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ABSTRACT 

 

Drylands cover about 41% of Earth’s land surface and are home to more than 38% of 

the total global population of 6.5 billion. Some form of severe land degradation is 

present on 10 to 20% of these lands, the consequences of which are estimated to affect 

directly some 250 million people in the developing world, an estimate likely to 

expand substantially in the face of climate change and population growth. The United 

Nations has periodically focused on desertification and drylands, notably adopting the 

Convention to Combat Desertification in 1992 and designating 2006 as the 

International Year of the Desert and Desertification. 

Because of the serious situation of desertification, prevention of the degradation of 

land becomes key issue. Among existed countermeasures, greening is considered to 

be one of the most effective methodologies which can protect the biodiversity threaten 

by desertification. The conventional revegetation practice has had little or no success 

primarily due to the limited soil moisture. Low and sporadic precipitation that occurs 

in the arid regions is either not sufficient to support seed germination and plant 

development or it comes too late for plants or seeds to survive. In the arid regions 

where the groundwater table is relatively shallow, the groundwater can be used as a 

main water resource for the plants surviving. However, the water holding capacity and 

capillary rise of original soils (single-porosity soils) are limited, which leads to water 

stresses in the root zone. It’s one of problems for vegetation restoration to overcome 

or mitigate desertification. Diatomite and zeolite can be used as soil amendment to 

retain water and plant nutrients in root zone. The high porosity associated with the 

inner structure of these materials allows them to retain much water, which can be 

released slowly during dry periods. A promising method to reestablish plants could be 

effective to use these materials, which have inner porosity, as a material to wick 

shallow groundwater to the root zone of the plants. This method could allow for the 

reestablishment and sustainability of vegetation in arid areas where the groundwater 

table is shallow but not easily accessible by young plants. In order to evaluate 

amended effect, the knowledge of hydraulic behavior of original soils and inner 
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porosity soils is the foundation of seepage analysis in the vadose zone. Although 

hydraulic properties may be obtained by direct measurements, it is time-consuming, 

labour intensive and expensive. In this study, alternative theoretical approaches are 

used to estimate hydraulic properties through the use of more easily measured data. 

The dissertation made some original contributions as mainly described in Chapeter 3, 

Chapeter 5 and Chapeter 6.  

In Chapter 1, the research background, sets the research objectives and defines the 

research scope are introduced. The layout of the thesis is also comprehensively 

presented. 

In Chapter 2, the existing studies are reviewed, including the experimental techniques 

on hydraulic properties and the pore geometry, and the analytical models for 

hydraulic properties. 

In Chapter 3, the physically based scaling technique was extended to the Arya and 

Paris model (AP model) to predict soil water characteristic curves for single-porosity 

soils. AP model used to estimate the soil water characteristic curve from particle-size 

distribution curve. The basis for this approach is mainly on the shape similarity of the 

two curves. An empirical parameter α was introduced in AP model which used to 

scale pore attributes from hypothetical formations to natural structures. The parameter 

α sensitively affect the predicted results. However, original method to calculate α was 

quite complicated. The scaling technique is used to characterize hydraulic properties 

of field scale, using measurement scales that are typically much smaller. Kosugi and 

Hopmans presented an elegant physically based scaling technique which provides 

convenient way to coalesce multiple soil water characteristic curves into a single 

reference soil water characteristic curve. In this chapter, the physically based scaling 

technique was extended to the AP model to calculate parameter α. Comparing with 

original method, this approach simplifies the calculation process. Experimental soil 

data which selected from the Unsaturated Soil hydraulic Database are used to verify 

proposed approach. Results showed that the physically based scaling technique 

improved the AP model accuracy.  
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In Chapter 4, the basic properties of the dual-porosity soils used in the laboratory 

experiments are presented. Four commercial materials are used in this study, two 

diatomaceous earth pellets and two zeolites. Particle-size distribution, chemical 

compositions, inner structure and soil water characteristic of materials were 

investigated and the results were compared with a single-porosity sandy soil. Results 

show that the shapes of soil water characteristic curves for dual-porosity soils are 

bimodal. And the water holding capacity of raw diatomaceous earth and zeolites are 

higher than sandy soil, even though the particle size of these materials is coarser. The 

results suggest that raw diatomaceous earth and zeolite could be as sand amendments 

for revegetation in drylands. 

In Chapter 5, a bimodal soil water characteristic curve model is proposed for 

dual-porosity structural soils. In the last decades, several models have been proposed 

to describe bimodal soil water characteristic curve. Although these approaches were 

successfully applied to dual-porosity structural soils, they are lack of a physical basis 

for their parameters due to the fact that the unimodal SWCC functions which they 

extended were known as empirical equations. To encounter this problem, a bimodal 

lognormal soil water characteristic curve model has been proposed in this chapter. It 

was derived by assuming a lognormal pore size distribution for each pore domains 

and using weighting factors combined individual functions. The proposed model is 

defined by parameters that have physical significances which can be related to the 

distribution of pore morphology of the soil. Experimental data fitting and parametric 

analyses were used to illustrate the fitting capability of the proposed modle. The 

proposed approach resulted in good agreement between measurement and simulation.  

In Chapter 6, a new function is proposed for predicting unsaturated hydraulic 

conductivity of dual-porosity structural soils. Simulation of flow and contaminant 

transport through the vadose zone requires knowledge of the soil hydraulic 

conductivity. Although hydraulic conductivity may be obtained by direct 

measurements, it is time-consuming, labour intensive and expensive. In this chapter, a 

new function was proposed for predicting unsaturated hydraulic conductivity of 
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dual-porosity structural soils based on the bimodal soil water characteristic curve 

model proposed in Chapter 5. Experimental data verification and parametric analysis 

are undertaken to demonstrate the fitting and predicting capability of the proposed 

equations. Results demonstrate that the proposed model improved capability of 

representations of the hydraulic curves to simulate water flow in structural soils. 

These functions can potentially be used as an effective tool for identifying hydraulic 

properties in structural soils. 

Finally, a summary of conclusions and recommendations for further research are 

given in Chapter 7. 
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CHAPTER 1 

1. INTRODUCTION 

 

1.1 Research background 

Drylands cover about 41% of Earth’s land surface and are home to more than 38% of 

the total global population of 6.5 billion (MEA, 2005). Some form of severe land 

degradation is present on 10 to 20% of these lands, the consequences of which are 

estimated to affect directly some 250 million people in the developing world, an 

estimate likely to expand substantially in the face of climate change and population 

growth. The United Nations has periodically focused on desertification and drylands, 

notably adopting the Convention to Combat Desertification (CCD) in 1992 and 

designating 2006 as the International Year of the Desert and Desertification. 

As defined by the CCD, desertification is land degradation in arid, semi-arid and dry 

sub-humid areas resulting from various factors, including climatic variations and 

human activities. Desertification endangers the livelihoods of rural people in drylands, 

particularly the poor, who depend on livestock, crops and fuelwood. Conversion of 

rangelands to croplands without significant new inputs brings about a significant, 

persistent loss of productivity and biodiversity, accompanied by erosion, nutrient 

depletion, salinity and water scarcity. In 2000, the average availability of freshwater 

for each person in drylands was 1300 m3/year, far below the estimated minimum of 

2000 m3/year needed for human well-being, and it is likely to be further reduced 

(Millennium Ecosystem Assessment, 2005). Measured by indicators of human 

well-being and development, dryland developing countries lag far behind the rest of 

the world. For instance, the average infant mortality rate (54 per thousand) is 23 

percent higher than in non-dryland developing countries and 10 times that of 
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industrialized countries. 

The seriousness of the issue is recognized by the CCD, the Convention on Biological 

Diversity (CBD) and the United Nations Framework Convention on Climate Change 

(UNFCCC). The New Partnership for Africa’s Development also stresses the need to 

combat desertification as an essential component of poverty-reduction strategies. 

However, investment and action to combat desertification have been held back by the 

isolation of drylands from mainstream development, and even by controversy over the 

use of the term. Debate about desertification has been fuelled by alarming articles in 

the popular media about “encroaching deserts”, reinforced by a series of droughts 

from the 1960s through the 1980s (Reynolds and Stafford Smith, 2002). 

Because of the serious situation of desertification, prevention of the degradation of 

land becomes key issue. Among existed countermeasures, greening is considered to 

be one of the most effective methodology which can protect the biodiversity threaten 

by desertification, minimizing cost and providing positive multifunction. In the 

application of the methodology, the vegetation is the core. However, in order to fulfill 

the requirement of the growth of the plants, available water resource is the one of the 

important limitation. In the most of desertification area, there is usually not enough 

water resource. Limited precipitation and dew, as water resource are obviously not 

sufficient for the growth of the plant. Therefore, available water becomes the key 

limitation to the recovery of ecosystem in such areas. The groundwater can be used as 

a main water resource for the plants, since it has the advantage of large quantity and 

relative sustainability. Based on these considerations, the capillarity of water in the 

soils is considered as one of the possible methodologies. However, sandy soils with 

big particle size and only have pores between particles (single-porosity) cause low 

water holding capacities, which leads to water stresses in the root zone. It’s one of 

problem for vegetation restoration to overcome or mitigate desertification. 

Dual-porosity soils such as diatomaceous earths and zeolites not only have pores 

between particles also have pores inner particles. These structural soils have been 

identified as soil amendment materials in high sand content root zones (Waltz et al. 
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2003). The knowledge of hydraulic behavior of such single- and dual-porosity soils is 

the foundation of seepage analysis in the root zone. 

 

1.2 Scope and objectives 

Simulation of flow and contaminant transport through the vadose zone requires 

knowledge of the soil hydraulic properties. These properties are the soil water 

characteristic curve (SWCC) relating the volumetric water content, θ (cm3cm-3), to the 

matric head, h (cm), and the hydraulic conductivity curve giving the hydraulic 

conductivity K (cm/s) as a function of θ or h (Coppola, 2000). Although hydraulic 

properties may be obtained by direct measurements, it is still time-consuming, labour 

intensive and expensive. In this study, alternative theoretical approaches used to 

estimate hydraulic properties through the use of more easily measured data. 

The principal objects of the research are 

(1) To propose a new model which used to predict the soil water characteristic curve 

based on the soil basic properties for single-porosity soils. 

(2) To investigate the basic properties and hydraulic properties of the dual-porosity 

soils. 

(3) To propose a bimodal soil water characteristic curve model for dual-porosity soils. 

(4) To propose a closed-form function used to predict unsaturated hydraulic 

conductivity for dual-porosity soils. 

1.3 Layout of thesis 

The structure of this thesis is as follows: 

(1) Chapter 1 introduces the research background, sets the research objectives and 

defines the research scope. The layout of the thesis is also comprehensively 

presented. 

(2) Existing studies are reviewed in Chapter 2, the experimental techniques on 

hydraulic properties and the pore geometry, and the analytical models for 

hydraulic properties. 

(3) In Chapter 3, developed a soil water characteristic curve model for single-porosity 
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soils used to predict the soil water characteristic curve based on the particle-size 

distribution. Experimental soil data that representing wide range of textures are 

used to verify the proposed model. 

(4) In Chapter 4, the basic properties of the dual-porosity soils used in the laboratory 

experiments are presented. The pore geometry of structural soils has been studied 

using scanning electron microscopy and mercury intrusion porosimetry. Two 

methods were used to measure the soil water characteristic curve data of the 

materials: the Tempe cell method and the centrifuge method. 

(5) In Chapter 5, derivation of a bimodal lognormal soil water characteristic curve 

function for dual-porosity soils based on pore size distribution; and tests of the 

proposed model using available datasets. Also the measured soil water 

characteristic curves (presented in Chapter 4) are used to verify the proposed 

model. 

(6) In Chapter 6, a new model was proposed for predicting unsaturated hydraulic 

conductivity of dual-porosity structural soils based on the bimodal soil water 

characteristic curve model which has been proposed in Chapter 5. Experimental 

data verification and parametric analyses were undertaken to demonstrate the fit 

and predicting capability of the proposed equations. 

(7) Conclusions and future work are presented bimodal soil water characteristic 

curves and corresponding conductivity curves in Chapter 7. 

The relationship between chapters is illustrated in Figure 1.1. 
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CHAPTER 2 

2. LITERATURE REVIEW 

 

2.1 Soil water characteristic curve 

2.1.1 Introduction 

The water retention ability of soil is usually characterized by soil water characteristic 

curve (SWCC). SWCC is widely used in geotechnical, geoenvironmental and 

agricultural engineering. The SWCC is an important soil parameter function required 

when performing seepage analysis for unsaturated soil systems. The SWCC can be 

related to some other important soil properties such as the unsaturated permeability 

function (Fredlund et al., 1994) and the shear strength (Vanapali et al., 1996).  

SWCC is defined as the relationship between gravimetric water content w (or 

volumetric water content θ, or the effective saturation Se) and suction for the soil 

(Williams, 1982). There are also many numerous other terms, such as soil moisture 

content, for characterizing this relationship. The water content defines the amount of 

water contained within the pores of the soil. In soil science, the volumetric water 

content, θ, is most commonly used. In geotechnical engineering practice, however, the 

gravimetric water content w, which is the ratio of the mass of water to the mass of 

solids, is most commonly used. The effective saturation Se is another term commonly 

used to indicate the percentage of the voids which are filled with water. Suction ψ 

may be either the matric suction (also known as capillary pressure) of the soil (i.e.,  

ua - uw, where ua is the pore-air pressure and uw is the pore-water pressure) or total 

suction (i.e., matric plus osmotic suction). As a result of the different terminologies 

used, the soil-water characteristic curves have taken on numerous forms. Soil water 

characteristic curves over the entire suction range are often plotted on a logarithmic 

scale.  
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Figure 2.1 Idealized soil water characteristic curve (Yang et al., 2004) 

A SWCC describing the desaturation process of soil is termed as a drying curve and a 

SWCC describing the saturation process of soil is termed as a wetting curve (Fetter, 

1993). The resulting SWCCs for the drying path and wetting path exhibit hysteresis. A 

typical wetting SWCC and drying SWCC is illustrated in Figure. 2.1. The air-entry 

value (AEV, which is also called bubbling pressure), ψa, is defined as the matric 

suction at which air first enters the largest pores of the soil during a drying process 

(Brooks and Corey, 1964, 1966). As matric suction is increased from zero to the AEV 

of the soil, the volume water content, θ, of the soil is nearly constant. As the matric 

suction increases beyond the AEV, the water content steadily decreases to the residual 

water content, θr. The residual water content is the water content where a large suction 

change is required to remove additional water from the soil. Under the capillary forces 

in soil pores created by the surface tension and the adsorption forces on the surfaces 

of clay particles and in the clay interlayer, water can be retained in soils up to a 

maximum suction of 1000 MPa (Fredlund and Rahardjo, 1993). It has been 

experimentally supported for a variety of soils (Croney and Coleman, 1961) and is 

supported by thermodynamic considerations (Richards, 1965).  

Values of ψa were generally determined using the tangent method (as shown in Figure. 
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2.1, as proposed by Brooks and Corey (1964). A consistent way to define the residual 

water content is also shown in Figure. 2.1. A tangent line is drawn from the inflection 

point. The curve in the high-suction range can be approximated by another line. The 

residual water content, θr, can be approximated as the ordinate of the point at which 

the two lines intersect. The soil suction corresponding to the residual water content is 

called the residual soil suction, ψr. The water-entry value, ψw, on the wetting SWCC, 

is defined as the matric suction at which the water content of the soil starts to increase 

significantly during the wetting process (Yang et al., 2004).  

The saturated water content, θs, and the air-entry value ψa, generally increase with the 

plasticity or clay content of the soil. Other factors such as stress history, wetting and 

drying cycle, confining pressure and so on also affect the shape of the soil-water 

characteristic curves (Fredlund and Xing, 1994).  

  

2.1.2 Hydraulic hysteresis 

 

Figure 2.2 Hydraulic hysteresis (Pham et al., 2005) 

The drying SWCC and the wetting SWCC are generally different. At a same soil 

suction, the water content on the drying SWCC is normally greater than on the 

wetting SWCC. This phenomenon is called hydraulic hysteresis. The main (boundary) 

wetting and drying curves (as shown in Figure. 2.2) correspond to wetting from a dry 

condition and drying from a fully saturated condition, respectively. If wetting or 
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drying commences from any point and follows a previous drying or wetting stage 

respectively, the new wetting or drying curve lies within the region enclosed by the 

main (boundary) wetting and drying curves. These new wetting and drying curves are 

termed as scanning curves. In cycles performed over a given suction range, the form 

of the final stable hysteresis loop should be independent of whether the first cycle 

starts on a wetting curve or a drying curve.  

Hysteresis has introduced great difficulties in the application of SWCC in unsaturated 

soil mechanics. Because the occurrence of hydraulic hysteresis means that two 

samples of the same soil subjected to the same value of suction can be at significantly 

different values of effective saturation, Se, if one is on a drying path and another is on 

a wetting path (or on the scanning curves). Hillel (1998) stated that hydraulic 

hysteresis may be attributed to several causes:  

(1) The geometric non-uniformity of the individual pores (which are generally 

irregularly shaped voids interconnected by smaller passages), resulting in the ‘ink 

bottle’ effect (Haines, 1930).  

(2) The contact-angle effect, by which the contact angle and the radius of curvature 

are greater in the case of an advancing meniscus than in the case of a receding one. 

Therefore, a given water content will tend to exhibit a larger suction in desorption 

than in adsorption.  

(3) The encapsulation of air in ‘blind’ or ‘dead-end’ pores, which further reduces the 

water content of newly wetted soil. Failure to attain true equilibrium (strictly speaking, 

not true hysteresis) can accentuate the hysteresis effect.  

(4) Swelling, shrinkage or aging phenomena, which result in differential changes of 

soil structure, depending on the wetting and drying history of the sample.  

