3, 5, 15, and 30 are shown in Fig 6.2. Generally, the saturated hydraulic conductivity 

decreased with time, with increasing SAR and with decreasing electrolyte 

concentrations. It was clear that in the case of the Balkuling soil the saturated hydraulic 

conductivity was maintained for SAR 3 and SAR 5 at a concentration of 100 mmol/L. 

However for the mining residue this criterion was not achieved suggesting a greater 

potential for mobilization of this soil’s particulate matter at low SAR, even at 

concentrations as high as 100 mmol/L.  The mining residue also showed a more rapid 

decrease in saturated hydraulic conductivity particularly at the lowest concentration (1 

mmol/L) although this was consistent at all SAR. 

Furthermore the hydraulic conductivity seems to strongly fluctuate in particular 

for the lowest concentration (1 mmol/L) and lowest SAR in the Balkuling soil.  

Generally, the highest SAR solutions produce the most stable curves for both the 

Balkuling and the mining residue, although the hydraulic conductivity drops fastest to 

the lowest values observed.  This seems to imply that pore clogging occurs for this case 

very fast and seems create a new pore structure that is not prone to changes for the 

given experimental conditions.  In contrast, the higher SAR treatments seem to generate 

a system that fluctuates between states where the clogging dominates followed by stages 
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with particle dislodgement and a temporary increase in the hydraulic conductivity.  

Goldenberg et al. (1993) used a glass micro model to observe how clay suspensions 

clog pore networks. One of the observations was that larger flocs or aggregates form 

and clog pore throats. Depending on hydrodynamic conditions they either grow or 

breakdown.  It is conceivable that such processes occur in the column studied, in 

particular when a constant flow rate is maintained.  Temporary clogging of pore throats 

cause a build up of pressure  and may increase shear forces that cause the flocs to break 

down.  This in turn opens up pores that will on average temporarily increase the 

hydraulic conductivity.  

The particle size distribution of the effluents (Fig. 6.8, and Fig A6.2) however 

shows some increase of particle sizes with decreasing electrolyte concentration. The 

initial and the final pH remained constant during leaching whereas the electrical 

conductivity (EC) decreased with decreasing electrolyte concentration (Fig. A6.3). This 

may imply that the pH did not influence any clay migration while the decrease of EC 

with electrolyte concentration may suggest an influence of EC on particle deposition 

which would subsequently clog pores or reduce saturated hydraulic conductivity. 
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Figure 6.2. Relative saturated hydraulic conductivity as a function SAR and electrolyte 

concentration; (a) Balkuling soil (left curves) and (b) mining residue (right curves) 

The effects of clay mineralogy are evident with the kaolinite- smectite mining residue 

having a more marked decrease in K/Ko with increasing ionic strength compared with 

the kaolinitic Balkuling clays. Similarly Anderson and Lu (2001) reported higher void 

ratio for Na/Ca-montmorilllonite than for kaolinite decreasing with increasing ionic 

strength. 

6.3.3. Critical concentrations and breakthrough curves  

 Figure 6.3 shows the breakthrough curves for the two soils during 

leaching with 10 mmol/L CaCl2 following the pre-conditioning of the soil columns by 

leaching with 50 mmol/L CaCl2. The input and equilibrium concentrations are presented 

in Table 6.5. Equilibrium with the 50 mmol/L solution was reached rapidly for both 

soils as demonstrated by stable electrical conductivity (Figs 6.3 and 6.4). 
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Table 6.5. Input and equilibrium conditions during measurements  
Input conditions (or solution) Equilibrium conditions 

Na Ca SAR EC Na Ca SAR EC PVeq 

Solution 

concentrations 

---mmol/L---  dS/m ---mmol/L--  dS/m (-) 