Pham et al. (2005) reviewed 28 hysteresis models and classified them into two 

categories: physically based models (domain models) and empirical models. In the 

domain models, if the behavior of the domain is not a function of the adjacent 

domains, the domain is said to be “independent”. Then the behavior of the particular 

pore depends only on a range of soil suctions. Therefore, the model is called an 
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independent domain model. For example, Mualem (1973) developed a fairly 

successful independent domain model, in which only the primary drying and wetting 

curves were required, to predict the hysteresis within the primary wetting and drying 

SWCC curves. Mualem (1974) subsequently modified the model and adopted a new 

physical interpretation of the independent domain theory. Dependent models, such as 

Poulovassilis and Childs (1971) and Mualem (1984), can be developed from an 

independent model and return to independent model by simplification. Pham et al. 

(2005) pointed out that the Feng and Fredlund (2003) model, which is an empirical 

model, is the most accurate model for predicting the main (boundary) SWCC and the 

Mualem (1974) model is the most accurate model for predicting the scanning 

SWCCs.  

Also, the hydraulic hysteresis is related with the soil stress-strain behavior. Wheeler et 

al. (2003) constructed a model to deal with the coupled hydraulic hysteresis and 

stress-strain behavior and indicated that the plastic volumetric strains will influence 

the water retention behavior and may induce the hydraulic hysteresis.  

  

2.1.3 SWCC models  

Numerous empirical equations have been proposed to describe the soil water 

characteristic curve (Table 2.1).  

The Burdine (1953) model is a three-parameter model with the relationship fixed 

between two of the parameters. The parameter, a, is related to the inverse of the air 

entry value; parameter n is related to the pore size distribution of the soil. Parameter m 

is assumed to be a function of n, eliminating m as a fitting parameter. The effect of 

one parameter can be distinguished from the effect of the other parameter, and the 

model contains only two parameters. Burdine (1953) provides a reasonably accurate 

representation of data for a variety of soils.   

Van Genuchten (1980) improved the Burdine (1953) model further. The van 

Genuchten (1980) model is more flexible and has been widely used in the engineering 

practice.  
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Table 2.1 Soil water characteristic curve models 

Model name  Expression  Parameters 

Gardner (1922)  
r

e

s r

B
S D

 

  


  


 B, D = Empirical coefficient 

Burdine (1953)    
1 2/

1 1
nn

eS a


   a, n = Empirical coefficient 

Gardner (1956)   1 1 n

eS a   a, n = Empirical coefficient 

Brooks and Corey 

(1964)  
( / )e aS    

λ = pore-size distribution 

index 

Brutsaert (1966)    1 1 /
n

eS a   a, n = Empirical coefficient 

Campbell (1974)  / ( / ) b

a s      b = Empirical coefficient 

Mualem (1976)    
1 1/

1
nn

eS a
 

   a, n = Empirical coefficient 

Van Genuchten (1980)   1
mn

eS a


   
a, n, m = Empirical 

coefficient 

Williams et al. (1983)  ln lna b    a, b = Empirical coefficient 

Mckee and Bumb 

(1987)  
exp( / )eS b   b = Empirical coefficient 

Ross and Smettem 

(1993) 
   1+ exp -eS    α= Empirical coefficient 

Fredlund and Xing 

(1994)  
   ln

m
n

eS e a


   
a, n, m = Empirical 

coefficient 

Kosugi (1994) 

 = ln( / ) /e n mS F h h 
 

21
( ) exp(- / 2)

2
n

x
F x t dt





   

Fn(x), the complementary 

normal distribution function 

and t is a dummy variable; 

hm and σ are the mean and 

standard deviation of ln(h). 

Se is the effective saturation; θ is the volumetric water content; ψ (or h) is the matric suction; ψa is 

the air entry value; θr is the residual water content; θs is the saturated water content. 

 

The van Genuchten (1980) model fits the degree of saturation versus soil suction data 

over the entire range of soil suction. The equation uses three fitting parameters; 

namely, a, n and m. Parameter a is related to the inverse of the air entry value; 

parameter n is related to the pore size distribution of the soil and parameter m is 

related to the asymmetry of the model. The advantages of the van Genuchten (1980) 



 

  

13 

 

model are as follows: it provides a wide range of flexibility, allowing it to better fit 

data from a variety of soil types; the model parameters have physical meaning; the 

effect of one soil parameter can be distinguished from the effect of the others. 

However, the magnitude of the best-fit values of n and m may vary somewhat 

depending on the convergence procedure. The van Genuchten (1980) model contains 

three fitting parameters and this limits the type of correction factors that may be added 

to the model.  

Fredlund and Xing (1994) proposed another widely used SWCC model. The 

advantages of the Fredlund and Xing (1994) model are as follows: it is continuous 

over the entire soil suction range; there is great flexibility for the model to fit a wide 

variety of datasets; the soil parameters are meaningful; the effect of one parameter can 

be distinguished from the effect of the other two parameters. It has been observed that 

the Fredlund and Xing (1994) model requires less iteration to converge to the best-fit 

parameters than the van Genuchten (1980) three-parameter model. Fredlund and Xing 

(1994) also presented a correction factor for use with their model to ensure that the 

SWCC goes through 1,000,000 kPa at zero water content.  

Brutsaert (1966) studied four models of pore-size distribution, among them the 

lognormal distribution in relation to SWCCs. A more detailed analysis was presented 

by Kosugi (1994), who assumed the lognormal pore probability density function for 

pore radii. The advantages of the Kosugi’s equations are defined by parameters that 

have physical significances which can be related to the properties of the materials. 

 

2.1.4 SWCC measurement techniques  

The SWCC measurement techniques can be grouped into at least two categories of 

methods:  

(1) One method is to measure both the water content of a soil specimen and the 

suction (total suction or matric suction) in the soil specimen, or the humidity around 

the soil specimen. This method includes the techniques using filter papers (Marinho 

and Oliveira, 2006), psychrometers (Leong et al., 2003), traditional tensiometers 

(Fredlund and Rahardjo, 1993), suction probes (i.e., tensiometers for measuring high 
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soil suctions) (Ridley and Burland, 1996; Take and Bolton, 2003; Cui et al., 2008), 

and thermal conductivity sensors (Feng and Fredlund, 2003; Nichol et al., 2003).  

(2) Another method is to control the suction and measure the water content in the soil 

specimen. This method includes the axis translation technique (Fredlund and 

Rahardjo, 1993), the osmotic technique (Delage and Cui, 2008; Monroy et al., 2007), 

and the humidity control technique (Likos and Lu, 2003). The axis translation 

technique is the most popular SWCC measurement method because of its accuracy 

and validity in the most concerned suction range. The traditional axis translation 

devices always use the air pressure to control the soil suction and show low accuracy 

in the low suction range. Water head control can help solve this problem in the axis 

translation technique.  

 

2.1.5 SWCC prediction based on basic soil properties  

The measurement of SWCC is time consuming. It would be convenient to estimate 

the SWCC from basic soil properties, such as the grain-size distribution and void ratio, 

in engineering practice. 

A pedo-transfer function (PTF) (Bouma, 1989) is a function that yields a soil property 

function based on basic soils properties such as the grain-size distribution or porosity.  

For the SWCC, indirect methods are classified into semiphysical and empirical 

methods (Schaap, 2005). Following an empirical approach, the SWCC is estimated 

from routinely available taxonomic data (e.g., sand, silt, or clay percentages, organic 

matter content, and porosity) using empirical pedo-transfer functions (PTFs) 

(Vereecken, 1988; Weynants et al., 2009). 

Semiphysical or conceptual approaches for estimating the SWCC consider the close 

similarity between the shape of the grain-size distribution function and the SWCC. 

They do offer valuable conceptual insights into the physical relations between the 

grain-size distribution and the pore size distribution. 

The first attempt to directly translate the grain-size distribution into a SWCC was 

made in the classical study by Arya and Paris (1981). In their AP model, the pore size 

is associated with a pore volume and is determined by scaling the pore length. Pore 
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lengths based on spherical particles are scaled to natural pore lengths using an 

empirical scaling parameter, α , which should be ≥1. Arya and Paris (1981) initially 

determined that α ranged between 1.31 and 1.43 for dif erent soils, with an average 

value of 1.38, but later it was found that α varied between 1.02 and 2.97 (Arya et al., 

1982; Schuh et al., 1988; Mishra et al., 1989). Many investigators have suggested that 

predictions of the SWCC would improve if α were formulated such that it would vary 

across the range of particle sizes (Basile and D’Urso, 1997; Arya et al., 1999; Vaz et 

al., 2005). Fractal concepts have also been used to derive α (Tyler and Wheatcraft, 

1989). However, the calculation procedures of these approaches are quite complicated 

or without paying much attention to the physical significance of the soil properties. 

 

2.2 Unsaturated permeability function 

2.2.1 Introduction 

The unsaturated soil coefficient of permeability function (commonly referred to as 

permeability function) is the primary soil parameter required when performing 

seepage analysis for unsaturated soil systems. Examples of engineering applications 

where a permeability function is involving include the triggering of landslides due to 

rainfall infiltration, and the modeling of flow and volume change in collapsing soils, 

compacted soils and expansive clays. The permeability functions are also required 

when modeling contaminant migration in vadose zones and in the design of capillary 

barriers and cover systems.  

Usually, the coefficient of permeability of a saturated soil is looked as a function of 

void ratio. The coefficient of permeability of an unsaturated soil (i.e. K) is a function 

of both void ratio e and the effective saturation, Se (or the volumetric water content, θ). 

The unsaturated permeability can be expressed as a function of any two of the three 

parameters which are interrelated,   

( , );  ( , );  ( , )e eK f S e K f e K f S                 (2-1) 

If the soil structure is assumed to be incompressible, the saturated permeability, ks, 

will quantify the effect of void ratio, and another function will account for the effect 

of volumetric water content (or the effective saturation) in the soil. The unsaturated 
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permeability function can be expressed as,  

( )   or   ( )s s eK K f K K f S                    (2-2) 

The suction and volumetric water content are related to the SWCC, so the 

permeability function can also be expressed as a function of suction (ψ), which is 

more frequently used in practices:  

( )sK K f                             (2-3) 

Estimation of unsaturated soil hydraulic conductivity becomes very important 

(Mualem, 1986). On one hand, researchers have conducted experiments using steady 

state method (Fleureau and Taibi, 1995) as well as transient methods. These studies 

reveal that most field and laboratory methods of determining the unsaturated soil 

hydraulic conductivity are either time consuming, tedious, or have other logistical 

difficulties. It is desirable to develop a direct method for the measurement of the 

permeability function that is time-saving and applicable to a wide range of 

coefficients of permeability and soil suctions. On the other hand, estimation 

procedures are generally resorted to where the soil unsaturated permeability can be 

estimated from the moisture retention curves or the soil-water characteristic curves 

(Fredlund and Xing, 1994; Fredlund et al., 1994). There are numerous permeability 

functions available for unsaturated soils.  

  

2.2.2 Measurements of unsaturated coefficient of permeability 

There are three main methods in the literature for the measurement of unsaturated 

permeability function in the laboratory or in situ; namely, the steady-state method, the 

instantaneous profile method, and the parameter estimation method.  

1) Steady-state method 

A number of researchers have measured the water and air coefficients of permeability 

of unsaturated soils by the steady-state method using permeameter devices (Klute, 

1965; Fleureau and Taibi, 1995; Samingan et al., 2003). The steady-state method is 

performed by applying constant boundary conditions to a soil specimen. The 

coefficient of permeability, K, corresponding to the applied matric suction is 
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computed after the steady-state conditions are achieved (i.e., the hydraulic gradient, 

the flow rate, and the soil suction reach constant values). 

The steady state method is the most accurate for the determination of the coefficient 

of permeability following Darcy’s law (Benson and Gribb, 1997). But the steady state 

method has some limitations. Normally a high air-entry ceramic disk is used in the 

steady-state method for controlling soil suction. The use of a high air-entry ceramic 

disk induces two limitations. First, the soil suction will be limited by the air entry 

value of the ceramic disk. Second, the measured permeability of the soil must be 

much smaller than the saturated permeability of the ceramic disk. 

In addition to the limitations induced by a ceramic disk, several other difficulties are 

also associated with this method (Klute, 1965; Olson and Daniel, 1981):  

(1) The low coefficient of permeability of unsaturated soils, particularly at high matric 

suctions. It induces an extremely low flow rate and a long equilibrium time. The low 

flow rates necessitate extremely accurate water volume measurements, which demand 

the careful consideration of air diffusion through the water and water loss from the 

apparatus.  

(2) Osmotic effect. The osmotic suction gradient may develop between the pore-water 

within the soil and pure water in some cases. This will induce flow across the 

specimen, in addition to the bulk flow related to the hydraulic head gradient, which 

may increase significantly as the water content of the soil decreases.  

(3) Contact between the soil specimen and the permeameter. If the soil specimen 

shrinks during the measurement process and separates from the high air entry ceramic 

plates, the air gap between the soil and the high air entry ceramic plates will stop the 

seepage of water since air is nonconductive to the flow of water. It is important to 

maintain good contact between the soil and the porous plates by a loading method.  

2) Parameter estimation method  

The parameter estimation method is an indirect approach for estimating the 

parameters describing a specific permeability function based on the results from 

transient or steady-state flow data (Kool and Parker, 1987). To obtain the permeability 
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function via the indirect parameter estimation method, a flow event is modeled using 

the appropriate governing equation (e.g., Brooks and Corey equation, 1964) and 

sometimes also a prescribed analytical expression for the soil-water characteristic 

curve. In this technique, soil mechanics formulations using pore-water pressure rather 

than soil suction are preferred as explained by Fredlund and Rahardjo (1993). The 

unknown parameters for the permeability function are then obtained by minimizing an 

objective function that describes the differences between measured flow variables and 

the variables simulated with the numerical flow code. Limited experiment data are 

needed to calculate the permeability function parameters when using this technique. 

Once the parameters are decided, the permeability function is extended to a wider 

suction range.  

Advantages of this method include time saving and greater flexibility in the design of 

experiments since no specific boundary and initial conditions are required. The main 

disadvantage of the method appears to be associated with its dependency on the 

selected model for the permeability function. In addition, there is limited 

understanding of the reliability of the computed permeability function when it is 

extended to a wider suction range.  

The parameter estimation method has been applied to the laboratory one-step 

procedure (Wildenschild et al., 1997) and the multi-step outflow procedure (Eching et 

al., 1994; van Dam et al., 1994; Caron and Elrick, 2005). The parameter estimation 

method has also been used with data obtained using an evaporation method (Brandyk 

et al., 2003) as well as an internal drainage method (Hillel et al., 1972). The method 

has also been applied to the field determination of permeability function using a 

pond-infiltration procedure (Bohne et al., 1993), the tension disk infiltrometer flow 

procedure, and a cone penetrometer-based procedure (Gribb et al., 1998). 

3) Instantaneous profile method  

The instantaneous profile method is an unsteady-state method that can be used either 

in laboratory or in situ for unsaturated permeability measurement. The instantaneous 

profile method seems to be first described by Richards and Weeks (1953) and has 
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been refined by many investigators (e.g. Hamilton et al., 1981; Daniel, 1983).  

This method uses a cylindrical specimen of soil that is subjected to a continuous water 

flow from one end of the specimen. The water content and suction distributions along 

the column can be monitored over time. Sometimes both of them are monitored, 

sometimes only one of them is monitored and another one is inferred from the SWCC.  

In the instantaneous profile test, the flow rate is controlled for obtaining the gradual 

suction profiles versus water content profiles at various times. The water content and 

suction distributions along the specimen can be monitored over time. The total water 

flow volume passing one section can be calculated by the water storage change inside 

the soil specimen. The hydraulic gradient can be calculated using the measured soil 

suctions at different sections. The average coefficient of permeability is calculated 

based on the total flow volume passing through a section in a unit time under the 

measured hydraulic gradient. The instantaneous profile method is an unsteady-state 

method that can be used either in the laboratory or in situ. It is perhaps the only 

available experimental method for directly measuring unsaturated permeability 

function over a wide range of soil suctions. This method, however, has several 

disadvantages; namely,  

(1) The method is time consuming and commonly takes several months to conduct an 

instantaneous profile test.  

(2) A proper flow rate for soil wetting is difficult to choose. If the flow rate is too high 

the gradually changing suction versus water content change profiles cannot be 

discerned. 

(3) The accuracy of the test is related to the space between water content versus 

suction monitoring points. Theoretically, the closer the water content and suction 

sensors are the more accurate is the calculated unsaturated permeability function. 

However, the use of too many sensors may cause soil disturbance and affects the 

water infiltration process.  

 

2.2.3 Unsaturated hydraulic conductivity models  

In general, the various permeability functions can be categorized into two groups: 
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empirical models and statistical models.   

1) Empirical equations 

Examples from the literature of various empirical forms for the permeability function 

are given in Table 2.2. The constants describing these permeability functions can be 

obtained by fitting the experimental data. 

Table 2.2 Different models for characterizing permeability functions 

Form of equation Reference 

Coefficient of permeability as a function of volumetric water content 

bK a  Gardner (1956) 

2 3b

s

s

K K





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 

 and 
log

log
b









 Hillel (1998) 

exp( ( ))s rK K b     Dane and Klute (1977) 

Coefficient of permeability as a function of matric suction 

K a b   Richards (1931) 

bK a   Weeks and Richards (1967) 

1

b

s

w

K K a
g





  
  
   

   Arbhabhirama and Kridakorn (1968) 

a, b are constants; K is the unsaturated permeability; Ks is the saturated permeability; ψ is the 

matric suction; θ is the volumetric water content; θr is the residual volumetric water content. 

Because the permeability function has a similar shape with the SWCC, let us suggest 

a general relationship between the permeability function as,   

 
p

s eK K S                              (2-4) 

where K is unsaturated permeability; Ks is the saturated permeability; Se is the 

effective saturation, equal to (θ-θr)/(θs-θr); p is a constant, which depends on the soil 

type. Leong and Rahardjo (1997) made a critical evaluation of the relationships 

between Se and ψ and showed that the following equation suggested by Fredlund and 

Xing (1994) is robust: 
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                      (2-5) 

where a is a constant, which has the same unit as suction; b, c are constants; C(ψ) is a 

correction factor, recommended as 1.  

2) Statistic models  

In statistic models the coefficient of permeability function is derived from the SWCC. 

These models are based on three assumptions (Mualem, 1986):  

(1) The porous medium consists of a set of randomly distributed interconnected pores 

characterized by a pore radius r and its statistical distribution, f(r).   

(2) The Hagen-Poiseuille equation is valid, which is expressed as,  

2r g
v i

C

 
  

 
                           (2-7) 

where v is the average flow velocity; i is the hydraulic gradient; r is the pore radius; η 

is the kinematic coefficient of viscosity; C is the shape constant of the flow system; g 

is the gravitational acceleration. 

(3) The SWCC is considered analogous to the pore-size distribution function using 

Kelvin’s capillary law.  

Childs and Collis-Gorge (1950) investigated the influence of the random connection 

of pores on the coefficient of permeability. The pores on two imaginary faces are 

assumed to be randomly connected by a series of capillaries. The probability of larger 

pores of radius r connected to smaller pores of radius ρ is given by,  

( , ) ( ) ( )prob r f r f                        (2-8) 

where f(r) is the probability of pores with a radius r; f(ρ) is the probability of pores 

with a radius ρ. Two other assumptions were made: first, the effective resistance to 

flow in the pore sequence is confined by the smaller pores; second, the only 

contribution to permeability is by a direct pore sequence so the possibilities of 

by-passing sequences of pores are ignored. Then the discharge flow dq through the 

tunnel by a pair of r and ρ is  
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2( ) ( )dq Mf r f i                          (2-9) 

where M is a constant accounting for geometry and fluid properties. By integrating the 

equation over all the filled pores and applying Darcy’s law, the permeability is 

expressed as,  
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The closed form solution of eq. 2-10 is not readily obtained in reality.  

Burdine (1953) and Mualem (1974, 1976) proposed approaches for unsaturated 

hydraulic conductivity. A generalized form of the model for predicting the relative 

hydraulic conductivity Kr from SWCC is written as (Hoffmann-Riem et al., 1999): 

             

 (2-11) 

where Ks and K are the saturated and unsaturated hydraulic conductivities (cms-1), 

respectively. The parameters λ, β as tortuosities and pores connectivity for γ (subject 

to λ ≥ 0, β ＞ 0, and γ ＞ 1). The computed coefficient of permeability from this 

statistical model showed good agreement with the measured coefficient of 

permeability (van Genuchten, 1980; Fredlund et al., 1994). It is also a common 

practice to carry out the summation from the lower limit, which is the lowest 

volumetric water content of the SWCC, to the upper limit.  

 

2.2.4 Pedo-transfer functions of unsaturated permeability  

Parametric PTFs that predict the parameters of closed form analytical expressions of 

SWCC and permeability function, such as the equations proposed by Brooks and 

Corey (1964) or van Genuchten (1980) (referring to Table 2.1) have the greatest 

ability to be used in mechanistic water flow models.  

Pore size is also used to predict the hydraulic conductivity of soils recently. Kosugi 

(1999) developed combined soil water retention-hydraulic conductivity model for 
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soils with a lognormal pore-size distribution based on the Mualem-Dagan pore-size 

model. Xu and Sun (2002) derived an unsaturated permeability function from a fractal 

model of pore-size distribution, in which the fractal dimension is obtained from 

porosimetric measurements. 

Recently, investigators have tried to incorporate new descriptors into PTFs, such as 

soil structural information (Lin et al., 1999) or terrain attributes (Romano and 

Palladino, 2002). For example, Lin et al. (1999) developed a point scale system for 

quantifying soil morphology; the approach permitted the determination of 

interrelationships among different morphological features. Practical applications 

confirmed that soil structure is crucial in characterizing hydraulic behavior in 

macro-pore flow region, whereas texture has a major impact on the hydraulic 

properties controlled by micro-pores. Romano and Palladino (2002) proposed an 

approach for including terrain attributes by accounting for certain landscape variables, 

such as slope (i.e. tanβ, where β is the slope angle) and aspect (i.e. cosφ, where φ is 

the angle clockwise from north) etc.  

More empirical models have been obtained by solving various mathematical methods. 

Until recently, most PTFs were derived through multiple regression methods (Wosten 

et al., 1990, 2001; Rawls and Brakensiek, 1985), but the artificial neural networks 

approach (e.g., Pachepsky et al., 1996; Minasny et al., 1999, 2004; Minasny and 

McBratney, 2002) is becoming more and more popular; performances equivalent or 

superior to PTFs derived by regression-type methods have been also reported 

(Minasny et al., 1999; Nemes et al., 2003).  

  

2.3 Pore geometry  

2.3.1 Introduction to pore geometry  

Soil fabric is of great importance in geotechnical, geo-environmental and agricultural 

engineering as this property influences many soil characteristics, such as 

compressibility, hydraulic conductivity, soil water characteristics, frost and heave 

problem, and stress state variables of soils, especially for unsaturated soils. Soil 

micro-porosity structure is difficult to measure and is highly variable for a single soil 
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type. Micro-porosity structure changes with stress state, water actions, temperature 

fluctuations, long-term gravimetric actions, and weathering.   

 

2.3.2 Experimental techniques for studying pore geometry  

Normally, scanning electron microscopy (SEM) (Collins and McGrown, 1974) and 

optical microscope (Cousin et al., 2005) are used to study the soil fabric qualitatively. 

Based on the photographs from the optical microscope test and the backscattered 

electron scanning images from the SEM, the soil surface macro-micro fabric can be 

recognized.   

The nitrogen adsorption (Prost et al., 1998) and mercury intrusion porosimetry (MIP) 

(Cuisinier and Laloui, 2004) can characterize the soil fabric quantitatively by 

measuring a pore size distribution curve. The pore-size distribution (PSD) has often 

been advanced as a parameter function to help interpret geotechnical behaviors. It has 

been correlated with saturated hydraulic conductivity and frost heave, and prediction 

of soil deformation and SWCCs prediction (Prapaharan et al., 1985).  

1) Dehydration method 

The sample should be dehydrated before being taken for testing for pore geometry. 

Normally, the soil sample can be dehydrated by air-drying, oven-drying, freeze-drying 

and critical-point-drying techniques (Fratesi et al., 2004). Oven drying and air-drying 

should be avoided because of the shrinkage phenomena which will alter the original 

microstructure, especially for clay (Delage and Lefebvre, 1984). As recommend by 

many researchers, the freeze-drying method is the least disturbing dehydration 

technique (Gillott, 1973). But the results by freeze-drying technique are less 

reproducible than that by the oven-drying method (Penumadu and Dean, 2000).   

In the freeze-drying technique, the soil sample was quickly frozen with liquid 

nitrogen and then placed in a commercially available freeze-drier for approximately 

one day for the sublimation of water. The freeze-drying technique is based on the 

assumption that during rapid freezing of a soil using liquid nitrogen, the water in the 

soil does not have enough time to recrystallize. Therefore, the water passes directly to 

the solid state. The transition from liquid to a solid is not accompanied by a linear 
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expansion of the phase being formed and consequently does not cause deformation to 

the specimen (Penumadu and Dean 2000). After freezing, the specimen is placed in a 

freezing unit with a vacuum chamber and dried by sublimation of the frozen water at 

a low temperature (e.g., lower than -20°C). The freeze-drying technique appears to be 

the most appropriate method for dehydrating soil samples for use in microscopy and 

mercury intrusion testing (Penumadu and Dean, 2000).  

2) Measurements of PSD by MIP  

MIP tests are routinely and effectively used to evaluate the PSDs of powder and bulk 

materials with open and interconnected pore structures. MIP tests allow the 

measurement of pore radii ranging from a few nanometers up to several tens of 

micrometers. This wide range allows the identification of different soil pore classes 

along the PSD curve. MIP is based on the principle that a non-wetting fluid such as 

mercury does not enter a porous medium unless a sufficient pressure is applied. 

During the MIP test, a dehydrated sample is initially surrounded with mercury at a 

specific low pressure. Then the mercury pressure is increased step by step until it 

reaches the capacity of the system. The volume of mercury that intrudes into the pores 

is measured for each pressure increment.   

An assumption is made that cylindrical flow channels exist in the soil with a radius, r, 

and the pores which are intruded by mercury under an applied pressure, P, can be 

calculated using Jurin’s equation:  

2 cossT
r

P


                          (2-12) 

where r is the entrance pore radius; Ts is the surface tension force of the liquid; The 

surface tension of mercury, Ts , is 472 µN/m2 at 20 °C; α is the contact angle of fluid 

(the wetting phase)-air interface to solid (non-wetting phase).  

Then, the intrusion mercury volume when the pressure increases from P1 to P2 reflects 

the volume of pores with diameters from (2Tscosα/P1) to (2Tscosα/P2).  

The cumulative injected mercury volume indicates the cumulative pore volume. The 

mercury intrusion pressure indicates the pore radius according to eq. 2-12. The pore 
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size distribution can be derived from:  

 
( )

( )
dv r

f r
dr

                            (2-13) 

where v(r) is the volume of pores with radii larger than r in 1 gram of dry soil; f(r) is 

the pore size distribution. When the pore radius approaches zero, v(r) will be,  

0

( )
lim s
r

dv r
e G

dr
                         (2-14) 

where e is the void ratio and Gs is the specific gravity. However, there are some 

difficulties in the adequacy of the PSD as measured by MIP and the interpretation of 

the test results. 

 3) Difficulties associated with MIP  

The interfacial contact angle is used to describe the three-phase interface between 

solid particles, pore liquid, and pore air in soils. This angle is defined as the angle 

measured inside the liquid phase from the solid surface to a point tangent to the 

liquid-air interface. Contact angles less than 90° indicate an attractive solid-liquid 

interaction. Contact angles greater than 90° indicate a repulsive solid-liquid 

interaction. A variation in contact angle from 100° to 170° is found with the increase 

of pore diameter (Neumann and Good, 1979), as shown in Fig. 2-12. From Fig. 2-12, 

the influence of surface tension on contact angle can be negligible. Thus it is 

important to use an appreciate contact angle value in the interpretation of MIP test 

data. From the research of Penumadu and Dean (2000), The hysteresis of mercury-air 

contact angle can be negligible (average advancing contact angle of 162° and average 

receding angle of 158° for kaolinite clay).   

Penumadu and Dean (2000) considered the problem of elastic compression of the pore 

spaces prior to actual intrusion into the bulk of the specimen. They found that, for soft, 

initially slurried clays, up to 20% of the intruded volume could be attributed to such 

compression. However, for compacted soils, mercury percolates through the sample at 

relatively low pressures (Simms and Yanful, 2002), the initial elastic deformation may 

be reduced to a lower level.  
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Every MIP device has its own range of injected mercury pressure. Referring to eq. 

2-12, the measurable range of pore radius is varied with different MIP device. There 

may be a considerable volume of pores with radii out of the measurement range.  

 

2.3.3 SWCC prediction from PSD  

When the matric suction is low (for example, less than 3000 kPa), the variation in the 

interlayer and the adsorbed water are minimal in the compacted soils (Cases et al., 

1992; Saiyouri et al., 2000). So, liquid transport is significant in the range of low 

suctions, where capillary forces dominate. Hence, pore geometry controls the SWCC 

in that suction range. At higher suctions the relative humidity of the soil pores begins 

to decrease, and vapor flow becomes significant. At these suctions the slope of the 

SWCC, with suction plotted on a log scale, is proportional to both the liquid limit and 

the plasticity index (Reddi and Poduri, 1997; Marhino and Stuermer, 1998). Thus, in 

the high range of suctions, water content is controlled by the specific surface and 

charge of the clay minerals, and changes in interlayer and adsorbed water are 

important. The PSD measured in the MIP test can be effectively used for SWCC 

prediction. In a SWCC test, the relationship between the radius of the pores which are 

filled by water and the soil suction follows the following relation (Batchelor, 1967)  

 
,2 coss wT

r
P


                          (2-15) 

where the surface tension of water Ts,w is 72.8 mN/m2 at 20ºC; α is the contact angle 

between the air-water interface at the surface of soil particle, and is taken as 0° in this 

study. Therefore, SWCC is also a macro performance indicator for PSD. If the SWCC 

is integrated over the differential pore volume, the water content is equal to the 

volume of pores up to a radius r,  

 
0

( ) ( )
r

w r f r dr                          (2-16) 

where f(r) is the pore size distribution, which can be measured in the MIP (referring to 

eq. 2-13).  

The water-air-solid contact angle is closely related to soil hydrophobicity. Soil 
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hydrophobicity is defined as the tendency for a soil particle or soil mass to resist 

hydration. Wettability is the ability of a liquid to spread over and wet a material such 

as soil. Wetting or non-wetting (drying) behaviour can be quantified by measuring the 

contact angle, which is defined as the angle measured inside the liquid phase from the 

solid surface to a point tangent to the liquid-air interface. The contact angle varies 

from 0° (hydrophilic material) to 180° (completely non wettable, hydrophobic 

material).  

Figure 2.3 shows the concept of the drying contact angle and the wetting contact 

angle as a liquid drop on a tilted solid surface. After the drop reaches steady-state flow 

under the influence of gravity, the wetting (advancing) contact angle αw is defined as 

the contact angle that develops at the advancing front of the drop. Similarly, a drying 

(receding) contact angle αd is defined as the contact angle that develops at the 

receding front of the drop. Normally, the wetting contact angle is larger than the 

drying contact angle.   

 

Figure 2.3 Hysteresis between wetting and drying (advancing and receding) contact 

angle of water (Kumar and Malik, 1990) 

Wetting contact angles in sands can be as high as 60 to 80° (Letey et al., 1962; Kumar 

and Malik, 1990). Drying contact angles, on the other hand, have been estimated from 

0° to as much as 20 to 30° smaller than the wetting angles (Laroussi and DeBacker, 

1979). 
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2.4 Unsaturated hydraulic properties of structural soils 
2.4.1 Soil water characteristic curve of dual-porosity structure soils 

Numerous unimodal functions (e.g. Brooks and Corey, 1964; van Genuchten, 1980; 

Fredlund and Xing, 1994; Kosugi, 1994) have been developed to describe SWCCs. 

These functions were generally derived from idealized pore space models that assume 

a unimodal pore-size distribution. Nevertheless, evidences have been shown that the 

pore-size distributions of some soils are often bimodal or multimodal (Othmer et al., 

1991; Durner, 1994; Spohrer et al. 2006; Zhang and Li, 2010). For example, the 

structural soils consist of interconnected networks of matrix (inter-aggregate) and 

structural (intra-aggregate) pores forming two (or more) distinct pore spaces (Kutı́lek, 

2004). Typically, spaces of sizes in the order of 10-4 to 10-2 m are associated with 

structural pores, while the porous matrix contains smaller pore sizes in the range of 

10-7 to 10-5 m (Tuller and Or, 2002). The existences of two vastly different pore 

domains resulting in pore-size distributions of structural soils are often bimodal. In 

such soils the independent draining of the structural and matrix pores frequently 

results in two distinct air-entry values, which any single unimodal function does not 

reproduce adequately (Othmer et al., 1991; Durner, 1994). To encounter these 

problems, in the last decades several approaches have been developed to describe 

bimodal or multimodal SWCCs (Table 2.3). Durner (1994) extended the unimodal 

van Genuchten functions (van Genuchten 1980) to fit bimodal and multimodal 

SWCCs by introducing weighting factors for combining individual functions. In these 

approaches the SWCC function of the whole porous medium has been described by 

linearly overlapping functions of the same form or of different forms (Coppola, 2000). 

Burger and Shackelford (2001a, b) proposed piecewise-continuous forms of the 

Brooks-Corey (1964), van Genuchten (1980), and Fredlund-Xing (1994) SWCC 

functions to fit the bimodal experimental SWCCs for diatomaceous earth (DE) and 

sand-DE mixtures. Although above approaches were successfully applied to structural 

soils, they are lack of a physical basis for their parameters due to the fact that the 

unimodal SWCC functions they extended were known as empirical equations. 
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Table 2.3 Reviews of bimodal SWCC functions 

Model 

name  
Expression  Parameters 
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α, β, α’, β’= Empirical 
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selection of the junction 

point (ψj, θj) somewhat 

arbitrarily. 

 

2.4.2 Unsaturated hydraulic conductivity of structural soils  

The equation proposed by van Genuchten (1980) for the SWCC is widely adopted and 

generally coupled with Mualem’s (1976) expression for predicting hydraulic 

conductivity. The van Genuchten-Mualem model has produced satisfactory results in 

soils with a unimodal pore-size distribution. Nevertheless, the pore-size distributions 

of some soils is often bimodal or multimodal (Durner, 1994; Zhang and Chen, 2005; 

Spohrer et al. 2006; Zhang and Li, 2010). For example, structural soils consist of 

interconnected networks of matrix (inter-aggregate) and structural (intra-aggregate) 

pores forming two (or more) distinct pore spaces (Kutílek, 2004). The existence of 

two vastly different pore domains results in pore-size distributions of structural soils 

that are often bimodal. In such soils the independent draining of the structural and 

matrix pores frequently results in two distinct air-entry values, which any single 

unimodal function does not reproduce adequately (Othmer et al., 1991; Durner, 1994). 