Balkuling soil  

50 mmol/L CaCl2 n.a n.a n.a 11.11 n.a n.a n.a 10.96 5.7 

10 mmol/L CaCl2 n.a 9.9 n.a 2.33 n.a 10.1 n.a 2.29 10.4 

SAR15_10mmol/L 9.52 0.39 15.24 1.28 10.10 0.44 15.2 1.30 18.0 

SAR15_2.5 

mmol/L 

2.5 0.03 14.6 0.35 2.61 0.033 14.4 0.37 18.0 

mining residue 

50 mmol/L CaCl2 n.a n.a n.a 11.11 n.a n.a n.a 10.5 6.5 

10 mmol/L CaCl2 n.a 10.0 n.a 2.33 n.a 10.1 n.a 2.35 9.7 

SAR15_10mmol/L 9.48 0.387 15.2 1.28 10.2 0.42 15.6 1.29 15.6 

SAR15_2.5mmol/

L 

2.48 0.027 15.1 0.35 2.58 0.03 15.1 0.34 15.6 

PVeq= pore volume to reach equilibrium 

EC= Electrical conductivity (dS/m) 

The saturated hydraulic conductivity for the Balkuling soil initially decreased 

rapidly and stabilized at essentially constant but differing values at the three measuring 

points along the column with relatively little further change following change in the 

input concentration to 10 mmol/L (Fig. 6.3). As previously observed the greatest 

reduction in saturated hydraulic conductivity occurred within the input section of the 

column presumably because slaking under the hydraulic flow exerts the most effect in 

this region thus shielding the lower parts of the column. Little if any dispersion would 

occur at these concentrations of CaCl2. Much greater reductions in saturated hydraulic 

conductivity are observed at all points for the mining residue no doubt reflecting the 

lower structural stability within the column. 
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Figure 6.3. Relative saturated hydraulic conductivity and electrical conductivity (EC) 

during leaching and conditioning of the soil with 50 mmol/L and 10 mmol/L CaCl2 

solutions for Balkuling soil 

 

0

2

4

6

8

10

12

14

0 2 4 6 8 10 12 14 16

E
C

 (
m

S
/c

m
)

10 mmol/LCa50 mmol/L Ca

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 2 4 6 8 10 12 14 16
Pore volume

K
/K

o
 (
-)

section- 50 mm

section-150 mm

section- 250 mm

50 mmol/LCa 10 mmol/L Ca

 
Figure 6.4. Relative saturated hydraulic conductivity and electrical conductivity (EC) 

during leaching and conditioning of the soil with 50 mmol/L and 10 mmol/L CaCl2 

solutions for mining residue. 

Figures 6.5 to 6.6 show the outgoing effluent concentrations of sodium and 

calcium ions for the breakthroughs with different input concentrations (threshold 

concentration 10 mmol/L and turbidity concentration 2.5 mmol/L), while maintaining a 
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constant input SAR of 15, together with the corresponding effluent SAR and relative 

saturated hydraulic conductivities at positions D1 (50 mm), D2 (150 mm) and D3 (250 

mm) along the columns for both the Balkuling soil and mining residue. Table 6.5 shows 

the input concentration of the sodium and calcium ions. 

For both soils an initial increase in the effluent Na concentration following 

commencement of the input of the 10 mmol/L SAR 15 solution occurs rapidly, and is 

followed by subsequent rapid decreases with decreasing electrolyte concentration of the 

input solution to 2.5mmol/L. The calcium concentrations in the effluent decreased 

progressively with decreasing input concentrations as would be expected. However for 

both soils more than 15 pore volumes are required for the effluent SAR to reach that of 

the input solution. These responses are slightly more rapid in the case of the Balkuling 

soil presumably reflecting its more open pore structure associated with the presence of 

micro-aggregates. As is to be expected the electrical conductivity closely follows the 

decrease with normality of the solutions 

The approach to equilibrium hydraulic conductivity during the changeover from 

SAR 0 to SAR 15 at 10mmol/L concentration is initially accompanied by rather erratic 

conductivity behaviour undoubtedly reflecting the rearrangements in porous structure. 

This erratic behaviour is consistent with the early observations (Fig. 6.2) which showed 

that the hydraulic conductivity of the low to intermediate SAR treatments (0-15) and 

low ionic strength seem to generate the most variable responses. At the threshold 

concentration one would expect slaking to occur with perhaps some dispersion as the 

micro-aggregate structure is disrupted by the swelling forces induced. Once this has 

happened near uniformity occurs and the subsequent change to 2.5mmol/L produces a 

rapid decrease to a uniform saturated hydraulic conductivity for both soils. A most 

surprising feature of the results is the relative coincidence of the responses at the 

different measuring points along the column for both soils despite the clear indication of 

a gradual breakthrough of the SAR front moving through the columns during the change 

from the 10mmol/L CaCl2 solution to 10 mmol/L at SAR 15. 
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Figure 6.5. Breakthrough curve (Na-Ca exchange reactions) following leaching with 

SAR 15 (at Threshold concentration 10 mmol/L, and turbidity concentration-2.5 

mmol/L respectively) for Balkuling soil after column conditioning with 10mmol/L Ca: 

Effects on normality, sodium adsorption ratio (SAR) on saturated hydraulic 

conductivity. 