To counter these problems, several approaches have been developed to describe 

bimodal or multimodal SWCCs in the past decades. Peters and Klavetter (1988) first 

proposed the superposition of two unimodal pore systems to represent bimodal 
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pore-size distributions. This approach was generalized by Othmer et al. (1991), 

Durner (1994) and Zhang and Chen (2005) to consider multimodal pore-size 

distributions, each of which is characterized by its own SWCC function. Recently, Liu 

et al. (2013) proposed a more physically based SWCC model by superposing the 

unimodal lognormal model of Kosugi (1994). Superposition of the unimodal SWCC 

model has also been used for modelling the hydraulic conductivity of structured soils. 

Priesack and Durner (2006) derived a closed-form expression for the multimodal 

unsaturated conductivity function by combining the multimodal representation of van 

Genuchten’s SWCC function (van Genuchten, 1980) with the conductivity 

representation model of Mualem (Mualem, 1976). Spohrer et al. (2006) investigated 

the applicability of unimodal and bimodal representations of van Genuchten’s SWCC 

functions for modelling water flow in a tropical acrisol. A physically based approach 

to represent the hydraulic properties of structured porous media was proposed by 

Tuller and Or (2002), which considered equilibrium liquid configurations in bimodal 

pore space. However, the derived functions of this approach are rather complex 

(Priesack and Durner, 2006). Kutílek (2004) also proposed a physically based 

hydraulic model for structural soils using the lognormal hydraulic model of Kosugi 

(1994) and partitioned the structural and matrix pore domains by the air-entry value of 

the matrix pore. 

 

2.5 Summary 

In this chapter, the previous researched that had close relationship with the hydraulic 

properties of the single- and dual-porosity structural soils were reviewed. Existing 

problems were concluded as follow: (1) There are many methods to predict unimodal 

soil water characteristic curve for single-porosity soils. However, the calculation 

procedures of these approaches are quite complicated or without paying much 

attention to the physical significance of the soil properties. (2) In the last decades, 

several approaches have been developed to describe bimodal or multimodal soil water 

characteristic curves. Although these approaches were successfully applied to 

structural soils, they are lack of a physical basis for their parameters due to the fact 
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that the unimodal soil water characteristic curve functions they extended were known 

as empirical equations. (3) Equations to predict unsaturated hydraulic porosities of 

structural soils also have been developed by researches. However, the derived 

functions of this approach are rather complex or lack of physical significance of the 

parameters. The objectives of the dissertation will be focus on these problems.  
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CHAPTER 3 

3. PREDICTION OF SOIL WATER CHARACTERISTIC CURVE FOR 

SINGLE-POROSITY SOILS USING PHYSICALLY BESED SCALING 

TECHNIQUE 

 

3.1 INTRODUCTION 

The knowledge of hydraulic behavior of single-porosity soils is the foundation of 

seepage analysis in the desert (unsaturated zone). The soil water characteristic curve 

(SWCC) reflects the storage capacity of soil (Schulze et al. 1985), is an important 

hydraulic property of unsaturated zone. The SWCC is often required as input in soil 

water flow and contaminant migration models supporting hydrologic, environmental 

engineering (Henry and Smith, 2006; Ireson et al., 2009). However, direct 

measurement of the SWCC is time consuming, expensive, labor intensive, and subject 

to numerous errors. As a result, indirect approaches that estimate the SWCC from 

routinely available taxonomic data (e.g., texture, bulk density, particle density, and 

organic matter content) using pedotransfer functions have become interested (Arya et 

al., 2008). 

Arya and Paris (1981) proposed a physico-empirical model (AP model) that used to 

estimate the SWCC from particle-size distribution (PSD). The basis for this approach 

is mainly on the shape similarity of the two curves. The AP procedure introduced an 

empirical parameter, α, used to scale pore attributes from hypothetical formations to 

natural structures. Arya and Paris (1981) initially determined α as constant, whereas 

several researchers have suggested that variable α would improve the predictions of 

the SWCC (Basile and D’Urso, 1997; Arya et al., 1999; Vaz et al., 2005). Fractal 

concepts have also been used to derive α (Tyler and Wheatcraft, 1989). However, the 

calculation procedures of these approaches are quite complicated or without paying 
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much attention to the physical significance of the soil properties. 

In the past decades, the scaling technique has been used to characterize hydraulic 

properties of field-scale vadose zones, using measurement scales that are typically 

much smaller (Miller and Miller, 1956; Peck et al., 1977; Tuli et al., 2001). With 

growing water quality issues, this scale-transfer question is being asked more 

frequently than ever (Hopmans et al., 2002). Kosugi and Hopmans (1998) presented 

an elegant physically based scaling technique (PBS) which provides convenient way 

to coalesce multiple SWCCs into a single reference SWCC (Tuli et al., 2001; Bhabani 

et al., 2005). 

The objective of this study was to extend the PBS approach to the AP model, yielding 

α to estimate SWCC from PSD. A total of 50 experimental soil data that representing 

a range of textures that include sand, sandy loam, loam, silt loam, and clay, were 

selected from the UNSODA hydraulic property database (Nemes et al., 2001) for this 

purpose. In addition, 19 soil samples with different textures were used to test this 

method. The results predicted from the PBS approach were compared with other 

methods to verify its effectiveness. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Experimental data 

Experimental SWCCs, PSD, bulk density, and particle density data were obtained 

from the Unsaturated SOil hydraulic DAtabase (UNSODA) (Nemes et al., 2001). The 

UNSODA contains of SWCC, hydraulic conductivity and water diffusivity data as 

well as pedological information of some 790 soil samples from around the word (e.g. 

United States, Netherlands, United Kingdom, Germany, Belgium, Denmark, Russia, 

Italy, and Australia). Sixty-nine soil samples, representing a range of textures that 

include sand (S), sandy loam (SL), loam (L), silt loam (SiL), and clay (C), were 

selected for this study. Among them, 50 soil samples were used to calculate α using 

PBS approach, 19 soil samples used to verify the calculated α value. All soils are 

identified in Table 3.1 
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Table 3.1 Textural classes and UNSODA codes for samples 

Textural 

class 
UNSODA codes Use 

Sand 

1462，1463，1464，1465，1466，1467，3330，

3331，3332，3340，4523， 4660，4661 
Calculating α 

1460, 2100, 4650, 4651 Testing α 

Sandy 

loam 

1161，1380，1381，2532，3290，3310，3320，

3321，3323 
Calculating α 

3291, 3300, 3301, 3311 Testing α 

Loam 
1370，2530，2531，4591，4600，4610，4620 Calculating α 

3293, 3302, 3303, 4592 Testing α 

Silt loam 

1280，1281，1282，1341，1342，1350，1352，

1490，2000，2002，2010，2011，4510，4671，

4672，4673 

Calculating α 

1340, 1351, 2001, 2012 Testing α 

Clay 
1162，1163，2360, 2362，4680 Calculating α 

1400，2361，4681 Testing α 

 

3.2.2 Arya and Paris Model 

The AP model translates the percentage of particles smaller than the diameter axis of 

the PSD curve to volumetric water content and the particle diameter axis to suction 

head (Arya and Paris, 1981; Arya et al., 1999; Arya et al., 2008). First, the PSD is 

divided into n size fractions that was originally suggested by Arya and Paris (1981) as 

20 diameter classes (1, 2, 3, 5, 10, 20, 30, 40, 50, 70, 100, 150, 200, 300, 400, 600, 

800, 1000, 1500, and 2000 μm). In each fraction, the solid mass was assembled to 

form a hypothetical, cubic close-packed structure consisting of uniform-sized 

spherical particles. Starting with the first fraction (smallest particles), calculated pore 

volumes are progressively summed and considered filled with water. Each 

summations of filled pore volumes is divided by the bulk volume of the whole sample 

to obtain volumetric water content at the upper bound of successive mass fractions. 
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An equivalent pore radius is calculated for each fraction and converted to soil suction 

head using the capillary equation. Calculated suction heads are sequentially paired 

with calculated volumetric water contents to obtain a predicted SWCC. The capillary 

equation that relates soil suction head (hi) and pore radius (ri) as follows: 

                           (3-1) 

where γ is the surface tension at the air-water interfacial (N m-1), Θ is the contact 

angle, ρw is the density of water (kg m-3), and g is the acceleration due to gravity (m 

s-2). 

The calculation of the volumetric water contents from the PSD as the contribution of 

each fraction to soil wetting: 

                           (3-2) 

where ϕ is the total soil porosity (cm3 cm-3), Sw is the ratio of measured saturated 

water content to theoretical porosity and Wi is the soil mass of the ith fraction (i 

=1, ... , I). Soil porosity can be calculated from soil bulk density ρb (kg cm-3) and 

particle density ρs (kg cm-3): ϕ =1-(ρb/ρs). 

Porous radius of ith fraction (ri) is determined from soil particle diameter (Di) 

considering packing of uniform-sized spherical particles and an empirical parameter α 

that corrects for natural structure soil 

                         (3-3) 

where ni is the number of particles of ith fraction, and e is the void ratio, given as 

follows: 

                            (3-4) 

                            (3-5) 

The soil suction head is then calculated with the combination of Eq.(3-1), (3-3), (3-4) 

2 cos

w

i

i

h
gr








1

I

i w i

i

S W 


 

0.5
1

2

2 3

i

i i
i

D en
r

 
  

 

3

6 i
i

i s

W
n

D 


s b

b

e
 








 

  

49 

 

and (3-5) as follows: 

                 

(3-6) 

Once the empirical parameter αi is known, the calculated volumetric water contents 

are paired with the predicted soil suction heads (Eq. (3-6)) to construct SWCC. 

 

3.2.3 Physically based scaling technique 

The single objective of scaling is to coalesce a set of functional relationships into a 

single curve using scaling factors that describes the set as a whole (Tuli et al., 2001). 

Miller and Miller (1956) introduced the similar-media concept to conveniently 

describe soil variability in a unified manner. They assumed that the microscopic 

structures of two “geometrically similar” soils differ only by a characteristic length λ 

(Warrick et al., 1977). The scaling factor δj is defined as the ratio of a characteristic 

length λj of soil sample j and the characteristic length λref of a reference soil (Peck et 

al., 1977) as follows: 

                             (3-7) 

Kosugi and Hopmans (1998) presented an elegant physically based scaling (PBS) 

technique which introduced the median pore radius rm, as the characteristic length to 

scale SWCC for soils that are characterized by a lognormal pore size distribution, f: 

                   

(3-8) 

where r is the pore radius (cm), and σ is the standard deviation of the frequency 

distribution. Based on this assumption, the lognormal SWCC function as a cumulative 

curve of Eq. (3.8) was given by Kosugi and Hopmans (1998): 

                   

(3-9) 

where θs and θr denote the saturated and residual water contents (cm3cm-3), ln(hm) and 

σ are the mean and standard deviation of ln(h), respectively. The median suction head 
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hm (cm) is related to the median pore radius (rm) by Eq. (3-1). Fn(x) is the normal 

distribution function defined as 

                     (3-10) 

Then, the reference SWCC function , is given by the following parametric relation 

(Kosugi and Hopmans, 1998): 

                   (3-11) 

where ln(hm,R) and σR represent the mean and standard deviation of ln(h) for the 

reference soil, and are computed from 

                       (3-12) 

                         (3-13) 

where J denotes the number of soil samples in the set and the individual ln(hm,j) and 

σj
2 values are determined from the fitting of Eq. (3-9) to individual SWCC data. 

Accordingly, scaling factors for each soil sample, j, can be computed directly from 

(Kosugi and Hopmans, 1998; Tuli et al., 2001): 

                         (3-14) 

 

3.2.4 Derive α using physically based scaling technique 

Initially, the PBS technique was used to compute α value for all 50 calculating soils in 

Table 3.1. Later calculating soils were divided into five subpopulations based on the 

soil texture: sand, sandy loam, loam, silt loam and clay soils. Each textural class 

subpopulation was then computed to its respective α value. In present study the 

parameter α assumed as a single value for each soil texture and all soils combined 

together, respectively. The detailed procedure to derive α values as follows: 

1) Scaling of measured soil water characteristic curves 
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The experimental SWCC data points were fitted to lognormal model (Eq. (3-9)), 

yielding parameters hm,measured and σmeasured for each soil sample j. Subsequently, the 

measured reference SWCC function  was calculated using Eqs. (3-11)-(3-13) 

for each soil texture and all soils combined together. In this study, we assume that the 

porosity is equivalent to θs. For soils that did not provide porosity or θs value, the first 

point of the experimental SWCC data that corresponds to the lowest suction head was 

used as θs (Chan and Govindaraju, 2004), and θr was assumed to be zero when the 

suction being infinity (Fredlund and Xing, 1994). 

 

2) Scaling of predicted soil water characteristic curves 

The AP model is based mainly on the similarity between the shapes of the cumulative 

PSD curve and the SWCC. Therefore, PSD data were also fitted to lognormal 

function to determine the cumulative PSD curve. The function proposed by Buchan 

(1989) as follows: 

                      

 (3-15) 

where f(lnD) is the cumulated frequency distribution function associated with the 

natural logarithm of particle-size diameter, D, for particle-size classes i =1, ... , I, and 

μ and σ denote the mean and standard deviation of the ln-transformed particle 

diameter, respectively. Subsequently, selected 20 diameter classes that was originally 

suggested by Arya and Paris (1981).  

A series of potential α values (αpotential) were selected for each soil texture and all soils 

combined together, respectively. By use of Eqs. (3-2)-(3-6) SWCC can be estimated 

from PSD for each soil samples. Then, the predicted SWCC data points were fitted to 

lognormal model (Eq. (3-9)) to determine the parameters hm,predicted and σpredicted for 

each soil core j. After that, using Eq. (3-11) to calculate the predicted reference 

SWCC function  according potential α value for each soil group.  

 

3) Calculate optimal α values 
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An iterative procedure was used that minimized the root mean square error (RMSE) 

between  and  to determine optimal α values for each soil texture 

and all soils combined together. The RMSE given by 

       (3-16) 

where L, denotes the total number of suction head (h) values, that were fixed ranging 

between 0.1 cm and 1010 cm in present study. Microsoft Excel 2010 

(Microsoft Corporation) was used for all of the nonlinear optimization runs. 

 

3.2.5 Verification 

After obtained the optimal α values for each texture and all the soils, testing soils in 

Table 3.1 were used to verify effectiveness of PBS approach. To compare the results 

with previous similar studies, the SWCCs were also predicted with the methods in 

Table 3.2. Statistical comparison of the results was carried out in terms of the 

coefficient of determination (R2), and root mean square error (RMSE) to determine 

the accuracy of these methods and the correlation between the measured and predicted 

SWCC. 

The Table 3.2 lists the represented methods to predict SWCCs according AP model, 

including constant α and variable α methods. Except methods in the Table 3.2, there 

are some approaches to estimate SWCC base on AP model. For example, in Basile 

and D’Urso (1997), α was assumed as a function of soil suction head (h). However, 

the use of the α= f(h) relationship is quite complicated due to the interdependence of α 

and h in the application of the AP model (Vaz et al., 2005). Fractal concepts have also 

been used to determine α value (Tyler and Wheatcraft, 1989). However, fractal 

approaches account only for the effects of the tortuosity of pore lengths but not for 

other factors that influence the SWCC, such as bulk density. These methods were 

ignored in present study due to their defects. 
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Table 3.2 Represented methods to predict SWCCs according AP model 

Method α value and equation 

Constant α α=1.38 (Arya and Paris, 1981), and 0.938 (Arya and Dierolf, 1992) for 

all the soil classes. And α = 1.285, 1.459, 1.375, 1.150, and 1.160 for the 

sand, sandy loam, loam, silt loam, and clay soils (Arya et al., 1999). 

Logistic 

equation 

(Arya et al., 

1999) 

 

where Y is the dependent variable log Ni, Yƒ is the final value of log Ni, 

Yi is the initial value of log Ni, μ is the rate coefficient, x is the 

independent variable log ni, ΔY = Δlog Ni, Δx = Δlog ni, and αi= log 

Ni/log ni. ni and Ni is the number of spherical particles in the ideal and 

natural structure soil, respectively. These parameters values were shown 

in Table 2 of Arya et al. (1999). 

Linear equation 

(Arya et al., 

1999) 

 

Parameters for equation were represented in Table 3 of Arya et al. 

(1999). 

α = f(θ) 

(Vaz et al., 

2005) 

 

where θi is the water content of each fraction (cm3 cm-3). 

 

3.3 RESULES AND DISCUSSION 

3.3.1 Scaling of measured soil water characteristic curves 

The measured SWCCs of 50 soils for calculating the optimal α are shown in Figure 

3.1-3.6. And all the SWCCs were successfully described by the lognormal model (Eq. 

(3-9)) with more than 91.04 % of SWCCs having R2> 0.95 and all SWCCs with R2 > 

0.91. Such high values of R2 indicate the effectiveness of the lognormal model in 

describing measured SWCC data. 
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Figure 3.1 Unscaled measured SWCCs for sand 

 

 

Figure 3.2 Unscaled measured SWCCs for sandy loam 
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Figure 3.3 Unscaled measured SWCCs for loam 

 

 

Figure 3.4 Unscaled measured SWCCs for silt loam 
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Figure 3.5 Unscaled measured SWCCs for clay 

 

Figure 3.6 Unscaled measured SWCCs for all soils combined together 

We applied the PBS technique to soils with similar texture. Figures 3.7-3.12 show 

scaled SWCCs (open circles) and reference SWCC (solid lines) for each textural class. 

Scaled SWCCs and reference SWCC for all data of 50 calculating soils are also 

shown in this figure. Resulting reference SWCC parameters are shown in Table 3.2. 

The effectiveness of scaling within respective textural class is evaluated by estimating 

the RMSE between scaled (open circles) and the reference (solid lines) SWCCs are 

shown in Table 3.3. Table 3.3 indicates the RMSE value is highest when all the 50 



 

  

57 

 

SWCCs are scaled together and it is reduced when soils are scaled after grouping 

them by soil textures. Thus, as expected, soils that are separated by textural group 

more similar than when all soils are combined together. Consequently, soil texture 

may serve as a guide for distinguishing similar media. 

 

Figure 3.7 Scaled measured SWCCs for sand 

 

Figure 3.8 Scaled measured SWCCs for sandy loam 
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Figure 3.9 Scaled measured SWCCs for loam 

 

 

Figure 3.10 Scaled measured SWCCs for silt loam 
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Figure 3.11 Scaled measured SWCCs for clay 

 

 

Figure 3.12 Scaled measured SWCCs for all soils combined together 
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Table 3.3 Scaling results for each texture and all soils combined together 

Soil texture hm,ref (cm) σref RMSE 

Sand 42.08 1.25 0.119 

Sandy loam 756.09 3.78 0.105 

Loam 3333.71 4.97 0.063 

Silt loam 1452.21 4.33 0.122 

Clay 43047.72 3.18 0.042 

All soils 835.11 3.75 0.226 

 

3.3.2 Optimal α values (αopt) 

 

The optimal α with RMSE between  and 
 
for each texture and all 

soils combined together are shown in the Table 3.4. The better performance of sandy 

loam and loam soil textures are expressed by the lower RMSE values, which is likely 

caused by the smaller variations in soils compare with other textural classes.  

Table 3.4 Optimal α value (αopt) for each soil each texture and all soils combined 

together 

Soil texture Sand Sandy loam Loam Silt loam Clay All data 

αopt 1.43 1.76 1.58 1.39 1.30 1.48 

RMSE 0.034 0.012 0.017 0.085 0.033 0.038 

Figures 3.13-3.18 show the measured reference soil water characteristic curve 

(reference SWCCm) and the optimal predicted reference soil water characteristic 

curve (optimal reference SWCCp) correspond to αopt for each texture and all soils. 

Figures 3.13-3.18 also include the predicted reference soil water characteristic curve 

for the possible α values (possible reference SWCCp), allowing a qualitative 

evaluation of the sensitivity of the parameter α on the predicted SWCC. From figures 

3.13-3.18, the prediction approach seems to fit the measured SWCC data better for 

sandy loam and loam soil textures, as reflected by the better agreement between the 

, measurede RS , predictede RS
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experimental with calculated reference curves (Figures 3.14 and 3.15).  

 

Figure 3.13 Reference SWCCm (red solid line), possible reference SWCCp (gray solid 

lines) and optimal reference SWCCp (black dash line) correspond to αopt for sand 

 

Figure 3.14 Reference SWCCm (red solid line), possible reference SWCCp (gray solid 

lines) and optimal reference SWCCp (black dash line) correspond to αopt for sandy 

loam 
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Figure 3.15 Reference SWCCm (red solid line), possible reference SWCCp (gray solid 

lines) and optimal reference SWCCp (black dash line) correspond to αopt for loam 

 

 

Figure 3.16 Reference SWCCm (red solid line), possible reference SWCCp (gray 

solid lines) and optimal reference SWCCp (black dash line) correspond to αopt for silt 

loam 
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Figure 3.17 Reference SWCCm (red solid line), possible reference SWCCp (gray solid 

lines) and optimal reference SWCCp (black dash line) correspond to αopt for clay 

 

 

Figure 3.18 Reference SWCCm (red solid line), possible reference SWCCp (gray 

solid lines) and optimal reference SWCCp (black dash line) correspond to αopt for all 

the soils 
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3.3.3 Verification results 

 

The SWCCs of all testing soils were predicted using optimal α values in Table 3.4 for 

each texture and all the soils. The results were compared with the predictions of the 

methods in Table 3.2. Figures 3.19-3.23 show the ability of eight α equations to 

predict the data for five textural soils. Typical examples of predicted and measured 

SWCCs for sand (code: 4650), sandy loam (code: 3311), loam (code: 3302), silt loam 

(code: 2012), and clay (code: 2361) soils are presented in figures 3.19-3.23. Figures 

3.19-3.23 show that compare with other approaches, the use of proposed αopt values 

for each texture (αopt, T, blue dash lines) and all the soils (αopt, A, blue solid lines) 

improve the AP estimation. It is worth to note that when applied the αopt, T values for 

corresponding textural class obtain the best agreement between the experimental with 

calculated SWCCs in all case. For other approaches, using linear equation causes a 

great overestimation of water content, θ, in all case. In contrary, using α=0.938, 

logistic equation and α=f(θ) cause underestimation of water content, θ, in higher 

suction range. 

 

Figure 3.19 Comparison of SWCC prediction methods with experimental data for 

sand 
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Figure 3.20 Comparison of SWCC prediction methods with experimental data for 

sandy loam 

 

 

Figure 3.21 Comparison of SWCC prediction methods with experimental data for 

loam 
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Figure 3.22 Comparison of SWCC prediction methods with experimental data for silt 

loam 

 

 

 

Figure 3.23 Comparison of SWCC prediction methods with experimental data for 

clay 
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The overall predictive ability of the eight α equations are presented in Figures 

3.24-3.31, which is evaluated by comparing measured and predicted water content, θ, 

at the applied suction heads for all testing soils in Table 3.1. And Table 3.5 shows the 

root mean square error (RMSE) between measured and estimated θ. Table 3.5 

indicates that the best AP model estimation is obtained with the optimal α values for 

corresponding textural class (i.e. αopt, T) that provides RMSE of 0.032, followed the 

optimal α values for all the soils (i.e. αopt, A) provides RMSE of 0.038. The results 

indicate that more accurate predicted results will be got when calculating α for each 

textural class respectively. This is probably due to soils are separated by textural class 

are more similar than when all soils are considered together. The worst estimation is 

obtained with logistic equation that provides RMSE of 0.235, although it works 

relatively well for clay soils (see Figure 3.23).  

 

 

Figure 3.24 Comparison measured and predicted volumetric water content, θ, using 

α=1.38 for all testing soils. The 1:1 line is a black solid line and the best-fit line is a 

red solid line, R2 denotes coefficient of determination 
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Figure 3.25 Comparison measured and predicted volumetric water content, θ, using 

α=0.938 for all testing soils. The 1:1 line is a black solid line and the best-fit line is a 

red solid line, R2 denotes coefficient of determination 

 

Figure 3.26 Comparison measured and predicted volumetric water content, θ, using 

logistic equation for all testing soils. The 1:1 line is a black solid line and the best-fit 

line is a red solid line, R2 denotes coefficient of determination 



 

  

69 

 

 

Figure 3.27 Comparison measured and predicted volumetric water content, θ, using 

linear equation for all testing soils. The 1:1 line is a black solid line and the best-fit 

line is a red solid line, R2 denotes coefficient of determination 

 

Figure 3.28 Comparison measured and predicted volumetric water content, θ, using 

Vaz’s equation for all testing soils. The 1:1 line is a black solid line and the best-fit 

line is a red solid line, R2 denotes coefficient of determination 
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Figure 3.29 Comparison measured and predicted volumetric water content, θ, using α 

value proposed by Arya et al., (1999) (i.e. α=1.285, 1.459, 1.375, 1.150, and 1.160 for 

the S, SL, L, SiL, and C soils ) for all testing soils. The 1:1 line is a black solid line 

and the best-fit line is a red solid line, R2 denotes coefficient of determination 

 

Figure 3.30 Comparison measured and predicted volumetric water content, θ, using 

α=1.48 for all testing soils. The 1:1 line is a black solid line and the best-fit line is a 

red solid line, R2 denotes coefficient of determination 
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Figure 3.31 Comparison measured and predicted volumetric water content, θ, using α 

value (i.e. α=1.43, 1.76, 1.58, 1.39, and 1.30 for the S, SL, L, SiL, and C soils) for all 

testing soils. The 1:1 line is a black solid line and the best-fit line is a red solid line, 

R2 denotes coefficient of determination 

 

Table 3.5 Comparison of RMSE values for different SWCCs prediction results 

Method α=1.38 α=0.938 Linear Logistic α=f(θ) α=αc, T
a α=αopt, A

b α=αopt, T
c 

RMSE 0.054 0.128 0.095 0.235 0.093 0.049 0.038 0.032 

aαc, T is constant α value for each soil texture (i.e. α=1.285, 1.459, 1.375, 1.150, and 1.160 for the S, 

SL, L, SiL, and C soils) proposed by Arya et al., (1999); bαopt, A is optimal α value for all soils 

combined together (i.e. α=1.48); cαopt, T is optimal α value for each soil texture (i.e. α=1.43, 1.76, 

1.58, 1.39, and 1.30 for the S, SL, L, SiL, and C soils). 

Figures 3.24-3.31 show that the proposed αopt, T values for corresponding textural class 

(Figure 3.31) appear an overall good agreement between measured and predicted 

water content, θ. The linear regression has the highest coefficients of determination 

(R2) of 0.964 and the regression line differed only slightly from the 1:1 line. Although 

the regression appears to be good with an R2 of 0.962, the αopt, A values for all the soils 
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(Figure 3.30) led to underestimation in the dry range and overestimation in the wet 

range (Figure 3.31 also has this phenomenon but appear slightly). This can partially 

be explained that at low suction heads, AP model assumes complete desorption of all 

pores, however, it is impossible in the practical case. And at high suction heads, a 

significant percentage of water may be held as film and in poorly connected pores. As 

a result, the model will tend to underestimate the water content in the high suction 

regions and overestimate the water content in the low suction regions.  

Regarding other methods, some approaches appear to produce great bias. Figures 

3.24-3.31 show that use of α=0.938 (Figure 3.25), logistic equation (Figure 3.26), and 

α=f(θ) (Figure 3.28) underestimate soil water content both in the dry range and wet 

range. In contrast, linear equation (Figure 3.27) overestimates soil water content in all 

ranges. 

In summary, compared with other predicted approaches the PBS approach exhibited 

better agreement between the measured and estimated SWCC, especially when 

applied the PBS approach to soils with similar texture. We conclude that the PBS 

technique combine with the AP model is a more effective and feasible approach to 

predict SWCC from PSD. 

 

3.4 SUMMARY 

In this chapter, the physically based scaling technique (Kosugi and Hopmans, 1998) 

was extended to the Arya and Paris model, calculating α to predict soil water 

characteristic curve from particle-size distribution. A total of 50 experimental soil data 

that representing a range of textures that include sand, sandy loam, loam, silt loam, 

and clay, were selected from the Unsaturated Soil hydraulic Database (Nemes et al., 

2001) for this purpose. In addition, 19 soil samples with different textures were used 

to test this method. Results showed that the physically based scaling technique 

improved the Arya and Paris estimation and outperformed other approaches. 

Especially, when applied the physically based scaling technique approach to soils with 

similar texture. It should be noted that this study has examined only Unsaturated Soil 

hydraulic Database. Notwithstanding its limitation, this study can clearly demonstrate 
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the potential capability to apply the physically based scaling technique for estimating 

the soil water characteristic curve is a robust method in soil hydrologic studies. 
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CHAPTER 4 

4. CHARACTERIZATION OF DUAL-POROSITY SOILS 

 

4.1 INTRODUCTION 

Dual-porosity soils such as diatomaceous earths and zeolites not only have pores 

between particles also have pores inner particles. These structural soils have been 

identified as soil amendment materials in high sand content root zones (Waltz et al. 

2003). 

Natural diatomaceous earth, also known as diatomite, is a sedimentary deposit formed 

from the inorganic skeletal remains of single-cell algae and plankton. Dead algae and 

plankton, called diatoms, settle on the bottom of seas and lakes and form layers of 

diatomaceous earth. The organic matter decays and the shells form a deposit with 

interconnected pores of sizes appropriate for microbiological growth and filtering of 

solids suspended in water. The structure and distribution of these interconnected pores 

result in a relatively high porosity (typically >70%) and high surface area (Breese 

1994). This naturally occurring diatomaceous earth has been used as engineered fill in 

California (Khilnani and Capik 1989; Day 1995). The diatomaceous earth layers also 

are mined and processed to segregate the particles by size and remove impurities for 

commercial use. 

In the process of mining diatomaceous earth for industrial applications, the 

diatomaceous earth deposits first are crushed into aggregate sizes before being 

subjected to a mill drying process that results in smaller particle sizes. The 

diatomaceous earth then is packed as a natural milled product for use as a filter aid 

and filler material to enhance and alter material properties. If the diatomaceous earth 

is to be used as a filter material, further processing, known as either calcination 

(thermal processing) or flux calcination (calcination with a fluxing agent), may be 
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necessary to increase the permeability. In the process of calcination, the particles of 

diatomaceous earth are bonded together to form larger particle sizes (Lange 1983; 

Breese 1994). A range of particle sizes from powder to pellets several millimetres in 

diameter can be produced in the calcination process. Other properties of diatomaceous 

earth pertaining to industrial applications are described by Breese (1994). 

The majority of mined and processed diatomaceous earth is used in filter applications 

to separate suspended solids from fluids (Breese 1994). These applications include 

filtering of solvents, pharmaceuticals, beer, wine, whiskey, raw sugar, liquors, 

antibiotics, and industrial, municipal, and swimming pool waters. Diatomaceous earth 

also is used as a biological growth medium for microorganisms in biological filtration, 

a soil amendment to increase drainage and water-holding capacity, and a hydroponic 

medium for plant growth. For example, Lukasik et al. (1996) evaluated the use of 

diatomaceous earth coated with metal hydroxides to improve adsorption of 

microorganisms during biological filtration. In addition, diatomaceous earth recently 

has been used for bioremediation of contaminated soil and as the biological growth 

medium in constructed wetlands for runoff treatment (Stavnes et al. 1996; Sundine 

Enterprises, Inc. 1996). 

Zeolites constitute a large class of secondary minerals consisting of aluminosilicate 

with loosely bonded alkali and/or alkali-earth cations and water molecules (Hey, 

1930). They are commonly formed at low temperature and pressure in the presence of 

water (Armbruster and Gunter, 2001). More than 80 natural zeolite species have been 

identified (Coombs et al., 1998). Of these, chazabite, clinoptilolite, erionite, 

mordenite, and phillipsite are the most commonly used for agronomic, horticultural, 

and soil remediation applications. Zeolites have two properties that make them 

desirable for agronomic and horticultural use: (1) high cation exchange capacity (CEC) 

due to the substitution of Al3+ for Si4+ during formation and (2) large internal channels 

created by three dimensional (3D) framework of silica and alumina tetrahedron that 

gives zeolites low bulk densities and allow for retention of water and exchange of 

cations.  
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Zeolites seem to have the greatest potential as an amendment. Zeolites have physical 

characteristic similar to sand, thereby retaining rapid drainage and resistance to 

compaction it increases CEC and water retention capacity. zeolites have a preference 

for bonding K+ ions over Ca2+ ions (Li  et al ., 2000). This suggests that inorganic 

amendments have potential substitutes for peat. In addition to being widely used as 

molecular sieves in the petrochemical industries, zeolites have been used as materials 

for supplying plants with potassium and phosphate (Chen and Gabelman, 1990; 

Williams and Nelson, 1997) and as adsorbents for reducing nitrogen transformation. 

For aggregated diatomaceous earth and zeolites, two distinct pore size distributions 

commonly exist, one for the macroscopic porosity region between the particles 

(interpellet porosity) and another distribution for the microscopic porosity region 

within the particles (intrapellet porosity). The existence of two distinct pore size 

distributions in other porous media has resulted in the measurement of bimodal soil 

water characteristic curves. In the majority of studies, bimodal soil water 

characteristic curves have been observed for structured soils, such as aggregated 

loams (Smettem and Kirby 1990; Wilson et al. 1992; Durner 1994; Mallants et al. 

1997). Othmer et al. (1991) attributed the observation of bimodal soil water 

characteristic curves for a fluvial loess deposit to the existence of wormholes resulting 

in “vertical tubular macropores.” Bimodal soil water characteristic curves also have 

been observed for porous media that exhibit significant secondary structure, such as 

fractured tuff (Peters and Klavetter 1988; Pruess et al. 1990; Wang and Narasimhan 

1985, 1990). 

Based on the bimodal pore size distributions typically associated with naturally 

occurring, aggregated diatomaceous earth and zeolites, the soil water characteristic 

curves for commercially processed, pelletized diatomaceous earth and zeolites also 

are expected to be bimodal. Thus, the hypothesis for this study is that the soil water 

characteristic curves for pelletized diatomaceous earth are bimodal. This hypothesis 

will be evaluated by measuring the soil water characteristic curve data of four 

pelletized diatomaceous earth and zeolites using two different methods of 
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measurement to cover a broad range of suctions. 

 

4.2 Materials and methods 

4.2.1 Materials 

The materials used in this study represent two sizes of processed diatomaceous earth 

pellets and two zeolites with different particle-size distributions. The diatomaceous 

earth was utilized as both raw and calcined forms which were collected from Oita 

Prefecture of Japan (Showa Chemical Industry Co., Ltd.) under the product names 

RC417 and #3000, respectively. The advantages of calcination are removal of organic 

matter, removal of carbonate compounds, higher filtration rate depending on opening 

up of the diatom frustules, and aggregation owing to sintering and shrinkage of the 

particles. The two raw zeolites with different size used in this study are referred to as 

2460 and 1424 (Shin Tohoku Chemical Industry Co., Ltd.), respectively. Chemical 

compositions of materials are given in Table 4.1. 