 

 

 

 



_______________________________________________________________________Oagile Dikinya 

 90 

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30 35

 C
o
n
ce

n
tr

at
io

n
 (

m
m

o
l/
L

)

Effluent Na

Effluent Ca

10 mmol/L 2.5 mmol/L

0
2
4
6
8

10
12
14
16
18
20
22
24
26

0 5 10 15 20 25 30 35

 N
o
rm

al
is

ed
 u

n
it
s

0.0

0.5

1.0

1.5

2.0

2.5

3.0

E
C

 (
m

S
/c

m
)

SAR
Normality
EC (mS/cm)

10 mmol/L 2.5 mmol/L

0

0.2

0.4

0.6

0.8

1

1.2

0 5 10 15 20 25 30 35
Pore volume

K
/K

o
 (

-)

section- 50 mm

section-150 mm

section- 250 mm

10 mmol/L 2.5 mmol/L

 
 
Figure 6.6. Breakthrough curve (Na-Ca exchange reactions) following leaching with 

SAR 15 (at threshold concentration 10 mmol/L and turbidity concentration-2.5 mmol/L 

respectively) for mining residue after column conditioning with 10mmol/L: Effects on 

normality and sodium adsorption ratio (SAR) on saturated hydraulic conductivity 

The effluent particle size distributions for both soils exhibit a wide range (Figs. 

6.7 and 6.8) indicating both domain and clay sized particles. While particle release 

occurs almost continuously from the Balkuling column with an initial peak at some 8 
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pore volumes passed, the release for the mining residue occurs as a later flush between 

some 10 to 15 pore volumes. 

The subsequent reduction in input concentration to 2.5mmol/L (the turbidity 

concentration) occurs rapidly in the effluent producing uniformly lower saturated 

hydraulic conductivity along the columns of both soils. The reduction is substantially 

greater for the less cohesive mining residue. The dilution of high-sodicity soil irrigation 

water can induce swelling, aggregate slaking and dispersion of clay particle (Bagarello 

et al. 2006) and the reductions in hydraulic conductivity here were likely to be caused 

by partial blocking of pores by dispersed clay particles, as evidenced by the appearance 

of suspended clay particles in the effluent during leaching (Fig 6.7). The effluent for the 

Balkuling continues to reflect the presence of a wide range of particle sizes while that 

for the mining residue clearly shows a predominance of clay-sized material. Again the 

flush of material occurs earlier for the Balkuling soil and that for the mining residue is 

more delayed perhaps reflecting a greater propensity for self-filtration in the latter. 
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Figure 6.7. Particle concentration of effluents following leaching with SAR 15 at 10 

mmol/L and 2.5 mmol/L concentration for Balkuling and mining residue  
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Figure 6.8. Particle size distribution of effluents following leaching with SAR 15 at 10 

mmol/L and 2.5 mmol/L concentration for Balkuling and mining residue  

 

6.4. Summary and conclusions 

 The effects of composition of mixed ions on exchange reactions demonstrated 

that strong preference for Ca
2+

 ions in both soils with a stronger preference for Na
+
 on 

the exchange complex of the agricultural Balkuling soil than for the mining residue. 