 

Table 4.1 Chemical compositions of materials 

Constituents #3000 RC417 2460 1424 

SiO2 (%) 85.17 86.48 72.10 72.10 

Al2O3 (%) 5.46 8.62 12.90 12.90 

Fe2O3 (%) 1.86 2.20 0.70 0.70 

CaO (%) 0.93 0.91 2.60 2.60 

MgO (%) 0.20 0.52 0.00 0.00 

K2O (%) 0.47 0.25 2.10 2.10 

Na2O (%) 5.52 0.73 1.80 1.80 

H2O (%) 0.00 0.00 7.00 7.00 

others (%) 0.39 0.29 0.80 0.80 

 

Figure 4.1 is a photograph of the #3000 and RC417 pellets and the two zeolites. 
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Figure 4.1 Photograph of materials (a, #3000; b, RC417; c, 2460; d, 1424) 

 

Figure 4.2 Particle size distribution for diatomaceous earth and zeolites 

Figure 4.2 shows the particle-size distributions for the materials. The results are 

compared with a single-porosity sandy soil, K7 sand. As shown in Figure 4.2, the K7 

sand is finer than both diatomaceous earth and zeolites. The RC417 is coarser than the 

2460 pellets and finer than the 1424 pellets. Both of the zeolites as well as the #3000 

and RC417 pellets classify as poorly graded materials. 

The measured specific gravity and the maximum and minimum densities for each 

a b 

c d 
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material are shown in Table 4.2, along with the calculated total porosity at the 

maximum densities. The lower dry densities for the diatomaceous earth and zeolite 

pellets reflect the existence of internal pore space in the pellets. The primary 

characteristic of the diatomaceous earth and zeolites pellets is the existence of a 

microscopic porosity within the pellets. Thus, a packing of the pellets will consist of 

both a macroscopic porosity between the pellets (interpellet porosity) and a 

microscopic porosity within the pellets (intrapellet porosity). 

Table 4.2 Physical properties of materials 

Property #3000 RC417 2460 1424 K7 

Specific gravity, Gs 2.30 2.33 2.35 2.35 2.61 

Maximum dry density, ρd,max (g/cm3) 0.42 0.45 0.85 0.74 1.58 

Minimum dry density, ρd,max (g/cm3) 0.30 0.37 0.69 0.62 1.24 

Total porosity, nmax (%) 81.74 80.44 63.83 68.51 39.46 

nmax=1-ρd,max / Gsρw , where ρw = density of water. 

The total porosity of the #3000 and RC417 pellets also ranges from about 12 to 18 

percentage points higher than the total porosity of the zeolites. The total porosity of 

the 2460 is approximately 5 percentage points lower than the total porosity of the 

1424 due to the slightly larger particle sizes of the 1424. Compare k7, the lower 

specific gravity, lower dry densities and higher total porosity for the diatomite and 

zeolites reflect there are inner structures in the particles. 

 

4.2.2 Measurement of micro-porosity structure 

The micro-porosity structure of a soil provides important information on the hydraulic 

conductivity, and soil-water characteristics of the soil. To investigate the formation of 

a micro-porosity structure of the diatomaceous earth and zeolites pellets, scanning 

electron microscopy (SEM) was used to characterize the soil surface structure directly, 

and mercury intrusion porosimetry (MIP) was used to quantify the soil pore size 

distribution (PSD). 

A scanning electron microscope (Shimadzu Corp., Superscan SS-550S), as shown in 

Figure 4.3, was used in this study. The macro-micro fabric at the soil surface can be 

recognized from the backscattered electron scanning images.  
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MIP is routinely and effectively used to measure the PSDs of powder and bulk 

materials with open and interconnected pore structures. An automated mercury 

porosimeter (Shimadzu Corp., Autopore III), as shown in Figure 4.4, was used in this 

study. 

 

Figure 4.3 Photography of Scanning Electron Microscope 

 

 

Figure 4.4 Photography of Automated Mercury Porosimeter 
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4.2.3 Measurement of soil water characteristic curves  

Two methods were used to measure the soil water characteristic curve data of the 

materials reported in this study: the Tempe cell method and the centrifuge method. 

Soil suctions < 5 kPa were measured using Tempe cells (Figure 4.5); volumetric water 

contents corresponding to soil suctions ranging from 5 to 1680 kPa were measured 

using a centrifuge apparatus (Figure 4.6) (model No. 6500, KUBOTA Corporation). 

 

Figure 4.5 Photography of SWCC measurement using Tempe cells 

 

 

Figure 4.6 Photography of High Speed Refrigerated Centrifuge 
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Soil suction measurements were performed for specimens prepared at the maximum 

dry density to reduce the effect of changes in density on the size of the macroscopic 

pores. The dimensions of the specimen container were measured using a micrometer, 

and the volumes of the specimen containers were calculated from these measurements. 

The mass of dry material based on the maximum dry density was calculated using the 

volumes of the specimen containers. 

For the Tempe cell and centrifuge measurements, the dry mass of material 

corresponding to the maximum dry density was placed directly into the specimen 

rings and saturated through the porous plate. 

 

4.3 RESULTS 

4.3.1 Micro-porosity structure 

1) MIP 

 

 

Figure 4.7 Pore radius distribution by mercury intrusion of diatomaceous earth 
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Figure 4.8 Pore radius distribution by mercury intrusion of zeolites 

Mercury intrusion porosimetry was used to determine the pore radius distribution in 

the meso and macro range. Figure 4.7 and 4.8 show that the pore radius distribution of 

diatomaceous earth and zeolites which measured by Hg-intrusion porosimetry.  

Figure 4.7 and 4.8 indicate that the porosity of the raw diatomaceous earth (RC417) 

and raw zeolites samples (2460 and 1424) essentially consists of the intra-aggregate 

pores with inter-aggregate pores. The peaks value of intra-aggregate and 

inter-aggregate pores of RC417 at pore radii, around 300-500 nm and 100000-200000 

nm, respectively. However, the #3000 pore radius distribution is very different. This 

result is in good agreement with the coalescence behaviour of the diatoms. The #3000 

loss of smaller pores was also verified by mercury intrusion (Figure 4.7) and scanning 

electron microscope analysis (Figure 4.9(d)). It is assumed by the authors that after 

calcined, the numerous small pores of diatoms will close due to the sintering and 

coalescence. Zhang et al. (2005) reported the existence of three different stages in 

diatomite sintering behaviour. In the first one, a drop of the open porosity from 71.6 to 

68.1% is observed between 850 and 1000 °C. In the second stage, a decrease of the 

porosity from 68.1 to 36.7% occurs between 1050 to 1250 °C. Finally, a decrease to 5% 
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of the open porosity was reached at 1350 °C. The peaks value of intra-aggregate and 

inter-aggregate pores almost same for 2460 and 1424, at pore radii around 100-200 

nm and 100000-200000 nm, respectively. The inter-aggregate porosity of the 2460 is 

lower than the 1424 due to the slightly larger particle sizes of the 1424. 

2) SEM 

  

(a) RC417 (b) RC417 

  

(c) #3000 (d) #3000 

  

(e) 1424 (f) 2460 

Figure 4.9 Scanning electron photomicrographs of materials 
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Figure 4.9 presents the electron photomicrographs of the diatomaceous earth and 

zeolites. It can be seen that the diatomaceous earth mainly consists of the centric 

diatoms particles (Cyclotella) having two disks attached to each other by a circular 

girdle. Tateishi (1997) reported that the diatom fossils of Oita diatomite are mainly 

composed of Cyclotella, and contain a small amount of Melosira and Stephanodiscus. 

Figure 4.9(a) shows that numerous skeletal pores and chambers make up the 

microfossil skeleton of diatom particles. This formation justifies the existence of 

skeletal pores defined by Tanaka and Locat (1999). Since the diatomite is composed 

almost exclusively of diatom fossils, it has numerous skeletal pores in diatom 

particles and interparticle pores between diatom particles. From the SEM images of 

calcined diatomite (Figure 4.9(c)、(d)), it is seen that the particles became aggregated 

to coarser size. A clear coalescence of porous diatom frustule is seen in the calcined 

diatomite. Figure 4.9(d) shows that the porous structure of the diatomite material is 

completely closed due to melting. This confirms the pore size distribution analysis 

(see Figure 4.7). From the SEM images of zeolites (Figure4.9 (e)、(f)), it is seen that 

the particles are composed by aggregate which have inner structure. This confirms the 

pore size distribution analysis (see Figure 4.8). 

 

4.3.2 Soil water characteristic curves 

All of the measured soil water characteristic curve data for diatomaceous earth and 

zeolites are shown in Figures 4.10-4.13. The trend in the measured data in Figures 

indicates that the soil water characteristic curves for both the diatomaceous earth and 

zeolites materials are bimodal, as expected. The bimodal shapes of the soil water 

characteristic curves are indicated both by the data corresponding to low suctions (≤1 

kPa) measured using the Tempe cells and by the requirement that the soil water 

characteristic curve approach the saturated volumetric water content (i.e., total 

porosity) for the materials at low suctions. 

The soil water characteristic curves of the two different sizes of diatomaceous earth 

pellets (i.e., RC417 and #3000) are different in terms of both the microscopic and the 

macroscopic portions. Due to the sintering and coalescence the permeability of the 
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calcined diatomite increased compared to that of the raw diatomite. This is explained 

by the agglomeration or enlargement of the particles upon calcination since larger 

particles result in higher flow rates (Kouteren, 1994). However, the soil water 

characteristic curves of the two different sizes of zeolites pellets are similar in terms 

of both the microscopic and the macroscopic portions, as expected on the basis of the 

similar particle sizes and inner structure in the particles. And the water holding 

capacity of raw diatomaceous earth and zeolites are higher than K7 sand, even though 

the particle size of these materials is coarser. The results suggest that raw 

diatomaceous earth and zeolite could be as sand amendments for revegetation in 

drylands. 

 

Figure 4.10 Measured soil water characteristic curve data for RC417 

 

Figure 4.11 Measured soil water characteristic curve data for #3000 
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Figure 4.12 Measured soil water characteristic curve data for 2460 

 

Figure 4.13 Measured soil water characteristic curve data for 1424 

Figure 4.14 Measured soil water characteristic curve data for K7 sand 
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4.4 SUMMARY 

In this chapter, the basic properties of the dual-porosity soils used in the laboratory 

experiments are presented. The pore geometry of dual-porosity soils has been studied 

using scanning electron microscopy and mercury intrusion porosimetry. The soil 

water characteristic curves of four sizes of processed diatomaceous earth and zeolites 

pellets were measured using a combination of methods to cover a wide range of 

suctions. The measured soil water characteristic curves for the pelletized 

diatomaceous earth and zeolites are bimodal and reflect two distinct pore size 

distributions associated with the microscopic and macroscopic portions of the total 

porosity of the specimens. Inner structure increase water holding capacity of 

dual-porosity soils. Raw diatomite and zeolite may be as sand amendments in 

drylands. 
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CHAPTER 5 

5. BIMODAL DESCRIPTIONS OF SOIL WATER CHARACTERISTIC 

CURVES FOR DUAL-POROSITY STRUTURAL SOILS 

 

5.1 INTRODUCTION 

Modeling water flow and solute transport through the vadose zone requires 

knowledge of the relationship between moisture and suction. The soil water 

characteristic curves (SWCCs), also known as the water retention curves (WRCs), 

constitutes a basic relationship between moisture and suction used for prediction of 

the hydraulic behavior of unsaturated porous materials. 

Numerous unimodal functions (e.g. Brooks and Corey, 1964; van Genuchten, 1980; 

Fredlund and Xing, 1994; Kosugi, 1994) have been developed to describe SWCCs. 

These functions were generally derived from idealized pore space models that assume 

a unimodal pore size distribution. Nevertheless, evidences have been shown that the 

pore size distributions of some soils are often bimodal or multimodal (Othmer et al., 

1991; Durner, 1994; Spohrer et al. 2006; Zhang and Li, 2010). For example, the 

structural soils consist of interconnected networks of structural (inter-aggregate) and 

matrix (intra-aggregate) pores forming two (or more) distinct pore spaces (Kutı́lek, 

2004). Typically, spaces of sizes in the order of 10-4 to 10-2 m are associated with 

structural pores, while the porous matrix contains smaller pore sizes in the range of 

10-7 to 10-5 m (Tuller and Or, 2002). The existences of two vastly different pore 

domains resulting in pore size distributions of structural soils are often bimodal. In 

such soils the independent draining of the structural and matrix pores frequently 

results in two distinct air-entry values, which any single unimodal function does not 

reproduce adequately (Othmer et al., 1991; Durner, 1994). To encounter these 

problems, in the last decades several approaches have been developed to describe 

bimodal or multimodal SWCCs. Peters and Klavetter (1988) first proposed the 
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superposition of two unimodal pore systems to represent the bimodal pore size 

distributions. This approach was generalized by Othmer et al. (1991), Wilson et al. 

(1992), and Durner (1994) to consider multimodal pore size distributions, each of 

which is characterized by its own SWCC function. In these approaches the SWCC 

function of the whole porous medium has been described by linearly overlapping 

functions of the same form or of different forms (Coppola, 2000). Durner (1994) 

extended the unimodal van Genuchten functions (van Genuchten 1980) to fit bimodal 

and multimodal SWCCs by introducing weighting factors for combining individual 

functions. Burger and Shackelford (2001a, b) proposed piecewise-continuous forms 

of the Brooks-Corey (1964), van Genuchten (1980), and Fredlund-Xing (1994) 

SWCC functions to fit the bimodal experimental SWCCs for diatomaceous earth (DE) 

and sand-DE mixtures. Although above approaches were successfully applied to 

structural soils, they are lack of a physical basis for their parameters due to the fact 

that the unimodal SWCC functions they extended were known as empirical equations. 

The primary objective of this study was to propose a physical basis SWCC model for 

structural soils with two distinct pore spaces. The specific objectives were: (i) 

derivation of SWCC function for structural soils based on pore size distribution; and 

(ii) simple tests of the proposed model using available datasets. The hysteretic nature 

of the SWCC can significantly influence water flow and solute transport in 

unsaturated porous media (Šimůnek et al., 1999). In this paper the proposed model 

only performs on the drying curves, because if successfully captures the bimodal 

shape of drying curves it also fit for the bimodal wetting curves. 

 

5.2 METHODS 

5.2.1 Theoretical analysis of dual-porosity structural soils 

Assume that ideal dual-porosity structural soils consist of uniform sphere aggregates 

packed in simple cubic structure and intra-aggregates also have same structure (shows 

in Figure 5.1). There are two major pore series, i.e. structural pores (i.e. 

inter-aggregate pores) and matrix pores (i.e. intra-aggregate pores). Two pore series in 

the soil are assumed to be connected. Therefore, the suctions in the two characteristic 
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pore series are the same. The SWCC of ideal dual-porosity structural soil is shown in 

Figure 5.2 (a). The soil remains saturated before suctions reach the air entry value 

(stage 1). The air entry value is controlled by the routing radius (RR1) (i.e. the radius 

of the largest sphere that can pass through the porous medium) of structural pores, 

which is related to the packing structure and the sphere diameter. As the suctions 

reach the air entry value (stage 2), all the bulk water in the structural pores (BW1) will 

drain without additional suction. After all the bulk water in the structural pores (BW1) 

has drained, a small amount of water (i.e., the water-pendular rings (RW1)) around 

aggregate-to-aggregate contact points remains and drains slowly while the matric 

suction increases rapidly (stage 3). Further, when the suction increases to the 

starting-drainage-suction of bulk water stored in the matrix pores, the bulk water 

stored in the matrix pores (BW2) will drain (stage 4). After the suction reaches the 

end-of-drainage-suction of bulk water stored in the matrix pores (BW2), the 

water-pendular rings in the matrix pores (RW2) starts to drain (stage 5). Hence, the 

volume proportion of water-pendular rings in the matrix pores (RW2) determines the 

residual soil water content. 

 

Figure 5.1 Schematic of 3D simple cubic packing of ideal dual-porosity structural soil 
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Figure 5.2 Theoretical bimodal SWCC for (a) simple cubic packing geometry, and (b) 

random packing geometry 

In random packing geometry of aggregates, the bulk water is stored in pores with 

different routing radius. Then the drainage process of bulk water (stage 2) continues 

from the drainage suction of the largest bulk water spheres to the drainage suction of 

the smallest bulk water spheres. After the bulk water drains, the water-pendular rings 

will drain (stage 3) continues from the drainage suction of the largest pendular rings 

to the drainage suction of the smallest pendular rings. The same is true for random 

packing geometry of intra-aggregate. Random packing geometry results in the SWCC 

of dual-porosity soils more smoothly (shows in Figure 5.2 (b)). 

 

5.2.2 Bimodal SWCC function 

Brutsaert (1966) studied four models of pore size distribution, among them the 

lognormal distribution in relation to SWCCs. A more detailed analysis was presented 

by Kosugi (1994), who assumed the lognormal pore probability density function for 
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pore radii, g(r) as 

 2 2-
( ) exp -[ln( / )] / 2

2

s r
mg r r r

r

 



                  (5-1) 

where r, the pore radius (cm), obeys the lognormal distribution; θs and θr, the 

saturated and residual volumetric water content (cm3cm-3), respectively; rm, the 

median pore radius (cm), and σ denotes the standard deviation of ln(r). Based on this 

assumption, the SWCC function can be expressed as (Kosugi, 1994): 

 ( - )/( - )= ln( / ) /e r s r n mS F h h    

 
                 (5-2) 

where Se, the effective saturation; θ, the volumetric water content (cm3cm-3); hm, the 

median matric head (cm) component with rm; and Fn(x), the complementary normal 

distribution function defined as 

21
( ) exp(- / 2)

2
n

x
F x t dt





                       (5-3) 

where t is a dummy variable. For the dual-porosity structural soils, there are two 

continual pore series: structural pores and matrix pores. Probability density functions 

for two pore series are assumed as lognormal distribution and can be superposed to 

obtain the overall probability density function of the structural soils. Follow Durner 

(1994) combined two continual pore series by introducing weighting factors to 

describe volumetric percentage of each pore fraction, the pore probability density 

function of the dual-porosity structural soil as the following form 
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         (5-4) 

where k, the number of pore series (k=2 for the dual-porosity structural soils); gi(r), 

the pore probability density function (cm-1) for the ith pore series; ϕi, the volumetric 

percentage of the soil components with the ith pore series; 𝑟𝑚𝑖
, the median pore 

radius (cm) for the ith pore series; σi denotes the standard deviation of ln(r) associated 

with the ith pore series. And SWCC function for the dual-porosity structural soil as a 

cumulative curve of Eq. (5-4) 
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where ℎ𝑚𝑖
, the median matric head (cm), components with the ith pore series. Figure 

5.3 (a) shows the superposition of two hypothetical pore size distributions which 

define a bimodal pore series according to Eq. (5-4). The dot line can be interpreted as 

structural pores distribution, with ln(𝑟𝑚1
) is -3.64, σ1 is equal to 0.47 and maximum 

pore size density around r =3×10-2 cm, whereas the red dash line can be seen as 

matrix pores distribution with ln(𝑟𝑚2
) is -10.17, σ2 is equal to 0.72 and its maximum 

density in the range of r = 4×10-5 cm. Fig. 3 (b) shows the bimodal SWCC (solid line) 

corresponding two hypothetical pore size distributions, unimodal SWCC for structural 

pores with volumetric percentage ϕ1 is 0.54 (dot line) and matrix pores with ϕ2 is 

equal to 0.46 (red dash line). 

 

Figure 5.3 Construction of a bimodal SWCC function. (a) Pore size distribution of 

structural pores (dot line), and matrix pores (red dash line). (b) Bimodal SWCC (solid 

line), unimodal SWCC for structural pores (dot line) and matrix pores (red dash line) 
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Eq. (5-5) is derived on the basis of there exist two combined lognormal pore radius 

density curve in the structural soil, hereafter referred to as bimodal lognormal (BLN) 

model. In the case of k=n (n>2), there exist multiple pore series in the soil and Eq. 

(5-5) becomes the multimodal lognormal (MLN) SWCC function. 

 

5.2.3 Evaluation of the bimodal SWCC model 

We evaluated proposed bimodal SWCC model by applying them to various soils. First, 

proposed bimodal model was compared with unimodal model. Four diatomaceous 

earth and zeolites samples in Chapter 4 and other six soil samples include loam and 

silt loam were selected for this purpose (shows in Table 5.1). These six soil samples 

were obtained from the Unsaturated SOil hydraulic DAtabase (UNSODA) (Nemes et 

al., 2001) which contains of SWCC, hydraulic conductivity and water diffusivity data 

as well as pedological information of some 790 soil samples from around the word. 

The unimodal lognormal (ULN) SWCC model based on theoretical considerations 

and can be simplified to the currently used expressions of van Genuchten or other 

empirical models (Kosugi et al., 2002). For these reasons, all comparisons were 

performed with respect to the ULN model only. In this evaluative procedure, the 

parameter θs was set at its measured value and θr was assumed to be zero. For soils 

that did not provide porosity or θs value, the first point of the experimental SWCC 

data that corresponds to the lowest suction head was used as θs (Chan and 

Govindaraju, 2004). 

Further evaluations were performed for 14 artificial soils (shows in Table 2) cited 

from Burger and Shackelford (2001a, b), which were also used by Zhang and Chen 

(2005) for verification of functions they proposed. The SWCCs were measured for 

two commercial DE (CG1 and CG2) and 12 different mixtures of CG1 pellets with 

Sand 20-60, CG2 pellets with Sand 20-60, and CG2 pellets with Sand 10-20 at four 

different percentages of DE ranging from 4 to 30% by dry weight. Burger and 

Shackelford (2001a, b) also proposed piecewise-continuous forms of the 

Brooks-Corey (1964), van Genuchten (1980), and Fredlund-Xing (1994) SWCC 

functions to fit the bimodal experimental SWCCs. Their fitted results shown that 
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bimodal van Genuchten function (BvG) visually fitted the data the best. Therefore our 

proposed BLN function was compared with BvG function. In this case, θs was 

considered as a fitting parameter to verify the effectiveness of the BLN model and θr 

was assumed to be zero. 

In this study, the root mean square error (RMSE) of the measured and simulated 

volumetric water content θ, and coefficients of determination (R2) were used as 

measure of the goodness-of-fit. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 ULN and BLN models fitted results 

Fitted parameters and corresponding RMSE values for ULN and BLN functions are 

showed in Table 5.1. For all soils, the RMSEs for the measured and simulated 

variables show improvement when BLN model is used rather than the ULN model. 

The good fit of the proposed BLN model is indicated by the lower values of RMSE. 

Table 5.1 shows that all the materials are successfully described by the BLN model 

with coefficients of determination, R2 > 0.98. Such high values of R2 indicate the 

effectiveness of the BLN model in describing measured data.  

In all related soils, the volumetric percentage of the structural pores (ϕ1) in a range of 

14-36%, in other words the matrix pores occupy the majority of total pores. Table 1 

also shows that the median suction head in ranges between 10.50 cm to 69.66 cm for 

the structural pores (ℎ𝑚1
) and from 7242.66 cm to 18990.28 cm for the matrix pores 

(ℎ𝑚2
). It infers that the median pore radii are from 2.14×10-3 cm to 1.42×10-2

 cm for 

structural pores and from 7.85×10-6 cm to 2.06×10-5 cm for matrix pores (hm and rm is 

inversely proportional). The classification systems of soil pores by Tuller and Or 

(2002) is questionable when consider our results. As pointed out by Kutı́lek et al. 

(2006), our results support the belief that the classification systems of soil pores based 

upon fixed boundaries between pore size categories is not appropriate. 

Figures 5.4-5.13 displays the fitted curves of the related soil samples obtained by 

ULN and BLN functions. All soils are show a clearly structural behavior that is 

captured fairly well by BLN function, while the poor fit offered by the ULN function 

is evident. As Durner (1994) proposed that a good description of the SWCC is the 
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basis for more accurate prediction of the soil’s unsaturated hydraulic conductivity 

function across the entire soil water content range. Our proposed approaches can 

potentially be used as effective tool for predicting hydraulic porosities in the medium 

with structures. 

Table 5.1 ULN and BLN models curve-fit parameters for the materials 

Soil Fitted 

model 

Structural pores Matrix pores 

RMSE R2 ϕ1 ℎ𝑚1
 σ1 ϕ2 ℎ𝑚2

 σ2 

Code Texture (%) (cm) 
 

(%) (cm) 
 

#3000 DE 
ULN - 0.29 2.98 - - - 0.089 0.944 

BLN 90.61 0.51 1.50 9.39 4536.92 2.08 0.004 1.000 

RC417 DE 
ULN - 33.92 7.19 - - - 0.130 0.921 

BLN 35.93 1.13 1.63 64.07 1085.13 1.30 0.008 0.998 

2460 ZE 
ULN - 0.84 10.31 - - - 0.217 0.959 

BLN 37.19 1.18 2.00 62.81 4124.39 1.89 0.003 1.000 

1424 ZE 
ULN - 1.57 9.71 - - - 0.189 0.946 

BLN 47.44 1.12 1.55 52.56 5164.93 2.16 0.010 0.998 

2530 Loam 
ULN - 2100.49 3.71 - - - 0.024 0.895 

BLN 25.17 69.66 0.47 74.83 11163.94 3.11 0.003 0.998 

2601 Loam 
ULN - 2943.43 4.37 - - - 0.021 0.964 

BLN 33.21 37.99 1.10 66.79 18438.87 2.28 0.001 1.000 

2604 Loam 
ULN - 1395.24 4.27 - - - 0.019 0.957 

BLN 35.22 33.39 1.10 64.78 13917.31 3.08 0.002 0.999 

2750 Loam 
ULN - 2214.74 4.51 - - - 0.019 0.977 

BLN 28.87 22.15 1.20 71.13 12353.47 2.81 0.006 0.996 

2751 
Sandy 

loam 

ULN - 11849.58 4.39 - - - 0.012 0.977 

BLN 18.22 23.46 1.09 81.79 18990.28 2.15 0.002 0.999 

2753 
Sandy 

loam 

ULN - 4239.51 3.53 - - - 0.017 0.971 

BLN 13.98 10.50 0.94 86.02 7242.66 2.16 0.008 0.991 

DE: diatomaceous earth; ZE: zeolite. 
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Figure 5.4 Fitted SWCC for #3000 based on ULN and BLN model 

 

Figure 5.5 Fitted SWCC for RC417 based on ULN and BLN model 
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Figure 5.6 Fitted SWCC for 2460 based on ULN and BLN model 

 

Figure 5.7 Fitted SWCC for 1424 based on ULN and BLN model 
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Figure 5.8 Fitted SWCC for 2530 based on ULN and BLN model 

 

Figure 5.9 Fitted SWCC for 2601 based on ULN and BLN model 
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Figure 5.10 Fitted SWCC for 2604 based on ULN and BLN model 

 

Figure 5.11 Fitted SWCC for 2750 based on ULN and BLN model 
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Figure 5.12 Fitted SWCC for 2751 based on ULN and BLN model 

 

Figure 5.13 Fitted SWCC for 2753 based on ULN and BLN model 
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5.3.2 BvG and BLN models fitted results 

 

The fitted results for 14 artificial soils using the BLN function are shown in Table 5.2 

and Figures 5.14-5.16. The BvG function fitted results were shown in Table 7 and 

Fig.7 of Burger and Shackelford (2001b). 

 

Table 5.2 BLN model curve-fit parameters for the materials 

   
Structural pores Matrix pores 

 

Materials DE θs ϕ1 ℎ𝑚1
 σ1 ϕ2 ℎ𝑚2

 σ2 R2 

  (%) (%) (%) (cm)   (%) (cm)     

CG1 100 76.01 54.44 5.67 0.47 45.56 3872.87 0.72 0.978 

CG2 100 70.26 47.98 3.81 0.17 52.02 2263.39 0.88 0.974 

CG1 and Sand 20-60 4.1 47.50 88.68 14.02 0.60 11.32 12028.85 0.48 0.999 

 
8.7 50.00 80.57 13.55 0.54 19.43 10517.67 1.34 0.999 

 
14.1 52.00 77.35 13.05 0.63 22.65 7016.37 1.29 0.989 

 
27.6 61.21 69.23 8.38 0.82 30.77 6138.04 1.49 0.999 

CG2 and Sand 20-60 4.4 47.00 88.04 13.88 0.56 11.96 5871.32 1.60 0.999 

 
9.4 49.01 83.50 12.32 0.69 16.50 7530.38 0.47 0.999 

 
15.2 52.00 78.15 11.73 0.64 21.86 10094.76 0.65 0.998 

 
29.4 58.03 66.97 10.9 0.73 33.03 5202.23 1.24 0.999 

CG2 and Sand 10-20 3.6 41.36 91.78 6.13 0.76 8.22 11520.75 0.35 1.000 

 
7.8 43.01 83.99 6.70 0.55 16.01 3128.64 1.06 0.997 

 
12.7 49.68 82.76 4.58 0.99 17.24 6099.25 1.40 0.999 

  25.3 55.98 72.08 6.54 0.94 27.92 3360.98 0.98 1.000 

DE: diatomaceous earth. 
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Figure 5.14 Fitted SWCC for CG1 and Sand 20-60 mixtures based on BLN fitting 

function 

 

Figure 5.15 Fitted SWCC for CG2 and Sand 10-20 mixtures based on BLN fitting 

function 
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Figure 5.16 Fitted SWCC for CG2 and Sand 20-60 mixtures based on BLN fitting 

function 

 

 

It is worth to noting that the high values of R2 confirm again the good ability of the 

proposed BLN model to describe experimental data. The low difference between the 

measured and simulated θs (RMSE=0.010), also indicate the effectiveness of the BLN 

model in describing measured data. 

For mixture of the three groups, the saturated volumetric water content (θs) increase 

along with DE increase in the mixtures. It infers that DE can increase the total 

porosity of the mixtures. Furthermore, the volumetric percentage of the structural 

pores (ϕ1) is decreasing with the increase of DE. In contrast, the value of ϕ2 increases 

along with the DE growth. These phenomena all illustrate that DE have inner 

structure and increases DE can increase the water holding capacity of the mixtures. 

Table 2 also shows that the median suction head (ℎ𝑚1
) of the structural pores for the 

groups CG1 and Sand 20-60, CG2 and Sand 20-60, decrease as the amount of DE 

increase. It infers that the median pore radius of the structural pores (𝑟𝑚1
) is 

increasing with increase of DE (ℎ𝑚1
 and 𝑟𝑚1

 is inversely proportional). The result 

may be due to the particle size of CG1 and CG2 are bigger than Sand 20-60 (Fig.2 of 

Burger and Shackelford, 2001b). For CG2 and Sand 10-20 group this phenomenon is 
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not shown clearly due to their similar particle size distributions. The median suction 

head (ℎ𝑚2
) of the matrix pores is not regular. The reason may be attributed to the fact 

that the measured data of the high suction portions are scatter, which can be proved by 

the standard deviation σ2. 

The BvG method also successfully fitted measure data. However, it was derived 

empirically and fitting parameters did not have physical significances, complicated 

process and artificial selection of the junction point somewhat arbitrarily. All these 

shortcomings limit its application. Unlike the BvG model, fitting procedure of BLN 

model is easier and all parameters have the physical significances which can be 

related to physical properties of the materials. These physically based parameters 

could more intuitively analyze the measured data. And after comparing the 

coefficients of determination (R2) of two methods, it can be concluded that BLN 

function fitting more accurate than BvG function. 

 

5.4 SUMMARY 

 

In this chapter, mathematical functions for both bimodal and mutimodal SWCCs have 

been proposed. The proposed equations are defined by parameters that have physical 

significances which can be related to the properties of the materials. Experimental 

datasets fitting and parametric analyses were used to illustrate the fitting capability of 

the proposed equations. The proposed approaches make the treatment of SWCC data 

easier and resulted in well agreement between measurement and simulation. These 

functions can potentially be used as effective tool for indentifying hydraulic porosities 

in the medium with structures. 
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CHAPTER 6 

6. PHYSICALLY BASED CLOSED-FORM EXPRESSION FOR THE 

BIMODAL UNSATURATED HYDRAULIC CONDUCTIVITY FUNCTION 

 

6.1 INTRODUCTION 

Simulation of flow and contaminant transport through the vadose zone requires 

knowledge of the soil hydraulic properties. These properties are the soil water 

characteristic curve (SWCC) relating the volumetric water content, θ (cm3cm-3), to the 

matric head, h (cm), and the hydraulic conductivity curve giving the hydraulic 

conductivity K (cm/s) as a function of θ or h (Coppola, 2000). Although hydraulic 

conductivity may be obtained by direct measurements, it is still time-consuming, 

labour intensive and expensive. However, alternative theoretical approaches based on 

statistical distribution models of pore size allow reasonably accurate estimates of 

conductivity to be obtained through the use of more easily measured SWCC data 

(Mualem, 1986). 

The equation proposed by van Genuchten (1980) for the SWCC is widely adopted and 

generally coupled with Mualem’s (1976) expression for predicting hydraulic 

conductivity. The van Genuchten–Mualem model has produced satisfactory results in 

soils with a unimodal pore size distribution. Nevertheless, the pore size distributions 

of some soils is often bimodal or multimodal (Durner, 1994; Zhang and Chen, 2005; 

Spohrer et al. 2006; Zhang and Li, 2010). For example, structural soils consist of 

interconnected networks of matrix (inter-aggregate) and structural (intra-aggregate) 

pores forming two (or more) distinct pore spaces (Kutílek, 2004). The existence of 

two vastly different pore domains results in pore size distributions of structural soils 

that are often bimodal. In such soils the independent draining of the structural and 

matrix pores frequently results in two distinct air-entry values, which any single 
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unimodal function does not reproduce adequately (Othmer et al., 1991; Durner, 1994). 

To counter these problems, several approaches have been developed to describe 

bimodal or multimodal SWCCs in the past decades. Peters and Klavetter (1988) first 

proposed the superposition of two unimodal pore systems to represent bimodal pore 

size distributions. This approach was generalized by Othmer et al. (1991), Durner 

(1994) and Zhang and Chen (2005) to consider multimodal pore size distributions, 

each of which is characterized by its own SWCC function. Recently, Liu et al. (2012) 

proposed a more physically based SWCC model by superposing the unimodal 

lognormal model of Kosugi (1994). Superposition of the unimodal SWCC model has 

also been used for modelling the hydraulic conductivity of structured soils. Priesack 

and Durner (2006) derived a closed-form expression for the multimodal unsaturated 

conductivity function by combining the multimodal representation of van 

Genuchten’s SWCC function (van Genuchten, 1980) with the conductivity 

representation model of Mualem (Mualem, 1976). Spohrer et al. (2006) investigated 

the applicability of unimodal and bimodal representations of van Genuchten’s SWCC 

functions for modelling water flow in a tropical acrisol. A physically based approach 

to represent the hydraulic properties of structured porous media was proposed by 

Tuller and Or (2002), which considered equilibrium liquid configurations in bimodal 

pore space. However, the derived functions of this approach are rather complex 

(Priesack and Durner, 2006). Kutílek (2004) also proposed a physically based 

hydraulic model for structural soils using the lognormal hydraulic model of Kosugi 

(1994) and partitioned the structural and matrix pore domains by the air-entry value of 

the matrix pore. 

The primary objective of this study was to develop a physically based closed-form 

expression for the bimodal unsaturated hydraulic conductivity function of soils with 

bimodal pore size distribution. The specific objectives were: (i) to derive a bimodal 

closed-form unsaturated lognormal hydraulic conductivity function by combining the 

bimodal lognormal SWCC model (Liu et al. 2012) with Mualem’s hydraulic model 

(Mualem, 1976); (ii) to demonstrate the applicability of the proposed functions using 
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experimental data for the representation of bimodal SWCCs and corresponding 

conductivity curves . 