Generally, the saturated hydraulic conductivity of both soils has been shown to decrease 

with time, with increasing SAR and with decreasing electrolyte concentration. In the 

case of the Balkuling soil the saturated hydraulic conductivity was maintained for SAR 

3 and SAR 5 at a concentration of 100 mmol/L. However for the mining residue this 

criterion was not achieved suggesting a greater potential for mobilization of this soil’s 

particulate matter at low SAR, even at concentrations as high as 100mmol/L.  The 

mining residue also showed a more rapid decrease in saturated hydraulic conductivity 

particularly at the lowest concentration (1 mmol/L) although this was consistent at all 

SAR. The effects of clay mineralogy are evident with the kaolinite-smectite mining 

residue having a more marked decrease in K/Ko with increasing ionic strength 

compared with the kaolinitic Balkuling clays. 
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Significant differences in saturated hydraulic conductivity were observed in the 

passage of fronts of decreasing electrolyte concentrations for CaCl2 and SAR 15 

solutions through the soil columns reflecting structural alterations (slaking) of the 

media, the nature of the particles mobilised and the extent of straining (self-filtration) 

within the porous structure at any given point in the column. The increase in SAR to 15 

is initially accompanied by erratic hydraulic conductivity presumably due to the break 

up of soil aggregates under the increased swelling forces. The Mining residue soil was 

substantially more vulnerable to pore clogging than the Balkuling soil. This is likely 

related to the less coherent state of the residue and the nature of their clay constituents 

with Balkuling soil being predominately kaolinite and the mining residue containing an 

equal amount of kaolinite and smectite clay particles. The latter are likely more readily 

mobilized, and hence available to re-deposit or occlude in downstream pores.  
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7. Summary and Conclusions 

The experiments undertaken here illustrate the wide range of complex 

interactions involving clay mineralogy, solution composition and structural factors 

which can influence the extent of mobilization, transport and re-deposition of colloidal 

particles during the leaching process in soil profiles. Self-filtration defined as particle 

detachment and re-deposition causing re-arrangement of the particles and therefore 

alterations in pore space, has been shown to largely control both water retention and 

hydraulic conductivity. 

In the first instance soil columns were leached under saturated conditions using a 

Marriotte constant-head device. A reference hydraulic conductivity (Ko) was considered 

to be that measured initially at the highest concentration of solution. Subsequently 

measurements were made with either abrupt change of concentration to 1 mmol/L or 

gradual decreasing concentration from 500, 100, 50, 10 to 1 mmol/L NaCl followed by 

deionised water. The relative hydraulic conductivity (K/Ko) decreased substantially 

with time and with decrease in electrolyte concentrations for both soils. The decrease in 

K/Ko was attributed to decreases of pore radii as a result of detachment followed by re-

deposition of the clay fraction during leaching. There was little difference in ultimate 

K/Ko reduction between the abrupt and gradual changes of concentration from 500 to 1 

mmol/L for both soils.   

The mining residue was substantially more prone to structural collapse and pore 

clogging than the Balkuling soil with actual saturated hydraulic conductivity reductions 

from 6.1 to 0.02 cm/hr and from 1.5 to 0.14 cm/hr respectively with change in solution 

concentration from 500 to 1 mmol/L. This was attributed to the less cohesive nature of 

the disturbed mining residue material, with Balkuling soil being predominately kaolinite 

and the mining residue containing an equal amount of kaolinite and smectite clay 

particles. The latter are likely more readily mobilized, and hence available to re-deposit 

or occlude in downstream pores. Effluent particles from the mining residue consisted 

essentially of unattached primary clay crystals while the Balkuling soil consisted of 

domains or aggregates of clay crystals as measured by a Malvern Mastersizer. The 

remarkable stability of clay domains even at the lowest concentration is significant. 

Conceptualized approaches (Reddi et al. 2000) applied to the experimental data on 

particle distributions provided a reasonable prediction of the likely trends in hydraulic 

conductivity of the soil with time during leaching. 
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A pore scale model based on measured particle size distributions was applied to 

this data to analyse the effects of particle release and re-deposition on pore structure and 

hydraulic properties. The mining residue was much more affected by this process with 

the water saturated hydraulic conductivity decreasing to 0.4 % of the initial value and 

the air entry value changing from 20 to 50 cm. For the Balkuling soil, there was little 

shift of the water retention curve detected despite the appreciable decrease of the 

saturated hydraulic conductivity to 8.5 % of the initial value. This was attributed to 

localized pore clogging (similar to a surface seal) affecting hydraulic conductivity, but 

not the microscopically measured pore size distribution or water retention. Soil structure 

was modelled at the pore scale to explain the different response of the two soils to the 

experimental conditions. The size of the pores was determined as a function of 

deposited clay particles. The modal pore size of the Balkuling soil as indicated by the 

constant water retention curve was 45 µm and was not affected by the leaching process. 

In the case of the mining residue, the mode changed from 75 to 45 µm. This reduction 

of pore size corresponds to an increase of capillary forces that is related to the measured 

shift of the water retention curve. 

Comparison of the modelled pore size distribution with the measured water 

retention curves for the four cases; (i) Balkuling soil before the release process, (ii) 

mining residue before the release, (iii) Balkuling soil after the re-deposition and (iv) 

mining residue after the re-deposition, have revealed that measured water retention 

curves were very similar for the cases i), iii) and iv). The air entry values of these three 

curves were 2-3 times the value observed for the mining residue before the release 

process (ii). The same phenomenon was simulated with the pore model: the mode of the 

modelled pore size distribution was similar (about 45µm) for (i), (iii) and (iv) and about 

75 to 95 µm for ii). The ratio of the capillary forces associated with these values of the 

modes is equal to 1.67 to 2.11 and is similar to the measured ratio of the air entry 

values. 

As well as the shift of the water retention curve in the case of the mining 

residue, substantial decreases in measured saturated hydraulic conductivity were 

observed for both soils. This decrease could be explained with the modelled destruction 

of large pores due to particle re-deposition. In accordance with the nature of structural 

integrity, the decrease of saturated hydraulic conductivity (6.1 to 0.02 cm/h) was more 

pronounced in the case of the mining residue. The tremendous change of the hydraulic 

properties in the case of the mining residues was related to a shift of the pore size 
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distribution function to smaller values with decreasing solute concentration. Initially, 

the pore size distribution was flat with a wide range of pore sizes. This curve becomes 

shifted to smaller sizes with a more narrow size distribution. For Balkuling soil, there 

was little shift of the water retention curve detected with appreciable decrease of the 

saturated hydraulic conductivity (1.5 to 0.12 cm/h). This is attributed to localized pore 

clogging (similar to a surface seal) affecting hydraulic conductivity.  

The dynamics of the process of self-filtration in soil columns were further 

evaluated by simultaneously measuring changes in pressure gradients along the columns 

and outflow particle sizes and concentrations during pressure leaching with solutions of 

100, 10, 1 mmol/L NaCl and deionised water. The electrical conductivity (EC), soil pH 

and effluent particle size distributions were also measured on the leachates collected 

during particle release. Steady increases in pressure gradient (∆P/∆L) and corresponding 

decreases in K/Ko with time were observed for both soils and follow similar trends at 

all column depths indicating continuous particle accumulation in filter pores. The most 

severe increases in ∆P/∆L and decreases in K/Ko always occurred near the inlet to the 

columns and the decline gradually decreased along the column. An increase of ∆P/∆L 

and decrease in K/Ko with decreasing ionic strengths was also observed for both soils. 

The decreases in K/Ko and increases in ∆P/∆L were clearly influenced by the size as 

well as the concentration of migrating particles in the porous medium. The finer mobile 

particles in the mining residue were clearly more readily self-filtered at the lower 

electrolyte concentration than the larger Balkuling particles, producing more rapid 

increases in ∆P/∆L and decreases in K/Ko. This more effective self-filtration and more 

rapid plugging is undoubtedly due to increased development of the diffuse double layer, 

swelling and dispersion within the soil matrix at these concentrations.  

A more dramatic decrease of saturated hydraulic conductivity was noticeable for 

the less cohesive mining residue than for the aggregated Balkuling soil. Due to 

differences in the clay mineralogy and its treatment history involving greater disruption, 

the mining residue is far more sensitive to particle mobilisation and pore clogging than 

the Balkuling soil. The mining residue is therefore more likely to encounter constriction 

and retention thus allowing smaller sized particles to become entrapped behind the 

coarser fraction, forming a filtration zone. The more clogging occurs the greater is the 

decrease of hydraulic conductivity and the smaller is the amount of particles being 

released. This is particularly enhanced at the lower electrolyte concentrations. The pH 

and EC were found to remain essentially constant with time during column leaching and 

particle release. 
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The effects of the composition of mixed calcium (Ca) and sodium (Na) ions in 