 

6.2 METHODS 

6.2.1 Bimodal equations of soil hydraulic functions 

1) Bimodal SWCC function 

Brutsaert (1966) studied four models of pore size distribution, among them the 

lognormal distribution in relation to SWCC. A more detailed analysis was presented 

by Kosugi (1994), who assumed the lognormal pore probability density function for 

pore radii, g(r) as: 

              

 (6-1) 

where r, the pore radius (cm), obeys the lognormal distribution; θs and θr, the 

saturated and the residual volumetric water content (cm3cm-3), respectively; rm 

denotes the median pore radius (cm), and σ denotes the standard deviation of ln(r). 

For dual-porosity structural soils, there are two continual pore series: structural pores 

and matrix pores. Liu et al. (2012) assumed the probability density functions for each 

pore series obey lognormal distribution and could be superposed to obtain the overall 

probability density function of the structural soils. Two continual pore series were 

combined by introducing weighting factors to describe the volumetric percentage of 

each pore fraction, the pore probability density function of the dual-porosity structural 

soil proposed by Liu et al. (2012) has the following form: 

       (6-2) 

where k, the number of pore series (k = 2); gi(r), the pore probability density function 

(cm-1) for the ith pore series; ϕi, the volumetric percentage of the soil components 

with the ith pore series; 𝑟𝑚𝑖
, the median pore radius (cm) for the ith pore series; σi 

denotes the standard deviation of ln(r) associated with the ith pore series. Based on 
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bimodal lognormal pore size distribution, Liu et al. (2012) proposed the bimodal 

SWCC function for the structural soil as follows: 

             (6-3) 

where Se, the effective saturation; θ, the volumetric water content (cm3cm-3); h 

denotes the suction head (cm); ℎ𝑚𝑖
, the median matric head (cm) of ith pore series 

associates with 𝑟𝑚𝑖
 by the capillary equation ( ℎ𝑚𝑖

 = A/ℎ𝑚𝑖
, constant value of 

A = 0.149 cm2); Fn(x), the complementary normal distribution function is defined as: 

                  

 (6-4) 

where t is a dummy variable. Eq. (6-3) is derived on the basis of there being two 

combined lognormal pore radius density curves in the structural soil. In the case of k 

= n (n > 2), there are multiple pore series in the soil and Eq. (6-3) becomes the 

multimodal lognormal SWCC function. 

2) Bimodal unsaturated hydraulic conductivity function 

With the assumption of pore continuity and connectivity, Burdine (1953) and Mualem 

(1976) proposed approaches for unsaturated hydraulic conductivity. A generalized 

form of the model for predicting the relative hydraulic conductivity Kr from SWCC is 

written as (Hoffmann-Riem et al., 1999): 

                

 (6-5) 

where Ks and K are the saturated and unsaturated hydraulic conductivities (cms-1), 

respectively. The parameters λ, β as tortuosities and pores connectivity for γ (subject 

to λ ≥ 0, β ＞ 0, and γ ＞ 1). These parameters determine the shape of the 

hydraulic conductivity function K. The integral in Eq. (6-5) is transformed as follows: 

                 

 (6-6) 
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Substituting Eq. (6-2) into Eq. (6-6) leads to: 

      (6-7) 

Substitution of yi = ln(r/𝑟𝑚𝑖
) into Eq. (6-7) yields: 

      (6-8) 

Substituting zi = (σi
2-yi)/√2σi into Eq. (6-8) leads to: 

  (6-9)

 

Substitution of Se = 1 into Eq. (6-9) yields: 

                    (6-10) 

Substituting Eq. (6-9) and Eq. (6-10) into Eq. (6-5) obtains: 

          (6-11) 

Eq. (6-11) is the bimodal lognormal unsaturated hydraulic conductivity function when 

k = 2. In the case of k = n (n > 2), Eq. (6-11) becomes the multimodal lognormal 

unsaturated hydraulic conductivity function. The cases of the Burdine’s and Mualem’s 

conductivity model are obtained by setting λ = 1, β = 2, γ = 1 and λ = 0.5, β = 1, γ = 2 

in Eq. (6-11), respectively. In this study, we adopted Mualem’s model to predict 

unsaturated hydraulic conductivity, Eq. (6-11) becomes: 
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            (6-12) 

6.2.2 Evaluation of the bimodal hydraulic model 

The proposed bimodal hydraulic model (bimodal SWCC and unsaturated hydraulic 

conductivity functions) was evaluated by applying it to various soils. The bimodal 

lognormal soil hydraulic (hereafter referred to as BLN) model was compared with the 

unimodal lognormal soil hydraulic (ULN) model proposed by Kosugi (1996) and the 

bimodal van Genuchten–Mualem soil hydraulic (BvG) model proposed by Priesack 

and Durner (2006). Six soil samples were selected for this purpose (shown in Table 1). 

Three examples used the soil hydraulic property data cited from Smettem and Kirkby 

(1990), Mohanty et al. (1997) and Kutílek (2004). Further evaluations were 

performed for three soils cited from the UNSODA database (Nemes et al., 2001). In 

all cases, parameter θs was set at its measured value and θr was assumed to be zero 

because no clear information about residual water content was available for the soils 

we considered. In this evaluative procedure, the root mean square error (RMSE) of 

the measured and simulated variables was used as measure of the goodness-of-fit. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Soil water characteristic curve function 

The soil hydraulic parameters and corresponding RMSE values for all soil samples 

are reported in Table 6.1. Comparisons among the RMSE (Se) values in Table 6.1 for 

all soil samples show that the fit results of the BLN model and BvG model are almost 

same, and always better than the ULN function. The best fit to the available SWCC 

data occurred for the example of Kutílek (2004), with RMSE (Se) values of 0.002. In 

nearly all cases, using the bimodal models yielded RMSE (Se) values that are about 

one order of magnitude lower than using the unimodal model. In terms of parameters 

of the BLN model, the median suction head ranges between 2.20 cm to 1214.15 cm 

for the structural pores (ℎ𝑚1
) and from 119.04 cm to 18990.27 cm for the matrix 

pores (ℎ𝑚2
). This implies that the median pore radii are from 1.23  10-4 cm to 

6.79  10-2 cm for structural pores and from 7.85  10-6 cm to 1.25  10-3 cm for 
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matrix pores (hm and rm are inversely proportional). The classification system of soil 

pores by Tuller and Or (2002) is questionable when considering our results. Our 

results support the belief that the classification systems of soil pores based upon fixed 

boundaries between pore size categories is not appropriate, as pointed out by Kutílek 

et al. (2006). The BvG model also successfully fit measured SWCC data. However, it 

was derived empirically and fitting parameters α1, n1, α2 and n2 do not have physical 

significance. Although the ULN model parameters have physical significance, they 

were, however, unable to describe the bimodal behavior of structural soils. 

Table 6.1 Comparison of the fitted and predicted capability of ULN, BvG and BLN 

models 

Example Soil taxon 

Model Parameter and values 

RMSE 

(Se) 

RMSE 

(Kr) 

ULN  ℎ𝑚 (cm) σ    

BvG ϕ1 α1 n1 ϕ2 α2 n2 

BLN ϕ1 ℎ𝑚1
(cm) σ1 ϕ2 ℎ𝑚2

(cm) σ2 

Smettem 

and 

Kirkby 

(1990) 

Typic 

Haploxeroll 

ULN - 25.42 3.24 - - - 0.058 0.325 

BvG 0.52 0.56 2.07 0.48 0.01 2.01 0.010 0.246 

BLN 0.49 2.86 0.98 0.51 254.85 1.09 0.009 0.091 

Mohanty 

et al. 

(1997) 

Typic 

Torrifluvent 

ULN - 111.14 0.78 - - - 0.029 0.415 

BvG 0.07 0.85 1.77 0.93 0.01 2.83 0.012 0.323 

BLN 0.06 2.20 0.44 0.94 119.04 0.69 0.011 0.095 

Kutilek 

(2004) 

Aquic 

Hapludalf 

ULN - 821.83 4.23 - - - 0.030 0.292 

BvG 0.31 0.16 2.16 0.70 0.00 1.28 0.002 0.069 

BLN 0.26 8.42 0.87 0.74 3171.25 2.51 0.003 0.050 

UNSODA 

Code: 

2751 

- 

ULN - 11849.58 4.39 - - - 0.022 0.458 

BvG 0.22 0.08 1.75 0.79 0.00 1.32 0.002 0.338 

BLN 0.18 23.46 1.09 0.82 18990.28 2.15 0.002 0.304 

UNSODA 

Code: 

2752 

- 

ULN - 5510.85 3.92 - - - 0.025 0.179 

BvG 0.19 0.20 1.58 0.81 0.00 1.32 0.007 0.160 

BLN 0.15 9.93 1.26 0.85 9533.20 2.26 0.007 0.154 

UNSODA 

Code: 

4672 

Typic 

Hapludalf 

ULN - 10172.07 3.45 - - - 0.015 0.585 

BvG 0.56 0.02 1.14 0.44 0.00 1.20 0.009 0.543 

BLN 0.57 1214.15 2.31 0.43 17454.59 0.12 0.008 0.444 

Comparisons between the measured SWCC data points and the fitted unimodal and 

bimodal curves are shown in Figures 6.1-6.6. The BvG and BLN model fitted curves 

almost coincide and fairly well fit the measured data, while the poor fit offered by 

ULN model is evident. Figures 6.1-6.6 clearly show that the ULN model is unable to 

capture the typical features of structural behaviours. 
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Figure 6.1 Fitted SWCC for sample from Smettem and Kirkby (1990) based on ULN, 

BvG and BLN functions 

 

Figure 6.2 Fitted SWCC for sample from Mohanty et al. (1997) based on ULN, BvG 

and BLN functions 
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Figure 6.3 Fitted SWCC for sample from Kutílek (2004) based on ULN, BvG and 

BLN functions 

 

Figure 6.4 Fitted SWCC for sample from UNSODA (2751) based on ULN, BvG and 

BLN functions 
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Figure 6.5 Fitted SWCC for sample from UNSODA (2752) based on ULN, BvG and 

BLN functions 

 

Figure 6.6 Fitted SWCC for sample from UNSODA (4672) based on ULN, BvG and 

BLN functions 
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6.3.2 Unsaturated hydraulic conductivity functions 

Table 6.1 shows that the RMSE (Kr) values decreased when the BLN model was used 

and this model was always better than the ULN and BvG models. In terms of 

predicting the unsaturated hydraulic conductivity, the examples of Smettem and 

Kirkby (1990), Mohanty et al. (1997) and Kutílek (2004) seem to have benefitted 

more from adopting the proposed BLN model. The ULN model was unable to 

describe the typical features of structural behaviour, which largely affected the 

prediction of the unsaturated hydraulic conductivity for the soil samples considered. 

Although the BvG model reasonably described the SWCC data, it does not perform 

well as BLN model for predicting the unsaturated hydraulic conductivity. This may 

partly be due to the larger flexibility of the BLN model. The measured Kr(h) data 

points and the predicted results using ULN, BvG and BLN models for soil samples 

are shown in Figures 6.7-6.12. Comparisons between the measured Kr(h) data and the 

predicted relative hydraulic conductivity curves highlight the good agreement of the 

proposed BLN model with the measured data. From Figure 2 and Figure 3 we 

conclude that the BvG model, which gives a reasonable description of the SWCC, 

does not necessarily imply a good prediction of the unsaturated hydraulic conductivity 

behaviours. Table 1 and Figures 6.7-6.12 demonstrate that the proposed BLN model 

improved the ability of representations of the hydraulic curves to simulate water flow 

in structural soils. It is worth mentioning that the application of the BLN model to 

UNSODA 2752 and UNSODA 4672 resulted in inadequate representation of the 

conductivity curve, although the fit of the SWCC data was rather good (Figures 6.5 

and 6.6). The main reason for the discrepancy between the predictions and the 

measured data sets is in the use of fixed values of parameters λ, β and γ, where 

according to the rigid model λ = 0.5, β = 1, γ = 2. Future research should focuson the 

appropriate evaluation of all three parameters in the Kr(h) function on the basis of soil 

micromorphological features. 
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Figure 6.7 Predicted hydraulic conductivity curve for sample from Smettem and 

Kirkby (1990) based on ULN, BvG and BLN models 

 

Figure 6.8 Predicted hydraulic conductivity curve for sample from Mohanty et al. 

(1997) based on ULN, BvG and BLN models 
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Figure 6.9 Predicted hydraulic conductivity curve for sample from Kutílek (2004) 

based on ULN, BvG and BLN models 

 

Figure 6.10 Predicted hydraulic conductivity curve for sample from UNSODA (2751) 

based on ULN, BvG and BLN models 
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Figure 6.11 Predicted hydraulic conductivity curve for sample from UNSODA (2752) 

based on ULN, BvG and BLN models 

 

Figure 6.12 Predicted hydraulic conductivity curve for sample from UNSODA (4672) 

based on ULN, BvG and BLN models 
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6.4 SUMMARY 

In this chapter, a physically based closed-form expression for the bimodal unsaturated 

hydraulic conductivity function was proposed for soils with bimodal pore size 

distribution. By assuming a lognormal pore size distribution for each pore domains 

and using weighting factors combined individual functions. The proposed equations 

are defined by parameters that have physical significances which can be related to the 

properties of the materials. Experimental data verification and parametric analyses 

were undertaken to demonstrate the fit and predicting capability of the proposed 

equations. The proposed BLN model improved capability of representations of the 

hydraulic curves to simulate water flow in structural soils. These functions can 

potentially be used as an effective tool for identifying hydraulic porosities in 

structural soils. 
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CHAPTER 7 

7. CONCLUSIONS AND FUTURE WORK 

 

7.1 Conclusions 

Simulation of flow and contaminant transport through the vadose zone requires 

knowledge of the soil hydraulic properties. These properties are the soil water 

characteristic curve (SWCC) relating the volumetric water content, θ (cm3cm-3), to the 

matric head, h (cm), and the hydraulic conductivity curve giving the hydraulic 

conductivity K (cm/s) as a function of θ or h. Although hydraulic properties may be 

obtained by direct measurements, it is still time-consuming, labour intensive and 

expensive. In this study, alternative theoretical approaches used to estimate hydraulic 

properties through the use of more easily measured data. 

The following major conclusions can be drawn: 

(1) The physically based scaling technique was extended to the Arya and Paris model 

to predict soil water characteristic curve for single-porosity soils from particle-size 

distribution. Experimental soil data that representing wide range of textures that 

include sand, sandy loam, loam, silt loam, and clay, were selected for this purpose. 

In addition, other soil samples with different textures were used to test this method. 

Results showed that the physically based scaling technique improved the Arya and 

Paris estimation and outperformed other approaches. Especially, when applied the 

physically based scaling technique approach to soils with similar texture. The 

study can clearly demonstrate the potential capability to apply the physically 

based scaling technique for estimating the soil water characteristic curve is a 

robust method in soil hydrologic studies. 

(2) The basic properties of the dual-porosity soils used in the laboratory experiments 

were presented. The pore geometry of dual-porosity soils has been studied using 
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scanning electron microscopy and mercury intrusion porosimetry. The soil-water 

characteristic curves of dual-porosity soils were measured using a combination of 

methods to cover a wide range of suctions. The measured soil water characteristic 

curves for dual-porosity soils are bimodal and reflect two distinct pore size 

distributions associated with the microscopic and macroscopic portions of the total 

porosity of the specimens. 

(3) A mathematical functions for both bimodal and mutimodal SWCCs have been 

proposed. The proposed equations are defined by parameters that have physical 

significances which can be related to the properties of the materials. Experimental 

datasets fitting and parametric analyses were used to illustrate the fitting 

capability of the proposed equations. The proposed approaches make the 

treatment of SWCC data easier and resulted in well agreement between 

measurement and simulation. These functions can potentially be used as effective 

tool for indentifying hydraulic porosities in the medium with structures. 

(4) A physically based closed-form expression for the bimodal unsaturated hydraulic 

conductivity function was proposed for soils with bimodal pore size distribution. 

By assuming a lognormal pore size distribution for each pore domains and using 

weighting factors combined individual functions. The proposed equations are 

defined by parameters that have physical significances which can be related to the 

properties of the materials. Experimental data verification and parametric analyses 

were undertaken to demonstrate the fit and predicting capability of the proposed 

equations. The proposed BLN model improved capability of representations of the 

hydraulic curves to simulate water flow in structural soils. These functions can 

potentially be used as an effective tool for identifying hydraulic porosities in 

structural soils. 

 

7.2 Future work 

(1) Capillary rise of dual-porosity soils. 

Experimental data on the capillary rise test for single-porosity soils have been 

reported, and many ideas have also been reported. However, a constitutive model 
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for predicting capillary rise height for dual-porosity soils has still not been 

established. A theoretical model for predicting capillary rise height for 

dual-porosity soils should be developed and calibrated with experimental data. 

(2) Measurement of permeability for dual-porosity soils at low suctions.  

The experimental data of permeability of dual-porosity soils at low suctions 

(around 1 kPa) are still rather limited. A steep slope is considered to be present on 

the permeability function in that zone for dual-porosity soils with high coarse 

fractions. Difficulties in measuring the permeability at low suctions include 

dealing with spatial variations of permeability, accurate controlling of the soil 

density, considering different sample preparation methods, and dealing with the 

suction difference along sample height. An accurate measurement of permeability 

at low suctions is of great value for understanding flow in porous media and is 

essential for an accurate seepage analysis. 

(3) Evaluate performances of dual-porosity soils as soil amendments in drylands. 

Raw diatomite and zeolite can be used as soil amendment to retain water and 

plant nutrients in root zone. The high porosity associated with the inner structure 

of these materials allows them to retain much water. In order to evaluate 

performances of dual-porosity soils as soil amendments, the field experiments 

will be conduct in drylands.  

(4) Develop a program for fitting and estimating hydraulic properties of unsaturated 

soils.  

The proposed models can potentially be used as an effective tool for identifying 

hydraulic properties in porous media. In order to make it more convenient to use, 

a program will be developed for fitting and estimating hydraulic properties of 

unsaturated soils. 

 

 

 