solution (sodium adsorption ratio (SAR)) on the exchange behaviour and saturated 

hydraulic conductivity were examined by carrying out batch binary exchange and 

saturated column transport experiments. Combined with breakthrough curves obtained 

for the various solutions these measurements provide insights into the progressive 

passage of the exchange front and associated structural changes through the soil 

columns 

A strong preference for Ca
2+

 ions in the exchange complex was observed for 

both soils. Generally K/Ko was found to decrease with increasing sodium adsorption 

ratio with the more structured Balkuling soil largely maintaining K/Ko for SAR 3 and 5 

at an electrolyte concentration of 100 mmol/L. However measurements at the critical 

threshold and turbidity concentrations for SAR 15, revealed structural breakdown of the 

pore matrix structure attributable to various extents of slaking, swelling, dispersion and 

decreases of pore radii as a result of self-filtration during leaching. This can be 

attributed to the shearing of particles during leaching and suggests that degrading soils 

behaviour at increasing SAR and reduced electrolyte concentrations may form a 

continuum. This was evidenced by the wide range of particle sizes of the effluents with 

the ability to dislodge from the pore matrix. 

The process of self-filtration in porous soil media leading to changes in 

hydraulic properties, is clearly dependent on a wide range of interacting physical and 

chemical factors. Any attempt to accurately describe the process will need to address the 

sequence of events giving rise to particulate matter in suspension (including structural 

disruption, swelling and dispersion), the size distribution and nature of the particles 

produced, their mobility within the particular and changing geometric constraints of the 

porous media concerned as affected by flow dynamics and the mechanisms of particle 

capture or deposition. Given the intricate randomly sized and randomly interconnected 

pore space of naturally occurring soil media and the variations in degree and stability of 

aggregation and surface physico-chemical properties associated with different 

mineralogical composition, the enormous complexity of the quantitative modelling 

process is evident. However valuable progress may be made in establishing the patterns 

of particulate behaviour associated with specific soil constituents and their response to 

different electrolytes. For example, in the present studies the kaolinite dominated 

Balkuling soil, despite being generally regarded as a structurally unstable soil, proved 

appreciably more resistant to pore clogging by virtue of the micro-aggregation of its 
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clay particles into domain or larger size components which proved surprisingly stable in 

the effluents even at low electrolyte concentrations. On the other hand the less cohesive 

mining residue dominated by smectite clay was more readily mobilised as individual 

particles and readily trapped or strained within the finer matrix pores leading to rapid 

reductions in saturated hydraulic conductivity. As the breadth of systems examined in 

future studies expands a useful classification of such dynamics, albeit somewhat 

qualitative, should be possible. 

While filtration models have been successfully achieved with the use of well 

sorted sandy materials and glass beads as porous media there remains a major challenge 

in modelling these processes in microscopically natural porous media with complex 

intrinsic properties.  
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Appendices 

Appendix 1 (Chapter 5) 
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Figure A5.1a. Changes in saturated hydraulic conductivity with time and length along 

soil column during deposition for Balkuling soil; a) 100 mmol/L (b) 10 mmol/L, (c) 1 

mmol/L (d) deionised-water and symbols D1, D2, D3 are 50, 150, 250 mm respectively, 

and are pressure measurement positions along the column from the inlet or inflow  
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Figure A5.1b. Changes in saturated hydraulic conductivity with time and length along 

soil column during deposition for mining residue; a) 100 mmol/L (b) 10 mmol/L, (c) 1 

mmol/L (d) Di-water and symbols D1, D2, D3 are pressure measurement positions 50, 

150, 250 mm respectively along the column from the inlet or inflow  
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Figure A5.2a. Temporal changes of EC and pH during particle release as a function of 

ionic strength for Balkuling soil; (a) pH and (b) EC 
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Figure A5.2. Temporal changes of EC and pH during particle release as a function of 

ionic strength for mining residue; (a) pH and (b) EC 
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Appendix 2 (Chapter 6) 
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Figure A6.1. Sodium-Calcium exchange isotherm for Balkuling soil and mining 

residue. (E is equivalent fraction of Na ion species in exchange and solution phase). 

Straight lines over the whole concentration range should be obtained if the two phases 

behaved as ideal solutions. 
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Figure A6.2. Particle size distribution following leaching with (a) SAR 3, (b) SAR 5 (c) 

SAR 15 and (d) SAR 30 for Balkuling soil (upper curves) and mining residue (lower 

curves) 
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Figure A6.3. Changes of pH and EC as function of electrolyte concentration and SAR 

for Balkuling soil (left 2 curves) and mining residue (right two curves) 
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Appendix 3 (List of main symbols and abbreviations) 

 

Roman alphabet symbols 

Symbo

l 

Interpretation Dimensio

n 

Applied 

unit 

A Crossectional area L
2
 cm

2
 

C Mass of particle concentration per unit volume ML
-3

 g/cm
3
 

c Mass fraction of particles MM
-1

 g/g 

Cp Concentration of suspended particles ML
-3

 g/cm
3
 

Cs Shape factor - - 

CTH Threshold concentration L
-3

 mmol/L 

CTU Turbidity concentration L
-3

 mmol/L 

d Distance of separation L m 

D Particle diameter L m 

Di Soil depth column of ith depth  L mm 

Dp Hydrodynamic dispersion coefficient L
2
T

-1
 cm

2
/hr 

Ex Activity of exchange phase - - 

ENa Equivalent fraction of sodium on exchanger 

phase 

- - 

f Distribution function - - 

F Cumulative distribution function - - 

H Soil water head L cm 

∆H Change in hydraulic across the sample L cm 

HA Hamaker constant   

K Soil saturated hydraulic conductivity LT
-1

 cm/hr 

Ko Initial saturated hydraulic conductivity  LT
-1

 cm/hr 

KG Gapon constant L
-1/2

 mmol/L
1/

2
 

k
1 

 A factor relating particle sizes to particle radius - - 

Na

CaK  
Vanselow constant for sodium and calcium ions L

-1/2
 mmol/L

1/

2
 

L  Size of the system L m 

M Mole fraction of ionic species - - 

N   Number of deposited colloids   - - 

n Porosity L
3
L

-3
 cm

3
/cm

3
 

NT Total cation normality ML
-3

 mg/L 

∆P Pressure difference across an air-water interface L m 

Pi Pressure applied at the ith depth L cm 

Ps Swelling pressure L cm 

q Flux density LT
-1

 cm/min 
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Q Outflow from sample L
3
 T

-1 
cm

3
/hr 

r  Pore pixel size L mm 

rp  Radius of circular capillary tube L  cm 

s  Complementary mass fraction of particles MM
-1

 g/g 

t Time T min or hr 

T Absolute temperature - ºC 

v Pore velocity LT
-1

 cm/hr 

x Space coordinate L cm 

∆ x  Pixel size L mm 

z Space coordinate L cm 

Greek alphabet 

Symbol Interpretation Dimension Applied 

unit 

σ Surface tension of water ML
-1

T
-1

 Jm
-2

 

µ Kinematic viscosity ML
-1

T
-1

 kg/ms 

α* Effective pore length volume L mm 

λ  Deposition coefficient - - 

β Rate of erosion - - 

γi Activity coefficient of species i - - 

ξ  Fraction of particles released - - 

Φ   Sand fraction cross-section L
2
/L

2
 m

2
 m

-2
 

φ Porosity of solid particles L
3
L

-3
 m

3
 m

-3
 

α  Effluent mass ratio of released particles - - 

η  Mass of colloids in effluent M mg 

Abbreviations 

Abr. Interpretation Dimension Applied 

unit 

CEC Cation exchange capacity M
-1

 cmol/kg 

EC Electrical conductivity L
3
M

-1
T

3
I
2
 mS/cm 

ESP Exchangeable sodium percentage - % 

ESR Exchangeable sodium ratio - - 

N Normality - - 

pH Soil pH - - 

PSD Pore size distribution - - 

SAR Sodium adsorption ratio - - 

SSA Specific surface area L
2
M

-1
 m

2
/g 



_______________________________________________________________________Oagile Dikinya 

 122

Subscripts and superscripts 

Symbol Interpretation 

io ith particle before deposition 

il ith particle after deposition 

i Index 

j Index 

M number of different migrating particle sizes 

 


